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Abstract

This article presents the current capabilities for measuring the accuracy of selected IBM Q-class quantum
architectures for specific stages and tasks of the recommendation process in hybrid classical-quantum
recommendation systems. The main motivations for this research undoubtedly include the increased use of
quantum technologies to accelerate the computational process in recommendation systems, as well as the
need to assess the utility of available quantum processors for tasks requiring high accuracy. A comparison of
the implementation of complex multi-qubit systems in a quantum simulator with that on a real quantum
computer is discussed to demonstrate the measurement accuracy of currently available quantum
architectures and the error rate compared to simulations of near-ideal systems. The literature lacks consistent
comparative analyses that compare real implementations of multi-qubit systems on real quantum computers
with their ideal simulations. The existing works mainly focus on model examples or theoretical analyses,
which leaves a gap regarding the estimation of the actual error rate and stability of the performed
calculations in recommendation applications. This motivated the presentation of important aspects of error
generation and the identification of their causes.
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Introduction

One of the most dynamically developing areas of artificial intelligence is quantum computing. The constant
development and increase in the number of available qubits means that companies such as IBM, Google, D-
Wave, and Rigetti are competitively offering ever-new architectures with increased qubit counts and
interconnection methods, significantly improving computational capabilities and the full range of available
quantum hardware resources. The continued development of existing algorithms and the implementation of new
algorithms, which also optimize resource utilization without the need to adapt each time the circuit is designed,
for example, by using the transpiling mechanism in IBM Q systems, delegating the computational component to
a quantum coprocessor in hybrid classical-quantum recommendation systems increases the speed of expected
predictions [1, 2, 3].

This is because in quantum systems, the basic units of quantum information, called qubits, exist in superposition
states, enabling parallel computation. It should be noted that in certain cases, low measurement accuracy may be
achieved due to noise, hardware errors, long post-calibration times, or limitations stemming directly from
technological constraints related to the way qubits are interconnected and the direct possibility of peer-to-peer
communication [4, 5]. Not only in the context of recommendation tasks, final measurement is an essential part
of the implementation of the entire hybrid system, as it enables the reading of the final state of the indicated
qubits. It should be remembered that this involves irreversible loss of information and the possibility of errors [6,
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7]. This article aims to demonstrate the measurement accuracy for the indicated quantum circuits implemented
in real and simulation environments, as well as to identify factors influencing the final quality achieved.

Quantum Preliminaries

The basic unit of quantum information is the qubit. It has basis states
0) =10, |[1) =01

or superpositions of these states: |y) = a|0) + B|1), where o, B € C, a2+ |Bl2= 1. Superposition of the indicated
quantum states enables parallelization of operations processing the indicated quantum states. Quantum
computations are performed using unitary operations represented by quantum gates divided according to the
number of qubits they affect. There are single-qubit gates, which include the X, Y, Z, H, S, and T gates, and two-
qubit quantum gates such as CNOT and CZ. In the context of the discussed issue, measurement in a standard
computational basis for {|0), |1)} causes the collapse of the wave function, where:

¥) = al0) + B|1),

is the probability of obtaining a result equal to O is |a|2, while the result is equal 1 that is |B[2. It should be noted
that the obtained result is stochastic. This means that to obtain a highly reliable result, the same circuit must be
implemented
many times. In IBM Q quantum systems, the number of repetitions is described using the ’shots” parameter [2,
8,91

The measurement performed is the effect of the action of the measurement system on the quantum
system. The von Neumann measurement operation occurs when the measurement system is macroscopic, i.e., it
obeys the superselection rule [10, 11, 12, 13]. The definition of the von Neumann measurement operation is
equivalent to the definition of the projective measurement operation, which is described by means of
observables that are Hermitian operators acting in the state space of the system being measured [14, 15]. A
single observable has a spectral distribution:

M=) \P. (1)

where Piis the eigenspace projector for the operator M with eigenvalue Ai. The expression

p(A;) = (V| B[y}, (2)

represents the probability of obtaining the result Ai, which causes that after performing a measurement operation
on the system, its state is determined as follows:
Pily)

|!pmsrf> = .
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Quantum circuit measurement simulation

