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Abstract: Recommendation systems play a key role in everyday life; they are used to suggest items
that are selected among many candidates that usually belong to huge datasets. The recommendations
require a good performance both in terms of speed and the effectiveness of the provided suggestions.
At the same time, one of the most challenging approaches in computer science is quantum comput-
ing. This computational paradigm can provide significant acceleration for resource-demanding and
time-consuming algorithms. It has become very popular in recent years, thanks to the different tools
available to the scientific and technical communities. Since performance has great relevance in recom-
mendation systems, many researchers in the scientific community have recently proposed different
improvements that exploit quantum approaches to provide better performance in recommendation
systems. This paper gives an overview of the current state of the art in the literature, outlining the
different proposed methodologies and techniques and highlighting the challenges that arise from
this new approach to the recommendation systems domain.
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1. Introduction

The rapid growth of online services and social networks has radically changed peo-
ple’s lives. In our time, we regularly live under the pressure of information overload,
overwhelmed by a multitude of online content, making it extremely difficult to find items
that could interest us. Determining what the customer likes in real time is crucial for
modern e-commerce systems. Especially after the lockdown due to COVID-19, there has
been significant growth in online shopping. In parallel, there has been an increasing
need to provide online stores with efficient recommendation systems to guide customers
through buying.

Recommendation systems (RSs) were introduced by Goldberg et al. in Ref. [1]; they
are classified as information systems aimed at information retrieval and belonging to the
subcategory of retrieval tasks and goals [2]. These systems are applied whenever users
need to be guided through a choice of items when the offer is large, and the catalog presents
an assortment of characteristics. Its typical domains of application are music, movies, and
online shopping recommendations [3] These kinds of systems collect information about
customers and their purchasing decisions regarding the offered items, as well as about
features of the products on sale, and propose the items that can be more relevant for the
single user or new possible buyers [4-6]. In particular, a recommendation system tries to
understand the user’s requirements and preferences and searches on a large repository to
find adequate items to suggest. The interaction between the user and the system usually
follows a very simple approach: the user’s preferences are roughly computed by taking
into account the past observed behavior of the people; the user may also provide feedback
to the system. One of the key elements of recommendation systems in this process is the
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clustering operation. Usually, products are grouped according to their characteristics to the
ratings obtained from specific groups of users to propose similar items to users who show
the same preferences as the group [7].

Depending on how recommendations are made, recommendation systems can be
divided into [4]: collaborative filtering-based systems, content-based systems, and hy-
brid systems.

Collaborative filtering-based systems only make use of the user-item correlation. They
propose recommendations by exploiting the assumption that similar users have similar
interests. Recommendations are provided according to a nearest neighbors search given a
similarity measure so that an item is suggested to a given user by taking into account the
interests of a similar user. The approach suffers from a problem known in the literature
as the “cold-start” problem: if an item has never been seen during the training phase, the
system cannot generally create an encoding for it. Therefore, it cannot query the model
with the new item.

Content-based systems exploit item features and a profile of the user’s preferences
based on previous actions or explicit feedback to recommend other items homologous to
what the user likes. The model best suits situations where there are data about an item.
It does not need data on other users since the recommendations are specific to a given
user. The profile of the user is determined to infer the type of item the user likes. The
model can capture the particular interests of a user, and it has the advantage that it can
recommend items that very few other users are interested in. Furthermore, it suffers less
from the cold-start problem. On the other hand, the model has a limited ability to broaden
the interests of existing users.

Hybrid methods exploit the advantages of the first two approaches [8]. Furthermore,
another kind of approach, mentioned here just for completeness, is provided by knowledge-
based recommender systems [9]. This approach is based on explicit knowledge regarding
items, user preferences, and context-dependent criteria for recommending items. Such
systems are used in complex domains when items are purchased infrequently; therefore,
approaches such as collaborative filtering and content-based filtering are not easy to apply.
They have disadvantages, such as the need to explicitly acquire the necessary knowledge
of the recommendations to be provided. On the other hand, they do not suffer from the
cold-start problem when the system has not achieved enough information about a user
or item.

Despite the success of recommendation systems, they are continuously facing new
challenges, such as the increasing volumes of data that have to be analyzed and the
growth of the number of users utilizing online services. In this context, the rise of new
techniques, methodologies, and computing paradigms that help the effectiveness and
real-time computing of recommendations provided by RSs assume a key role. Given
the increasingly compelling need for improved performance, deep learning approaches,
which are able to deal with complex data feeds, oriented to recommendation systems have
been developed [4].

At the same time, new perspectives are opening up thanks to the innovative paradigm
of quantum computing (QC), which in recent years has moved out of the purely theoret-
ical domain and is starting to be used in simple but challenging applications [10]. This
innovative paradigm has become increasingly relevant in recent years. It has recently un-
dergone considerable development, especially from the hardware point of view: quantum
computers are increasingly available to the scientific community, and they have a steadily
increasing number of qubits. Currently, the performance of such systems is still limited;
however, the technology is undergoing a rapid development stage. The most popular
systems include the IBM Qiskit [11], D-WAVE [12], and Amazon Braket [13]. A remarkably
clear introduction to the essential elements of quantum computing that does not require a
deep knowledge of advanced mathematics or physics can be found in Ref. [14].

