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Anomaly detection in Endpoint Detection and Response (EDR) is a critical task in cybersecurity programs
of large companies. With rapidly growing amounts of data and the omnipresence of zero-day attacks, man-
ual and rule-based detection techniques are no longer eligible in practice. While classical machine learning
approaches to this problem exist, they frequently show unsatisfactory performance in differentiating mali-
cious from benign anomalies. A promising approach to attain superior generalization compard to currently
employed machine learning techniques is using quantum generative models. Allowing for the largest represen-
tation of data on available quantum hardware, we investigate Quantum-Annealing-based Quantum Boltzmann
Machines (QBMs) for the given problem. We contribute the first fully unsupervised approach for the prob-
lem of anomaly detection using QBMs and evaluate its performance on an EDR-inspired synthetic dataset.
Our results indicate that QBMs can outperform their classical analog (i.e., Restricted Boltzmann Machines) in
terms of result quality and training steps in special cases. When employing Quantum Annealers from D-Wave
Systems, we conclude that either more accurate classical simulators or substantially more QPU time is needed
to conduct the necessary hyperparameter optimization allowing to replicate our simulation results on quantum

hardware.

1 INTRODUCTION

Anomaly detection is the identification of abnormal
behavior in data, which manifests in individual data
points that differ significantly from the majority of
the data (Chandola et al., 2009). This task fre-
quently appears in many domains including finance,
medicine and telecommunications (Aleskerov et al.,
1997; Spence et al., 2001; Kumar, 2005). A particu-
larly challenging application of Anomaly Detection
can be found in Endpoint Detection and Response
(EDR), which aims at detecting and investigating sus-
picious activities on endpoints such as mobile phones
or workstations in cybersecurity (Chuvakin, 2023). In
practice, the respective networks can be comprised of
billions of nodes, generating an immense amount of
data, in which the search for extremely scarce, mali-
cious anomalies can be very tedious.

This vast number of typically high-dimensional
data points and additional impediments such as zero-
day attacks raise a demand for suitable anomaly de-
tection techniques deviating from the still widely-

used manual and rule-based approaches. While many
classical machine learning approaches to this mostly
unsupervised learning problem exist, (e.g., cluster-
ing (Muniyandi et al., 2012), autoencoders (Finke
et al., 2021) or Bayesian networks (Mascaro et al.,
2014)), the distinction between malicious and benign
anomalies frequently remains intractable due to insuf-
ficient generalization (Karami, 2018). This problem
substantiates in a trade-off between detecting an un-
acceptably high number of false positives (i.e., benign
data) and failing to reliably detect all true positives
(i.e., the malicious anomalies).

In search for alternative approaches that can cope
with the encountered real world data better, we inves-
tigate the application of Quantum Computing (QC)
to this problem, as QC has shown promising perfor-
mance in generative data modelling, which is a pop-
ular technique used in unsupervised anomaly detec-
tion (Zhu et al., 2022). The three most prominent
prospects of using QC-based approaches in this con-
text are likely (1) that they need less data points dur-
ing training (Caro et al., 2022), (2) that they can per-
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form the central step of sampling from the model
distribution significantly more efficiently than their
classical analogs (Amin et al., 2018) and (3), that
they have shown the ability to efficiently sample
from some specific classically intractable data distri-
butions (Hangleiter and Eisert, 2023). The general
motivation behind using generative models specifi-
cally for unsupervised anomaly detection is that their
core functionality of replicating a given data distri-
bution yields a data model that closely represents the
input dataset with the exclusion of all anomalies, as
they are too scarce to be learned reliably. Therefore,
anomalies can be detected by verifying their absence
in the generated data distribution.

A particularly powerful type of quantum gen-
erative models are Quantum Boltzmann Machines
(QBMs) (Amin et al., 2018), which have been shown
to be universal approximators for probability distri-
butions (Sussmann, 1988; Younes, 1996; Amin et al.,
2018; Wiebe and Wossnig, 2019). QBMs can be un-
derstood as a quantum analog to classical Boltzmann
Machines. The core difference is displayed in the
sampling procedure, in which the QBM represents
an approximate Boltzmann distribution in a quantum
state, which generally allows for efficient sampling
via measurements. Curious to investigate the scal-
ing performance of such quantum approaches in terms
of, i.a., the dimensionality of the dataset, we select
a Quantum-Annealing-based implementation of this
sampling step, as its physical implementations have a
key advantage over the usage of gate based quantum
computers: They currently offer the highest number
of qubits, which is the central factor for the repre-
sentable dimensionality of the dataset.