As part of the experiment, to assess accuracy and identify differences between simulation and actual
circuit implementation, quantum circuits were designed and implemented as part of a complex hybrid classical-
quantum recommendation system. For this purpose, two groups of quantum circuits were studied. The first
group is responsible for the initialization and encoding of identifiers in the quantum database. Circuits of 20, 25,
and 29 qubits were implemented, as this number was dictated by the available RAM allocated to the quantum
computation simulator. In the case of the Statevector Simulator, Statevector stores the full state vector of the
quantum system, where for n qubits, the state space is represented by a vector of length 2n. Each element of this
vector is a complex number (meaning it takes up 16 bytes). Therefore, with 16 GB of RAM, approx-
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Fig. 1. The circuit is responsible for the initialization process of the quantum database.
The first part uses Hadamard gates to allocate identifiers, the second part is responsible
for encoding the features of the identifiers stored in the quantum database, and the
third part of the circuit contains an encoded leading feature describing, for example,
the system user’s preference. The whole process culminates in a quantum measurement
of all qubits participating in the recommendation process

imately 34-35 qubits can be supported, which in the case of the aforementioned simulator allows for an
allocation of 29 qubits. The circuits were initialized using NOT and CNOT gates. The second group is
responsible for amplifying the amplitude of the selected feature using Grover’s algorithm, where an encoded
feature is selected, whose probability amplitude is amplified to the value desired by the recommendation system,
as presented in Fig. 2, which shows the circuit and a graph with the amplitude distribution after executing the
circuit indicated in Fig. 3.

The Aer Simulator quantum computing simulator was used to perform the simulation calculations. For a 20-
qubit circuit, 8 qubits were allocated for database initialization (id), 6 for encoding object features, and 6 for
encoding the feature sought by the user, as shown in Fig. 1. The encoded feature specified by the user is 010110.
In the 25-qubit circuit, 15 qubits were allocated for initializing the database (id), 5 for encoding the object
features, and 5 for encoding the feature specified by the user, where the encoded feature specified by the user is
00110. In the case of the 29-qubit circuit, 19 qubits were allocated for initializing the database (id), 10 for
encoding the object features, and 10 for encoding the feature specified by the user, the index of which was
described as 0110101110.
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Fig. 2. A graphical implementation of a quantum circuit responsible for implementing
the task of amplifying a desired feature with index 100 using Grover’s algorithm. Part
a) presents the standard circuit form, while part b) presents a circuit form adapted to
the indicated real or simulation architecture using a transpiling algorithm, depending
on the execution context. The presented case study considers a simulation approach,
where the whole process ends with a measurement for each qubit



Measurement accuracy of real quantum computers

To investigate differences in measurements for probability amplitude distributions, a real implementation of the
same circuits was performed on the IBM Brisbane quantum architecture. The analysis involved the feature
enhancement case using Grover’s algorithm with an index of 100. Table Tab. 1 presents selected measures for
assessing the performance of the quantum circuit. Data from multiple executions of the same number on a real
quantum computer were evaluated. The analysis performed aims to discuss the obtained results using the
indicated metrics, referring to the simulation quality and conclusions regarding state distributions and the
practical usefulness of quantum computers in recommendation tasks. Interpreting the obtained results, it is noted
that the determined
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Fig. 3. Comparison of a) simulation and b) actual probability amplitude distribution
after the process of amplifying the indicated feature 100 after applying Grover’s algo-
rithm

Table 1. Comparison of the values of the measures for the obtained results describing
the correspondence of the probability distributions between the Brisbane architecture
and the Aer simulator

Type of measure |Value from Brisbane|Value from Aer
MAE 0.164 0.000
MSE 0.042 0.000
Total Variation 0.411 0.000
KL-divergence 1.25 0.000
Hellinger Distance 0.39 0.000
Fidelity 0.53 1.0
Error Rate 0.47 0.0
Entropy 2.35 0.73