Classical computers use the bit to represent information, and each bit can only assume
the state “0” or “1”. In contrast, the basic unit of quantum computing is the qubit. One of
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the most relevant peculiarities of quantum approaches is that they use the superposition
property of quantum information. This feature provides a significant acceleration, in
general, of time-consuming algorithms. In a quantum computer, the general state of a
qubit can be a coherent superposition of multiple states between “0” and “1” at a given
instant. Moreover, while measuring the value of a bit does not alter its state, the process
of measuring a qubit destroys its coherence and irrevocably alters the superposition state.
Superposition is the root principle of quantum mechanics. This principle allows quantum
states to be added together, resulting in a new valid quantum state. As a result of this, each
quantum state can be expressed as a linear combination of other distinct quantum states.
Due to this property, a quantum algorithm can perform multiple operations simultaneously.

During the last two decades, many interesting and useful applications have been
developed by quantum researchers. For example, the Shor [15] and Grover [16] algorithms
are two milestones often used to show the potential of a quantum approach to computing.
From a computational point of view, there are two main approaches in quantum computing;:
the circuit model and adiabatic computing. The former is analogous to an electronic circuit-like
architecture in which the sequence of state transformations is based on quantum computing
techniques, and it is widely used in the quantum computing community. On the other
hand, the latter is inspired by a physical system’s tendency to evolve toward a state of
minimum energy in which the system persists. Models belonging to such a paradigm are
not universal and are called quantum annealers [17]. However, in Ref. [18], it is pointed out
that such an approach is beneficial when using optimal sampling, facilitating the resolution
of NP-hard and NP-complete problems [19].

This paper provides a survey on quantum computing (QC) approaches for recom-
mender systems. The survey has been conducted by reading and examining the results
from different queries from Scopus [20] and ISI-WoS [21] and selecting the most interesting
papers to give an overview of the literature in the specific field of quantum-based recom-
mendation systems, which can have a relevant impact on both research and industry. In
particular, we report works on QC for matrix decomposition, for clustering, for searching,
for swarm intelligence, and adiabatic QC approaches for RS. Moreover, we summarize some
approaches inspired by quantum computing for solving recommender systems-related
problems. We then provide a list of datasets used by the scientific community to test the
approaches. This list could also be a reference for those researchers that would like to
propose new quantum-oriented algorithms and techniques for recommendation systems.
Finally, future challenges and conclusions are outlined.

2. Quantum Approaches for Recommender Systems

In the next subsections we illustrate an overview of the main quantum computing-
related or -inspired techniques that are currently exploited in the recommendation sys-
tems field.

2.1. Quantum Computing for Matrix Decomposition

Many recommendation systems exploit previously stored data about purchases or
ratings of a number n of products by a group of m users. This information is usually
modeled as an m x n preference matrix M, which is assumed to have a good rank-k
approximation for a small integer constant k. The matrix decomposition of the M matrix
is based on an assumption, called low-rank assumption, that only a limited portion of
the matrix is relevant for the recommendation. A motivation from a cognitive point of
view is that people buy a product for a few reasons: the price, the quality, the popularity,
and the recognition of the brand [22]. Another reason is that users can be considered as
belonging to a small number of ,“types”, and each individual is a noisy version of these
“prototype” users [22].

Since the matrix decomposition operation is typically computationally expensive,
exploiting the quantum computing paradigm for manipulating matrices and, in partic-
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ular, managing their decomposition process is relevant. In the following, we recap the
approaches that use QC for matrix decomposition or manipulation in general.

2.1.1. Singular Value Decomposition

In Ref. [22], Kerenidis et al. define a subsample matrix M that, with some probability,
has elements that are equal to the matrix M; otherwise, they are set to zero. The singular
value decomposition technique extracts the top singular vectors that allow the fundamental
relationship among users and items to emerge, discarding the co-occurrence noise in
data [23]. The authors describe an efficient sampling algorithm that avoids computing
the entire matrix M and determines if, with a good probability, the value corresponding
to the j-th item for the i-th user is equal to one. In particular, the authors compute the
approximation of the preference matrix through a quantum algorithm. More precisely,
they use an efficient quantum procedure that, having as input a vector, a matrix, and a
threshold, computes the quantum state corresponding to the projection of the vector onto
the space spanned by the row singular vectors of the matrix. The resulting projection is
the vector containing the recommendation for the user. The algorithm proceeds from the
quantum walk-based algorithm by Childs [24], and its time cost is polylogarithmic in the
dimensions of the matrix; in particular, it is O(poly(k)polylog(mn)), being k the dimension
of the reduced space, m the number of users, and n the number of the items.

Tang proposes in Ref. [25] a quantum-inspired 2D recommendation system modeled
by an m x n. The author demonstrated that its time cost is O(poly(k)log(mn)), an exponential
increase in speed compared with other classical methods and only polynomially slower
than Kerenidis and Prakash’s quantum algorithm [22]. Tang’s 2D recommendation systems
algorithm was analyzed in Ref. [26]. This raised the question of whether Tang’s algorithm
was actually useful in practice. The authors of Ref. [26] pointed out that Tang’s algorithm is
only advantageous for preference matrices with extremely large dimensions and a very low
rank, and they question whether these kinds of datasets exist. According to their evaluation,
Tang’s algorithm takes more time and suffers higher inaccuracies than the classical exact
diagonalization method.