Framed by related concepts in literature, we con-
tribute the first fully unsupervised anomaly detection
based on QBMs and evaluate its performance on suit-
ably generated synthetic datasets. Our core contribu-
tions to the investigation of the applicability of Quan-
tum Boltzmann Machines for unsupervised anomaly
detection amount to the following:

* We introduce the first fully unsupervised anomaly
detection approach using QBMs.

* We conduct a case study evaluating the presented
approach on two D-Wave Quantum Annealers
while using a similarly sized classical Restriced
Boltzmann Machine (RBM) as baseline.

The subsequent contents of this paper are struc-
tured as follows. In section 2, we explain the func-
tionality of Boltzmann Machines and their variants.
In section 3, we give an overview of related work.
In section 4, we present our methodology on how
Quantum Boltzmann Machines can be used to detect
anomalies in a fully unsupervised manner. In sec-

178

tion 5, we show how suitable hyperparameters can be
chosen and evaluate the results achieved, comparing
classical and quantum hardware. Finally, section 6
concludes our findings and demonstrates possible fu-
ture work.

2 BACKGROUND

2.1 Boltzmann Machines

A classical Boltzmann Machine (BM) is an undi-
rected, stochastic neuronal network, which typically
consists of two or more separate layers and is not
restricted in its nodes’ connections. For the sake of
simplicity, we assume a very basic BM consisting of
two layers in the following explanation. BMs contain
exactly one input layer which simultaneously acts as
the output layer and is also referred to as visible layer
v=(vi,...,vy) € {0,1}", consisting of visible units
v;. The other layers are referred to as hidden lay-
ers h = (hy,...,hy) € {0,1}M and likewise consist of
hidden units h;. Both hidden and visible units are re-
stricted to assume the values zero or one. The proba-
bility of a specific configuration of (v, /) occurring in
practice is determined by a stochastic distribution —
the Boltzmann distribution p (Fischer and Igel, 2012)
in which 7 > 0 denotes a specific parameter called
temperature, which we can assume as a given con-

stant for now:
E(v,h,0) )

exp <—
T
p(v,h,0) = ~

)

(vh)e{0,1}NxM

with Z =

where 6 = {W;;, bgo) , b;l)} denotes the weights W;; be-
tween units as well as the biases and acting on all vis-
ible and hidden units bgo) and b§»1>. The Boltzmann
distribution is determined by the energy function E,
which is generally expressed as an Ising Hamiltonian:

E(v,h,0) = ZZWUVI ZZka,vk
i= 1/ i=lk<i
M
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Choosing the Kullback-Leibler divergence (KL diver-
gence) as the corresponding loss function and com-
bining it with training methods such as stochastic gra-
dient descent, BMs can be trained so that their Boltz-
mann distributions match the distribution of a given
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dataset in a straightforward manner. The KL diver-
gence is a measure of similarity between two prob-
ability distributions, which becomes zero when the
two distributions are identical and yields higher val-
ues the more dissimilar the distributions are. Its gra-
dient, which is calculated repeatedly throughout the
BM'’s training process, conveniently takes the follow-
ing simple form (Ackley et al., 1985):

aDKL (Pdata || Pmodel)

oW, =(siSj)data — (Si8)model  (2)
aD Paa PIHO (3
= (;1;(-1| vl =(8i)data — {5i) model (3)

Here W;; is the weight associated with the connection
between the neurons s;,s; € {vi,...,v,hi,...,hp}.
(sisj) denotes the expectation value of the product of
the neuron values s; and s}, i.e., the probability that
both neurons assume the value one. Analogously, (s;)
denotes the probability of s; assuming the value one.