Mean Absolute Error (MAE), which measures the average absolute deviation of simulated values from reference
values, is 0 for the Aer case, indicating perfect agreement between the simulation and the reference state. In the
actual case, the MAE is 0.164, indicating moderate deviation. Interpreting the Mean Squared Error (MSE) for
the simulation case reaches 0, indicating the absence of significant squared deviations. In the case of the
Brisbane coprocessor implementation, this coefficient is 0.042. This demonstrates the sensitivity of the system
to single significantly different values of the probability amplitude for the indicated index. Total Variation
measures the maximum difference between the distributions in each category. Aer achieved a value of 0,
indicating an ideal distribution, while the actual performance showed a value of 0.411, representing a 41%
difference in the probability distribution. This is a significant deviation indicating ambiguity in the
representativeness of real data, the indication of which could refer to information derived, for example, from a
classical database, which has a significant impact in hybrid classical-quantum recommendation systems. Using
KL-divergence, it is possible to measure so-called ”lost information” by approximating one distribution to
another.

The simulation in Aer achieves a value of 0, which naturally indicates that the distribution resulting from the
simulation perfectly matches the reference value. Compared to Brisbane, the KL value is 1.25, suggesting
information loss when modeling the actual distribution with simulation. Despite implementing mechanisms



reflecting real factors influencing the environment of the quantum system, the simulator does not capture all the
detailed changes currently occurring that affect the amplitude distribution. Hellinger Distance is a measure of
the distance between distributions, taking into account the geometric similarity of probability vectors. Aer
reaches a value of 0, while Brisbane reaches 0.39, suggesting a slight difference in the distribution of simulated
probability amplitudes compared to the actual one. Using the Fidelity measure, it is possible to measure the
degree of agreement between distributions on a scale from 0 to 1. A value of 1 indicates complete agreement,
while 0 indicates no agreement. The simulator naturally demonstrates complete agreement, obtaining a score of
1, indicating a perfect match, while the actual implementation in Brisbane = 0.53, indicating that the execution
process in the actual coprocessor in the indicated architecture reproduces only about half of the features of the
actual distribution. The Error Rate indicates the percentage of incorrectly reproduced events. A simulation value
of zero again confirms the absence of deviations, while in the case of the actual implementation, the error value
of 0.47 clearly indicates that almost half of the events are not identically represented in terms of the assumed
accuracy. Using entropy, it is possible to measure the degree of dispersion of the distribution and the amount of
uncertainty in the data. The simulation of the distribution achieves a low entropy value compared to the
Brisbane simulation, which has a value of 2.35, indicating a higher entropy and thus a more diverse, dispersed
distribution of the obtained probability amplitude values.

Summary

The error rates indicate imperfections in the analyzed quantum architecture. However, the obtained results
clearly point to a specific index because this amplitude is the largest, confirming the practicality of applying
quantum technology to recommendation tasks. It should be noted that the simulator reproduces the results
consistently and unambiguously. Using the Brisbane architecture, the execution reflects a portion of the actual
distribution of probability amplitude values. In particular, deviations in high-probability states, which are a
feature with an index amplified during the execution of Grover’s algorithm, lead to a significant difference in
the obtained measures. It is worth noting that uncertainty exists in the case of the remaining unamplified
probability amplitudes, as from the perspective of recommendation tasks, this distribution is uncertain and
highly stable. In this case, it is important to assess the quality of the currently available quantum architecture
against data from the Aer simulator. Due to quantum noise and the phenomenon of state decoherence occurring
in the physical system, qubits lose their ability to maintain superposition due to interactions with the
environment and the preservation of the originally assigned post-calibration values, for example, due to
interaction with the electromagnetic field on the chip.

This results in the amplitudes for the measured states ’smearing out.” Furthermore, calibration errors, hardware
limitations described in the form of incomplete utilization of interqubit connections, and noise occurring directly
on the quantum gates used in the implementation of circuits have a direct impact on the measurement result,
thus leading to errors contained directly in the final measurement of the circuit. This is addressed through the
continuous development of quantum coprocessor architecture and topology, as well as the development of
software and algorithms supporting the circuit implementation process, optimizing its execution within the
given quantum architecture [16, 17, 18, 19].
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