Following a similar approach, Wang et al. [27] introduced a quantum recommendation
system through the representation of a third-order tensor of dimension N, where N is com-
puted as the product of the number of users, the number of items, and the contexts used for
the recommendation. The contexts, e.g., delimiting the interests to specific time intervals
or to a certain episode, can focus the recommendation on a more specific subset of the
available items. The rationale is that the product that a user prefers in a specific context is
likely to affect the recommendation for the user in other contexts. In the algorithm, the con-
nection among different slices, formed by matrices of users x products elements, are taken
into account through the quantum implementation of the Fourier transform. The general
idea of the algorithm is to approximate the observed-preference tensor using the truncated
T-SVD in the Fourier domain. The quantum parallelism allows for estimating the quantum
singular value of all frontal slices after the parallel quantum Fourier transform and sensibly
reducing the processing time. The algorithm has a time cost of O(v/kNpolylog(N)).

2.1.2. Normalized Non-Negative Models

In 2016, a recommendation system was implemented by Stark through a system-state—
measurement quantum paradigm; furthermore, it has also been implemented in the form
of normalized non-negative models (NNM) [28]. Each user is represented in terms of
a probability distribution on a sample space. The user answers questions such as: “Do
you like the item i?”. The normalized non-negative models can be used to interpret user
preferences as a mixture of user stereotypes, the computation of hierarchical orderings of
tags of users and items, and the fast inference of users’ states [29]. NNMs can be used to
compute operational user—user and item-item distance measures. According to the author,
the quantum models have been successful in physics due to their relation to probabilistic
descriptions and for their high predictive power and interpretability. At the same time,
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they allow us to draw conclusions starting from users and items representations in the
RS domain. As highlighted by the author, the interpretability of quantum models derive
from Kolmogorov factorizations. The high interpretability of this kind of model comes
at the price of higher dimensionality of representations. The quantum model, which
has a reduced dimension, performs recommendations by achieving a trade-off with high
interpretability [29].

In Ref. [30], Reafee et al. propose standard quantum-based similarity (SQB), which
represents the item-use rating through vectors in the Hilbert space and calculates the in-
fluence of explicitly connected friends and implicit friends. The authors extract the item
correlation by exploiting social tag information. They proposed a model integrating two
regularization terms methods to improve the prediction accuracy and enhance the recom-
mendation quality. SQB is adapted to measure the similarities between users and items in
the proposed model. The SQB method is based on the Dirac notation and normalization to
re-represent the rating matrix and obtain a new one in Hilbert space. Once represented, the
similarity is evaluated through the inner product.

Batra et al. in Ref. [31] propose matrix factorization to predict three types of quan-
tum correlations considered as figures of merit: von Neumann entropy, negativity of a
general quantum state, and discord [32]. The system was able to correctly predict about
50% of unknown elements and to determine, using a reference database, if the database
was clean/genuine, noisy, or fake. The tests have been carried out with randomly pro-
duced states and random evolution, although the approach has the advantage that it is
straightforward to extend to real scenarios.

Ouedrhiri et al. adopt quantum methods based on phase estimation [33] (QPE) to
generate recommendations. The phase estimation is used to find eigenvalues for unitary
operators. The authors adopt three quantum algorithms using the QPE technique as a
subroutine: the quantum principal components analysis (PCA) for data visualization, the
Harrow-Hassidim-Lloyd (HHL) algorithm to solve linear systems [34], and the quantum
singular value thresholding (SVT) [35] for matrix completion in recommendation systems.
This study is focused on the theoretical study of the proposed approach.

2.2. Quantum Computing for Clustering

In Ref. [36], Ouedrhiri et al. cast the recommendation as a clustering and matrix com-
pletion task. The authors propose a hybrid recommendation system based on a quantum
k-means clustering algorithm to extract the users’ clusters and the sets of items. The authors
also apply the singular value thresholding (SVT) [37] algorithm to sub-matrices, where an
item is missing for a user to estimate the possibility that the user could be interested in the
given item. Since the algorithm’s most resource-consuming operation is distance computa-
tion, they adopt quantum computing properties to speed up the calculation process. The
approach has been tested on the MovieLens dataset [38].

A similar approach based on clustering was proposed by Kolhe et al. [7]. They
processed the textual user opinions with lemmatization, the removal of stop-words, and
uniform resource locators (URLs). Then, topic modeling with latent Dirichlet allocation
(LDA) and the modified grey wolf optimizer (MGWO) was exploited to identify the
best keywords. The extracted keywords were clustered into two forms (positive and
negative) by applying a quantum clustering algorithm based on possibilistic fuzzy C-means
(QIPFCM). The QIPFCM algorithm was included in the conventional PFCM algorithm
to identify the optimal cluster number, helping to reduce system complexity. In this
study, a product recommendation system was performed on a reputed Amazon customer
review dataset. Using this dataset, the proposed algorithm overcomes similar techniques,
such as collaborative filtering, k-means, and fuzzy C-means in terms of precision, recall,
and Fl-measure.

A work based on a clustering method and empowered with the Grover algorithm
is presented in the paper of Andreev and Lazarova [39]. They tackle an image-based rec-
ommendation problem to verify if an image can be recommended given a set of reference
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images. The images are represented through ORB descriptors (using the gray-level value),
and they are clusterized with Jaccard-Needham dissimilarity. The obtained representations
are processed with quantum procedures, in particular the distance computation, the rec-
ommendation step, and finally the step of matching the image representation with other
descriptors. The Grover algorithm is used to map the images in the clusters created starting
from ORB descriptors. The experiments have been carried out with the Graz-02 dataset [40],
which consists of 1096 images with 640 x 480 resolution, split into three categories: bikes,
cars, and people. The technique’s performance is evaluated according to the time needed
to let the clustering process converge.