Computing the exact values for all partial deriva-
tives generally demands calculating the energy of ev-
ery possible combination of states v € {0,1}, h €
{0,1}™, making this approach intractable in prac-
tice as there are exponentially many in terms of the
input domain {0,1}"¥. Fortunately, sufficiently well
approximating heuristic methods often exist that al-
low for a shorter runtime. The core idea for these
approaches is repeated sampling from the respective
distributions, represented by the BM, and averaging
the results. Sampling is generally performed in two
phases: First, in the clamped phase, the values of
the visible neurons are fixed to the bits of a ran-
domly selected data point. In this phase, only the
values s; of the hidden units, which now depend on
the data point’s value, are subsequently sampled from
the BM’s Boltzmann distribution. Together with the
input data point, these values can be viewed as a sam-
ple from the data’s probability distribution Py, and
used to calculate (s;)daa and (s;8;)data. The expec-
tation values (s;)model and (s;Sj)model for the model
are then determined in the unclamped phase, by sam-
pling from the Boltzmann distribution associated with
the BM using techniques like Markov chain Monte
Carlo. These samples are subsequently used to cal-
culate (5;)model and (s;8j)model- In practice, sampling
from BMs is hence typically performed by iteratively
computing the values of each neuron, depending on
the values of its neighboring neurons, until an equi-
librium is reached. As this has to be done for each
sample, while multiple samples have to be calculated
for each data point in each training epoch, the train-
ing time quickly takes intractably long. (Amin et al.,
2018; Ackley et al., 1985; Adachi and Henderson,
2015)

2.2 Restricted Boltzmann Machines

When using Restricted Boltzmann Machines
(RBMs), considerably shorter training compared to
the standard BMs can be achieved. Analog to our
course of action for the standard BM, we also restrict
the content of this section to networks of a single
hidden and visible layer. RBMs restrict all possible
neuron connections so that only interlayer weights
can be non-zero, making it possible to sample from
the entire visible respectively hidden layer at once.
As hidden and visible units only depend on the
neuron values in the opposing layer, which are
known in the clamped phases, this allows for faster
sampling. For RBMs, the energy function is thus
reduced to (Fischer and Igel, 2012)'

E(v,h,0) = ZZW,,v, Zv,

M
-y !

i=1j= = j=1

“4)
As it remains intractable to calculate the gradient of
the weights and biases directly, sampling from the
given Boltzmann distribution is mandatory. How-
ever, even for the RBM, drawing independent sam-
ples from the model in order to approximate the gra-
dient is computationally expensive. Even though ap-
proximate sampling techniques like Contrastive Di-
vergence can often be used effectively, their trade-
off in runtime against accuracy is frequently worse
than state-of-the-art classical generative models be-
sides BMs for big datasets. (Gabrié et al., 2015)

2.3 Quantum Boltzmann Machines

A very promising approach towards speeding up the
time consuming sampling process in classical (re-
stricted) BMs are Quantum Boltzmann Machines
(QBMs), which use quantum algorithms to prepare a
quantum state that resembles the desired probability
distribution and allows for sampling from it via mea-
surements. One such quantum algorithm is Quantum
Annealing, which has been shown to be capable of ap-
proximating Boltzmann distributions when executed
on analog quantum hardware natively implementing
this algorithm, i.e., Quantum Annealers (Amin et al.,
2018). Quantum Annealing conducts a time evolu-
tion starting in the ground state of a known Hamilto-
nian that gradually evolves into an Ising Hamiltonian
Hp that is often used to model the cost landscape of
an optimization problem. When this time evolution
is done adiabatically (i.e., not too fast) and without
any hardware errors, the final state is guaranteed to
be the ground state of the Hamiltonian Hp, ie., the
global minimum of the cost function (Kadowaki and
Nishimori, 1998). When conducting this process on a
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physical Quantum Annealer however, the system nat-
urally interacts with the environment, which interest-
ingly perturbs the final state to approximate a classi-
cal Boltzmann distribution over the energy function
described by the Hamiltonian Hp. The temperature
of the resulting approximate Boltzmann distribution
is determined by device specific properties in corre-
lation with the specific Ising Hamiltonian and can be
tuned by rescaling the weights and biases by the in-
verse of the so-called effective temperature, which
can be calculated efficiently as shown in (Benedetti
et al., 2016). (Adachi and Henderson, 2015; Yarkoni
et al., 2021; Benedetti et al., 2016)

As Quantum Annealing drastically reduces the
amount of steps needed to create a sample, a quantum
advantage in the form of a speedup can be expected
here. Experiments of (Amin et al., 2018) show that
QBMs can achieve better KL divergences than the
BMs employed in their study when given the same
runtime capabilities, suggesting that QBMs can also
outperform their classical analogs in terms of result
quality. Another advantage of QBMs is that they do
not require restricting the connectivity of the BMs ar-
chitecture, allowing for more complex models with a
higher number of connections (Hinton, 2012; Adachi
and Henderson, 2015).