2.3. Quantum Computing for Searching

Chakrabarty et al. in Ref. [41] employ the Grover search algorithm for a recommen-
dation system. They use a dynamic search, based on Grover, to define the goals of the
recommendation. The goals are represented with a binomial similarity distribution. The rec-
ommendation is cast as a similarity searching in an unstructured space and is implemented
as Grover’s search with a difference in the selection function.

The authors state that a static selection function can be constructed to select the top M
states if the search space is well known. In the case of an unknown or a dynamic search
space, it is not easy to build a static selection function. In that case, they dynamically
associate the selection to the similarity with the given state |x).

For each iteration of the proposed dynamic Grover’s search, a set of quantum states is
superposed, and each state corresponds to an item through a random number. The oracle
is provided as the selection of a given item |x). According to the authors, the iteration
converges toward the Grover search and finds a set of states M related to the desired item.
No typical recommendation system dataset has been used, and experiments were devoted
to comparing Grover convergence with the proposed dynamic Grover procedure.

Moreover, Sawerwain and Wréblewski proposed in Refs. [42,43] to use the Grover
search, coupled with k-NN, for proposing a recommendation. In particular, their technique
is focused on data processing—they consider a quantum k-NN based on a Hamming
distance. The Grover procedure is used to improve the quality of the recommendations.
The authors represent the items in the quantum system as:

1Y) = 1¢g) @ |r) @ ¢r,) @ |) ¢))

where |¢;) is used to encode the identifier of the recommended element, and the |¢y, )

part of the register describes the features of individual database elements. [¢f,) is the
description of the features desired by the user, and ¢y are additional qubits. The authors
use, at first, items points of the database whose features are closest to those indicated by
the user. For this purpose, the quantum version of the k-nearest neighbors algorithm is
used. If the auxiliary qubit indicates that a match has been found, the Grover algorithm is
used to amplify the probability of the best solutions. Otherwise, an uncomputing step is
performed and the quantum k-NN is repeated. The auxiliary qubit is determined be the
Hamming distance between the features and the user vector. The tests were carried out on
the OMDB dataset [44]. The results are presented as probability distributions of the single
k-NN samples over the user id and items features after the Grover’s convergence.

2.4. Quantum Computing and Swarm Intelligence

Collaborative filtering was implemented by Logesh et al. in Ref. [45] through swarm
techniques and, in particular, with quantum-behaved particle swarm optimization (QPSO).
This approach was tested on data from the “Yelp!” and “TripAdvisor” websites and evaluated
according to hit rate, precision, and f-measure recall. The dataset is not public, and the
pre-processing from the online data is not made explicit.

A common technique to enhance collaborative filtering was to endow the recommen-
dation system with clustering techniques to generate personalized recommendations to
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meet users’ requirements. In the user-based CFRS, the clustering technique employs a
similarity measure to group the users based on the similar item ratings given by different
users. The authors propose a new user-clustering approach based on quantum-behaved
particle swarm optimization (QPSO) for better clustering by addressing the drawbacks of
RS based on traditional clustering. Quantum-behaved particle swarm optimization (QPSO)
is a new swarm intelligence algorithm with improved ability over PSO by producing an
effective solution for global optimization problems with fewer adjustable parameters [46].
The authors adopt a quantum-induced clustering ensemble (QICE) approach-based col-
laborative recommendation system by exploiting multiple swarm intelligence algorithms.
The main goal of the user-clustering process of this approach is to enhance the task of
creating recommendations. They consider the quantum-behaved particle swarm optimiza-
tion inspired by the trajectory analysis of PSO and the quantum mechanics. To improve
the performance, the mean of the previous best positions has been exploited to frame the
QPSO algorithmic model. The quantum algorithm differs from the PSO since it does not
require a velocity vector from the particles and only one parameter must be adjusted during
the process. The QPSO is adopted to cluster the data and find a similarity matrix from
the users’ preference history. A new user is then matched in the existing clusters, and
the neighbors are determined. According to the found rating, a recommendation list is
generated. Furthermore, a classical version of PSO and k-means mussels wandering opti-
mization is used through an ensemble to obtain the best results from the three techniques.
In particular, mussels wandering optimization (MWO) is a meta-heuristic method inspired
by the locomotion behavior of mussels during their bed-formation patterns in their home
environment. The MWO algorithm is a bio-inspired optimization algorithm that formulates
the evolutionary mechanism to distribute the mussels” bed patterns by Levy walk and
a stochastic decision. The proposed method outperforms, in terms of hit-rate, precision,
accuracy, and F1 score, the traditional clustering techniques, such as k-means and c-means,
and tautologically also the sub-technique forming the ensemble.

2.5. Adiabatic Approaches to Quantum Computing

Quantum annealers have been used in different problems, such as restricted Boltzmann
machines for deep learning [47], support vector machines [48], matrix factorization [49],
multiple community detection [50], graph isomorphism, and graph partitioning [51,52].
A very interesting quantum annealer solution in the field of recommendation systems
has been proposed by the authors of Ref. [18]. They suggest a hybrid feature selection
methodology that can be solved by using an adiabatic approach. In particular, the authors
focus on selecting the most appropriate set of features that can be used for classification or
for making predictive recommendation models. This task is challenging to tackle, being
NP-hard and requiring thorough domain knowledge.

The technique proposed in Ref. [18] addresses the feature selection problem through a
formulation called QUBO (quadratic unconstrained binary optimization), which allows
NP-complete and some NP-hard problems to be described. The authors observe how
a QUBO formulation can be solved with a quantum annealer. Specifically, an annealer
called D-Wave Advantage, consisting of more than 5000 qubits connected with a sparse
graph called Pegasus [53], was used. One notable feature is the annealing times, which
are reported to be constant and equal to about 2 x 1072 s, although more cycles must be
run due to the stochastic nature of the problem being treated. Nevertheless, the authors
highlight that the best solution can be found in a very short time. Such an approach is called
collaborative-driven quantum feature selection (CQFS). According to this methodology,
features are selected based on the way users interact with them; this is performed to exploit
the domain knowledge implicit in user behavior. Specifically, the approach is based on an
already trained collaborative model; features are selected so that the content-based model
built by exploiting the selected features simulates a collaborative model in some way. An
idea of the relevance of the selected features is obtained by considering all the features



Information 2023, 14, 20

8 of 17

with which to build a content-based model. The more similar the items obtained with the
collaborative and content-based models are, the more relevant the selected features are.

The system defines a QUBO problem by exploiting a matrix called the “Feature
Penalization Matrix”, a matrix of dimension F x F, where F is the feature cardinality of
the entire set of items and contains the coefficients of the QUBO objective function. The
authors also impose a soft constraint in the objective function to select a certain percentage
of the original number of features. When solved, the binary optimization problem provides
a selection of features that can be used to train a content-based recommendation model.
The quantum annealer employed to solve the optimization problem generates various
solutions. The authors sampled 100 answers, selecting the one with the best fitness value
according to the QUBO model. In the solution proposed by Ref. [18], the authors rely on
a previously trained collaborative model, then feature selection is performed so that the
content-based model built with the selected features mimics the collaborative model as
closely as possible. Therefore, considering a content-based model built using all features, if
the similar elements in this model are also similar in the collaborative model, this indicates
that the features are important. Conversely, if the features are similar in the content-based
model but not in the collaborative model, this indicates that the features are unimportant
and can add noise.

Another interesting approach that exploits the adiabatic computing paradigm imple-
mented by the D-Wave quantum annealer has been illustrated in Ref. [54]. The proposed
methodology exploits the D-Wave Advantage quantum annealer to determine the optimal
set of recommendations for a user, without assuming anything about the models that gener-
ate them. The qubits of the D-Wave Advantage annealer are organized in a graph topology
named Pegasus, which is based on a simpler one named Chimera, where qubits are ar-
ranged in bipartite 8-qubit graphs, named “unit cells”. The formulation is similar to the one
proposed in Ref. [18], exploiting the quadratic unconstrained binary optimization(QUBO):

miny = xTQx 2)

where x € {0,1}" is an n-dimensional vector and Q is an n X n matrix containing the
parameters of the model. According to Ref. [54], to solve the problem represented in
a QUBO format, it is necessary to map it into a quantum processing unit (QPO) of the
annealer. This process requires two phases: the embedding phase and the parameter-setting
phase. The first finds a subgraph of the problem graph G so that G can be obtained by
contracting the edges of the subgraph. The second phase adds constraints to the loss
function in order to consider the nodes and edges created during the first phase. Following
this methodology, if the problem can be expressed in QUBO, it is feasible to sample optimal
solutions in a time of tens of milliseconds.

The goal of the approach is to provide a list of carousels that give the user correct
recommendations that are not already present in other lists, ensuring in this manner an
adequate diversity among the possible choices. The authors consider a set M of all available
recommendation models and a function rec(7) that provides the number of times the item
i has been recommended. The coefficients of the QUBO problem are then determined
to provide accurate models and avoid selecting those that are too similar. To reach this
goal, the authors introduce some heuristics related to the accuracy (A), measured as the
precision of the given model calculated on a validation set, and the diversity (D) of the
recommendations computed through two different heuristics, namely correlation measures
and the Gini index [55], and, finally, the authors propose the use of a penalty function that
is used to select a given number ¢ of models.

The system has been evaluated by using the Netflix [56] and the MovieLens10M [57]
datasets. The authors optimized different recommendation models: 21 models for the
MovieLens10M dataset (15 collaborative, 3 content-based, and 3 hybrid approaches) and
15 models for Netflix. The authors show that the QUBO carousel selection (QCS) strategy is
competitive with the individual greedy strategy on Nefflix. It has to combine accuracy and
diversity by using the Gini index to be competitive by using the Movielens10 dataset. On
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the other hand, QCS cannot give better performances than the incremental greedy strategy.
The authors suppose that an explanation could be that the incremental greedy considers
all user’s recommendation lists while QCS is dependent on the global item distribution.
However, a significant advantage of the QUBO carousel selection is its scalability: fractions
of a second instead of an hour are required for the incremental greedy. This makes the QCS
methodology a promising path for real-time recommendation systems.