3 RELATED WORK

Our contribution to existing literature is constituted
by the first successful application of QBM:s for fully
unsupervised anomaly detection. This represents a
novel use case for QBMs trained using unsuper-
vised techniques, extending the portfolio of known
productive QBM applications like image reconstruc-
tion (Benedetti et al., 2017) or image generation (Sato
etal., 2021).

In regards to supervised learning, QBMs have
shown promising performance for anomaly detec-
tion in applications like the classification of cyber-
security data, for which (Dixit et al., 2021) showed
that their Quantum-Annealing-based RBM can pro-
vide similar results to comparable classical RBMs.
(Vyas et al., 2022) proposed a semi-supervised ap-
proach to anomaly detection for credit card trans-
action data that employs an ensemble of quantum-
inspired RBMs. For sampling, they use a set of
solvers from the “Azure Quantum-Inspired Optimiza-
tion (QIO)” suite instead of real quantum algorithms,
while excluding the anomalies from the training data.
They subsequently calculate the energy values of all
data points (i.e., including anomalies) for all RBMs of
the ensemble analytically and then identify an energy
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threshold separating normal data from the anomalies.

Beyond QBMs, other quantum generative models
have been shown to perform well on similar tasks:
(Bermot et al., 2023) haven shown the effective ap-
plicability of Quantum Generative Adversarial Net-
works for anomaly detection in high energy physics,
(Ngairangbam et al., 2022) used a Quantum Autoen-
coder for a very similar use case, and (Schuhmacher
et al., 2023) applied a Quantum Support Vector Clas-
sifier to find beyond standard model physics in data
recorded at the LHC.

4 METHODOLOGY

In line with known techniques to use generative mod-
els for anomaly detection, we utilize a QBM as a gen-
erative model and subsequently identify anomalies by
their infrequence in the generated model (Hoh et al.,
2022; Luo et al., 2022; Dietrichstein et al., 2022;
Amin et al., 2018). More specifically, we classify a
given data point as anomalous if its energy value in
the QBM exceeds a specific limit. To implement the
presented approach, we now first specify the QBM
model architecture and then choose an energy thresh-
old separating normal from anomalous data.

4.1 QBM Model Architecture

To perform anomaly detection in a fully unsupervised
manner using a QBM, a suitable model architecture
must be selected. Inspired by the work of (Amin et al.,
2018), we also choose to employ a semi-restricted
QBM for unsupervised learning (i.e., a QBM with one
hidden layer, having lateral connection only between
the visible neurons). A general overview of this archi-
tecture can be found in figure 1b. More specifically,
we allow all neuron connections possible in this ar-
chitecture and treat the number of hidden neurons as
a hyperparameter, while the number of visible neu-
rons is completely dependent on the dimensionality
of the dataset.

4.2 Choosing an Energy Threshold

As stated previously, the identification of anomalies is
done by verifying their absence (or at least significant
infrequence) in the model distribution. For Energy
Based Models (EBMs) like the QBM, the probability
of a point in our model is fully dependent on its en-
ergy value by definition (Lecun et al., 2006). Thus,
the classification of data points as anomalous or nor-
mal can be achieved by drawing an energy thresh-
old between the two categories (Zhai et al., 2016;
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Visible Hidden Visible Hidden
layer layer layer layer
(a) RBM (b) QBM

Figure 1: Schematic visualization of the architecture of the
BMs used in this paper.

Do et al., 2018). This causes our model to classify
all points with energy values higher than the thresh-
old as anomalous and all points with lower energies
as normal. While related work in the quantum do-
main specified this threshold for anomaly detection
using (semi-) supervised learning (Vyas et al., 2022),
we draw the threshold in an unsupervised manner, by
having the Quantum Annealer return the energy val-
ues of all data points in the training dataset and sub-
sequently calculating the threshold as the p-th per-
centile, analog to (Zhai et al., 2016) and (Do et al.,
2018). For our evaluation in section 5, we chose
p = 95, analog to (Do et al., 2018), assuming that
no more than 5% of the training data is anomalous.
While this amount is unrealistically high for the data
employed in our use case, we choose it to increase the
likelihood of finding all anomalies in the test dataset.
If any kind of ad-hoc testing for the validity of an
anomaly is available, e.g., through human inspection
as is typically the case for EDR, this percentile can
be tuned accordingly (see, e.g., (Do et al., 2018; Zhai
et al.,, 2016)).