2.6. Quantum Computing-Inspired Approaches

A variational bandwidth auto-encoder (VBAE) was proposed for recommendations in
Ref. [8]. VBAE first encodes a user’s collaborative and feature information into Gaussian
latent variables via deep neural networks that capture non-linear user similarities.

A quantum-inspired uncertainty measurement of the hidden rating embeddings has
been proposed by disentangling the uncertainty information contained in the ratings.
Through this mechanism, VBAE incorporates adequate auxiliary information from user
features if collaborative information is insufficient. Extensive experiments were conducted
on three real-world datasets that are available on github [58]. The authors focused on
the attention mechanism introduced into recommendation systems to dynamically fuse
the user rating and feature information. However, the attention weights are generally
calculated by modality embedding and softmax normalization, which may fail to capture
the actual relative importance among the found modalities. To overcome this issue, they
used a quantum-inspired uncertainty measurement of collaborative information and a
channel with user-specific bandwidth to dynamically fuse the user feature and collabora-
tive information.

The paper describes a collaborative module that infers the user latent collaborative
variable and the latent channel variable based on user—item interactions. A parameter is
the bandwidth of the channel that determines the sufficiency level of the collaborative
information. A neural network is used to model the generative model based on Bernoulli
distribution, and a collaborative network produces the inferences. To jointly learn the
parameters of the generative network and the inference network, the authors maximize the
evidence lower bound (ELBO), which approximates the marginal log-likelihood of evidence.

The collaborative model infers the latent variables and channel according to the
user—item interactions. The channel bandwidth determines the level of collaborative
information and it should disentangle uncertainty and semantic information from the
preference attributed by the user. The proposed system adopts a multilayer perceptron
(MLP) to embed the sparse rating vector into a compact hidden representation. The length
of the representation is a measurement of the uncertainty of collaborative information,
and the direction is the representation of semantic information that is used to infer the
user collaborative embedding. The hidden embedding is implemented as a quantum
superposition state of a physical system. The advantage is that the superposition vector
has the property that the norm of the vector is correlated with the probability that this
superposition is observed when measuring the system, and the direction of the vector
distinguishes a superposition state from other states. The contribution is bound to the
quantum algorithms since the authors use a quantum-inspired measurement of the hidden
rating embedding to infer the bandwidth of the channel according to the Bayesian model.
The bandwidth enhances the model generalization, modulating the information from the
user preferences according to the level of collaborative information.

In Ref. [59], a method is proposed to make the recommendation process transparent.
The authors start from the assumption that Hilbert space can generalize the representa-
tion of the information, and language representation is effectively used with quantum
algorithms. Density matrices represent the text snippets about the users’ preferences and
quantum measurements are applied to distill information encoded in density matrices. The
authors propose a unified model to fuse information in reviews, IDs, and ratings. The
quantum measurement can capture the similarity between reviews of users and items. The
results of quantum measurements and the embedding vectors of IDs are merged to obtain
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the rating of the prediction. In particular, the technique is based on the representation of the
words of the reviews into a finite vector space, and their normalized direction vectors are
viewed as quantum states. From the quantum states, the density matrices are derived with
the non-linear weights, and quantum measurements are applied to compute the similarity
between user reviews and item reviews. The final step is to put together the results of
quantum measurement and the ID of the embeddings to predict the rating through a fully
connected layer. This layer is trained with the aim of reducing the square mean error
between the actual rating and the layer output.

This approach has been tested on six publicly available datasets that provide reviews
and ratings. These six datasets are obtained from Amazon 5-corel and include Video Games
(VG), Tools and Home Improvements (THI), Sports and Outdoors (SO), Toys and Games (TG), Pet
Supplies (PS), and Grocery and Gourmet Food (GGF) [60]. The proposed approach outperforms
the traditional baseline algorithms.

In Ref. [61], a recommendation system for disruptive innovations is proposed by
Trisetyarso et al. The paper starts from the point that, in a market, the incumbents tend to
keep their customer until the arrival of a disruption tendency introduced by new entrants.
They stated that through a threat-inspired quantum game, it is possible to model this kind of
ecosystem. In particular, they use Eisert-Wilkens-Lewenstein quantum strategies [62] that,
for example, are shown to solve the case of the Prisoners’ Dilemma, allowing for the removal
of the dilemma if quantum strategies are employed. For the recommendation system, the
users are the quadruple helix ecosystem members and the items are the innovation trends.
The recommendation system, spotting disruptive innovations, is obtained by measuring
the strategy over the players. During the gamification with the innovations ecosystem,
collaborative ratings on innovation trends are evaluated. Recommendation systems share
information via social media, workshops, conferences, or other meetings. The outcomes
of this gamification are an evaluation of the innovation trends. The collaborative system
attempts to forecast the utility of innovation trends for a particular member of the ecosystem
according to the items previously used by other members.

In Ref. [63], Khaliq et al. use a parking recommendation system to propose parking
spaces according to parking history. They also focus on privacy issues, maintaining the
integrity and confidentiality of the stored data. To guarantee data, they adopt distributed
ledger technologies (DLT), which are based on the consensus of replicated and shared digital
data on multiple servers, without relying on a central authority and providing, at the same
time, scalability and privacy. Furthermore, the author assumes that a potential attacker
can employ a quantum computer to break both symmetric and asymmetric encryption
protocols effectively. An example is Shor’s algorithm combined with a stable quantum
computer, which has the potential to break conventional cryptosystems.

Even if the paper is not concerned with a quantum algorithm applied or exploited
by a recommendation system, it sheds light on security issues. In particular, to ensure
quantum resistance, the work considers the Internet of Things application (IOTA), which
employs a Winternitz one-time signature (WOTS) that is blue-judged secure against quan-
tum computing blue attacks. The WOTS algorithm is considered the most efficient method
for key generation and signature compression.

2.7. Quantum Computing for Monte Carlo Simulation

An interesting approach, related to both quantum computing and recommendation
systems, is that proposed in Ref. [64]. The authors exploit recommendation systems to
approach a quantum-oriented Monte Carlo simulation. In particular, the authors construct
a classical molecular gas model to reproduce the quantum distributions and molecular
simulation techniques. They start from the assumption that recommendation systems
have the purpose of building a probabilistic model based on the user’s past behavior
to suggest favorable products with high acceptance rates. They model the probability
distribution of the QMC configurations with machine learning techniques and propose
new updates accordingly.
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The technique is based on identifying the correlations in the QMC configurations
to build a classical system used as a reference; then, the reference system is used as a
recommendation engine to guide future QMC sampling. The QMC simulation is improved
through recommendation systems as they can use non-local updates (that in the config-
uration can vary drastically) and accumulate multiple local updates, generating a global
update. Furthermore, since the simulation of the molecular gas is much cheaper than the
QMC (O(1) versus O(k?) operations), the recommendation step provides little overhead
and can be efficiently used in the design of new model proposals.

3. Datasets Used in the Literature

The approaches examined in this survey use different datasets; hence, there is no
standard and common benchmark to test the different methods. This choice is reasonable,
since each technique highlights specific characteristics of the presented method. The list of
these datasets has been provided in Table 1.

The OMBd dataset [44] collects information about movies and is accessible through
a web service. It contains movie information, content, and images; all the information is
contributed to and maintained by users. The dataset includes over 12,000 records.

The Inria Graz-02 dataset [40] is a collection of 1096 natural-scene images, with a
resolution of 649 x 480, prepared at Graz University of Technology. The annotations created
at INRIA focus on bikes, cars, and people and may present high intra-class variability on
cluttered backgrounds. In Ref. [39], the recommendation is to find the dataset image that is
more relevant given a test image represented through a given feature. There is no ground
truth about this task.

The Amazon dataset [65] was used by Ref. [7]. The dataset contains a set of reviews
from Amazon. The reviews are around 35 million from more than 6 million users from June
1995 to March 2013. The reviews are about products, ratings, and plaintext opinions. A
subset with eight topics has been selected for the testing of the paper.

The Netflix Prize dataset [66] was used by Ferrari Dacrema et al. in Ref. [54]. The data
contain 17770+ files about the preference of 480,189 users on movies. The Kaggle Netflix
Prize open competition used the dataset to select the algorithm to predict film user ratings.
The grand prize was USD 1,000,000 and was won by BellKor’s Pragmatic Chaos team.

Wang used the Yahoo! Webscope Movies dataset in Ref. [27]. It covers the preference
of 7642 users on 11,915 movies and contains 221 K ratings in a [1, 5] scale. A subset with
800 users and 4623 corresponding movies was selected. From the original dataset containing
user age and gender features, the user’s birth year was selected as the third dimension.

The Citeulike dataset [58,67] was used by Pan et al. [59]. Data were collected from Ci-
teulike and Google Scholar; the information is related to papers and are in two sub-databases,
citeulike-a and citeulike-t. The first contains data for 5551 users and 16,980 items; the user—
items pairs are 20,4987. Similarly, Citeulike contains 13,4860 user—items pairs for 7947 users
and 52,975 items.

In Ref. [36], the dataset MovieLens 100 k was used. It was created by the GroupLens
Research Project at the University of Minnesota and collects movie ratings. It is composed
of 100,000 ratings from 943 users on 1682 movies. Furthermore, simple demographic
information for the users, such as age, gender, occupation, and zip code, was included. The
dataset was released in April 1998.
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Table 1. Used dataset.

Year Paper Dataset Reference
2019 Sawerwain et al. [43] OMBd [44]
2019 Andreev et al. [68] Inria Graz-02 [69,70] [40]
2021 Kolhe et al. [7] Amazon [60,71] [65]
2021 Ferrari et al. [54] Netflix Prize [56] [66]
2021 Wang et al. [27] Yahoo! Webscope [72]
2022 Pan et al. [59] Citeulike [8] [58,67]
2022 Ouedprhiri et al. [36] MovieLens [38]

4. Challenges

We have reviewed different approaches that illustrate the advantages of exploiting
the quantum computing paradigm in the field of recommendation systems. Some of them
explicitly make use of quantum computing to improve the specific aspects of well-known
approaches, while others take into account quantum-inspired algorithms. The different
contributions analyzed here can be divided into two categories according to input data
usage. Among the works based on collaborative filtering there are 15 papers [7,8,18,22,25,
27,28,30,31,36,41,45,54,59,61]. The other category of recommender systems is content-based
filtering and we considered six works as being related with this approach [39,42,43,63,64,68].