5 EVALUATION

To give an indication whether our proposed method
might provide a quantum advantage over purely clas-
sical EBM-based approaches, we compare our ap-
proach to a RBM with a similarly simple architec-
ture to our semi-restricted QBM: The chosen RBM
is described in section 2.2 and displayed in figure 1a.
As we treat the size of the hidden layer as a hyperpa-
rameter and as one hidden layer already suffices for

the RBM to be an arbitrary distribution approximator,
this choice yields a potent, practical, classical base-
line. Preparing for our experiments, we now select a
suitable dataset and conduct an in-depth hyperparam-
eter optimization. Note that we use a 50/50 train/test
split in this evaluation and only show the results from
test data.

5.1 Dataset

In lack of suitably small real world EDR datasets that
fit on current quantum hardware, we generate a syn-
thetic data set, aimed at matching the following prop-
erties found in real world data: (1) a high dimension-
ality to assess scaling performance, (2) scarce anoma-
lies and (3) a substantial number of data points. While
satisfying (2) and (3) is straightforward, (1) is directly
proportional to the number of visible units and thus
the space complexity. Compromising on (1) to fa-
cilitate a visual evaluation and retain enough space
for exploring a large space of hidden units for this
first case study on fully unsupervised anomaly detec-
tion using a QBM, we restrict the data set to three
dimensions. To satisfy (2) and (3) within the limita-
tions of current hardware capabilities, we thus gen-
erate 1007 3D data points x € [0,..., 127]3 clustered
in five clusters and containing seven anomalies using
the method make_blobs from scikit-learn (Pedregosa
et al., 2011). Therefore, seven bits are required per
dimension, which means that 21 visible neurons are
needed to represent the QBM’s input, i.e., a single
data point. Due to the 50/50 train/test split, the ra-
tio of anomalies is < 7/500 = 1%, satisfying (2). A
pairplot of the generated data set is displayed in fig-
ure 2.

5.2 Hyperparameter Optimization

Being generative models, the BMs have several hy-
perparameters which need to be optimized to achieve
decent results. Choosing a greedy optimization strat-
egy due to heavy computation time demands, we
tuned the following hyperparameters descending in
their typical relevance: (1) The number of hidden
neurons, (2) the number of epochs and finally (3)
the batchsize, while choosing standard values for the
latter ones inspired by (Hinton, 2012). Notably, the
learning rate was determined independent of all other
hyperparameters in an empirical pre-study to the eval-
uation. For details on our implementation, see https:
//github.com/jonas-stein/QBM- Anomaly-Detection.
As we estimate that the here conducted hyper-
parameter search would take roughly two days of
QPU time, our limited access to D-Wave’s Anneal-
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Figure 2: Visualization of the constructed 3D dataset comprised of 5 clusters and 7 anomalies. The diagonal shows the
distribution of the data in each dimension. The off-diagonal plots, show a 2D flattened version of the dataset for all dimension-

combinations.

ers (~3 hours) necessitates a hyperparameter search
using classical simulators for sampling. As also prac-
tically employed in (Schuman et al., 2023), Simulated
Annealing (SA) can be a suitable choice for this, as it
(like a quantum annealer (Nishimori et al., 2015)) in-
trinsically approximates a Boltzmann distribution for
a given temperature when using a suitable annealing
schedule and neighbor generation (for details, see the
articles of (Crosson and Harrow, 2016; Denchev et al.,
2016)). Note that for other QUBO solvers such as
the D-Wave hybrid, it is a priori not clear if they also
possess this property. We strongly encourage future
work on this topic, as long as QPU availability does
not meet the needed requirements.