The main advantage of using quantum techniques for recommendation systems is that
the quantum algorithms can outperform traditional computations under given conditions.
The reviewed papers often are focused on given aspects of the computation and cover all
the components of the given problem. Some work is oriented on the computational cost or
the theoretical development and does not consider the adherence to user preferences. This
issue can be due to the relative youth of the considered field and to the heterogeneity of
the scholars in quantum computing. Among the studies taken into consideration, all the
works that start from a matrix with information about items and users’ preference fall into
the category of collaborative filtering methods. The methods that, given the representation
of the items, cluster data or search new items for a single user are typically related to
content-based filtering.

The distribution of the considered method for this review is shown in Figure 1, which
provides a general snapshot of how the examined approaches can be related more to the
collaborative or content-based filtering paradigms. Even if some of the techniques are
generally or loosely related to one of the two filtering classes, we have tried to associate
them with one of them.

Content-based
Filtering

28.6%

Collaborative
Filtering

71.4%

Figure 1. Overall covering of the examined quantum-related approaches with regard to a subdivision
related with collaborative- vs. content-based filtering.
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In the following, we highlight as emerging challenges the computational cost, which
when reduced, allows us to limit the time, allocated resources, and the performance in
terms of the accuracy, precision, and recall of the found items to be recommended.

e Computational Cost: The advantage of using quantum techniques is that these tech-
niques can sensibly reduce computational costs and speed up processing. The paper
of Kerenidis et al. focuses on the computational cost of their approach, and they
assess their technique as O(poly(k)polylog(mn)), with m the number of users and n
the number of products. k is the low-rank approximation for the global matrix. The
technique is also run with constant memory. The SVT algorithm used in Ref. [33] has
a cost that is O(K3e~3log(mn), where K is the condition number and depends on the
value of the highest and lowest eigenvalue, and € is the accuracy of the approximation.
Wang et al. [27] adopt a recommendation through a third-order tensor of dimension
N. The time complexity of the algorithm is O(v/kNpolylog(N)), with k being the low-
rank value and N taking into account the number of users, the items, and the number
of different contexts. The Tang algorithm in Ref. [25] performs the recommendation
with a time cost of O(poly(k)log(mn)).

¢  Performance The performance of these methodologies is somehow challenging to
assess. A metric for evaluating the efficacy of the prediction was to consider the
recommendation as a retrieval task and, therefore, use the accuracy, precision, recall,
and F-measures. In [7], the average accuracy on the subset of the Amazon data [65]
was 71%, the average precision 73.5%, the average recall 70.6%, and the average F-
measure 71.5%. In Ref. [18], the precision is evaluated on a different dataset. Keeping
constantly in mind that a direct comparison is not fair and that the presented technique
outperformed similar techniques, the value for the Netflix [56] and Movielens [38]
dataset is less than 10%. The evaluation is performed in Ref. [59] by computing a mean
square error among the QINR method and a set of baseline methods. The average
MSE for the different Amazon sets [65] was 0.97, outperforming the baseline techniques.
In Ref. [36], the results are evaluated according to precision, recall, F1-measure, root
mean square error(RMSE), and mean absolute error (MAE). The technique was tested
on the dataset in Ref. [38]: precision was 62.2%, recall 41.0%, F-measure 49.4%, RMSE
1.08 and MAE 0.70.

5. Conclusions

We have provided an overview of the most interesting approaches that involve the
field of recommendation systems and the fascinating approach of quantum computing.
This computational paradigm is potentially disruptive and can dramatically boost recom-
mendation systems research with a highly significant performance improvement. This
feature is becoming more and more relevant as the availability of data grows exponentially.
All the reported approaches have specific peculiarities and focus on particular aspects
of RS. Some of them are just inspired by the quantum computing paradigm; neverthe-
less, they are interesting and relevant, shedding light on possible new research directions.
Furthermore, there is a need for a collection of datasets suited explicitly for highlighting
the potentiality of using QC for RS with considerations similar to the ones drawn in
Refs. [73,74]. Moreover, in Ref. [75], it is highlighted that quantum algorithms, in many
cases, need an input configured as a quantum state encoding a non-quantum dataset; the
authors outline a set of interesting challenges to be met for encoding non-quantum data so
that they can be effectively used by quantum computers. Such kinds of datasets should be
used with the aim of having some standard benchmark that can be used by the scientific
community for testing and comparing the different approaches. On the other hand, there is
the necessity to make more high-performing quantum systems as available as possible to
the scientific community.
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Abbreviations

The following abbreviations are used in this manuscript:

CQFSs Collaborative-Driven Quantum Feature Selection
DLT Distributed Ledger Technologies

ELBO Evidence Lower Bound

HHL Harrow Hassidim Lloyd

LDA Latent Dirichlet Allocation

MAE Mean Absolute Error

MGWO  Modified Grey Wolf Optimizer
MWO Mussels Wandering Optimization

PCA Principal Components Analysis

QCSs QUBO Carousel Selection

QICE Quantum-Induced Clustering Ensemble
QIPFCM  Quantum Possibilistic fuzzy C-means

QMC Quantum Monte Carlo

QPO Quantum Processing Unit

QPSO Quantum-Behaved Particle Swarm Optimization

QUBO Quadratic Unconstrained Binary Optimization
RMSE Root Mean Square Error (RMSE)

RS Recommendation Systems
SQB Standard Quantum-Based Similarity
SVT Singular Value Thresholding

VBAE Variational Bandwidth Auto-Encoder
WOTS Winternitz One-Time Signature
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