Starting our hyperparameter optimization with the
number of hidden neurons, we respect the physically
possible qubit embeddings on the employed D-Wave
QPUs, which empirically restricts us to a maximum
of 94 and respectively 632 hidden neurons for the D-
Wave 2000Q and the Advantage 4.1. Figure 3 illus-
trates that the QBM requires significantly fewer hid-
den neurons to reach its optimal F1 score compared to
the RBM: While the QBMs optimum is at 82 hidden
neurons with an F1 score of 0.35, the RBM reaches
its optimal F1 score of 0.33 at 157 hidden neurons.
Thus, the QBM achieves a better result with fewer re-
sources. This is most likely the case, as the QBM can
generally model complex dependencies better com-
pared to a similarly sized RBM, since it allows for
lateral connections. However, as the F1 scores show
a large variance for small changes in the number of
hidden units, caution has to be taken when conclud-
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ing from these results, as it appears that the number
of employed seeds might be too low for undeniable
statistical relevance.
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Figure 3: F1 score for increasing number of hidden neurons.
The blue line shows the classical RBM and the orange line
shows the QBM using the Simulated-Annealing-based sam-
pler.

Subsequently, the number of epochs was opti-
mized, while each approach was fitted with the pre-
viously determined optimal number of hidden neu-
rons. Figure 4 displays the results which clearly show
that the QBM again outperforms the RBM. While the
RBM reaches its optimum at 13 epochs, with an F1
score of 0.33, the optimum of the QBM is at 14 and 16
epochs, respectively, with an F1 score of 0.375. In ad-
dition, the QBM consistently yields better results than
the RBM approach at fewer epochs. At seven epochs,
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the F1 score of the QBM already reaches 0.35, which
exceeds the global optimum of the RBM which is ob-
tained at 13 epochs. Thus, the QBM only needs about
half the number of epochs to reach an even better per-
formance than the RBM. Due to the limited available
computing time on quantum hardware, seven epochs
are chosen for further optimization steps, and 13 for
the RBM.

Concluding the hyperparameter optimization, Fig-
ure 5 shows that both the RBM and the QBM reach
their optimum at a batch size of ten. The RBM re-
mains at an F1 score of 0.33, while the QBM achieves
0.35.

5.3 QPU Results

Using the optimized hyperparameters, we now ex-
plore the result quality of the D-Wave 2000Q and the
Advantage 4.1 in comparison with the SA sampler

-0.30

[ Advantage
[ DW_2000Q
3 sA

-0.35 1 RBM

—0.40

—0.45 $

Energy

—-0.50

—0.55 T T T T T T T T
cluster  outlier  cluster  outlier  cluster  outlier  cluster  outlier

Figure 6: Normalized energies of anomalies and cluster
points for different approaches. The blue line represents the
chosen energy threshold separating normal from anomalous
data.

and the RBM baseline. Table 1 depicts the obtained
results, which show that the Quantum Annealers are
(still) outperformed by the classical approaches. Both
quantum annealers missed one anomaly and thus
achieved an identical recall. The Advantage 4.1 how-
ever identified less false positives according to its
62% higher precision.

Table 1: Result quality of all examined approaches.
| RBM | SA | 2000Q | Advantage

F1-Score | 0.33 | 0.35 0.14 0.21
Recall 1 1 0.67 0.67
Precision | 0.20 | 0.21 0.08 0.13

Fig. 6 shows a compact overview for comparing
the energy levels in form of a box plot. Interestingly,
the variance in the purely classical RBM approach is
significantly lower than for all QBM variants, which
might be caused by the less complex model, as it does
not have any lateral neuron connections. Compar-
ing the three QBM results, we clearly see that SA
achieved the best performance, which makes sense,
as the hyperparameters were trained for it. For the
D-Wave QPUs a clear improvement can be observed
for the newer Advantage 4.1 system compared to the
older 2000Q model, which gives the promising out-
look of outperforming purely classical approaches
with future hardware generations if this trend contin-
ues. We expect the main reasons for this to be the
higher error rate of the 2000Q and the larger num-
ber of employed qubits, as its weaker connectivity de-
mands for more ancillary qubits for the same number
of hidden units.
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6 CONCLUSION

Our results indicate that QBMs can outperform their
classically employed analog (RBMs) for unsuper-
vised anomaly detection in terms of (1) training steps
and (2) result quality. With limited access to quan-
tum hardware however, we were unable to yield evi-
dence for this claim when using Quantum Annealers
as samplers, most probably because the hyperparame-
ter tuning was conducted using a simulated annealing
sampler that merely approximates the QPU results.
Furthermore, the results show that the more recent D-
Wave Advantage 4.1 QPU achieves significantly bet-
ter performance than its predecessor D-Wave 20000,
even suggesting a possible quantum advantage in case
that the hardware performance continues to improve
similarly in the future.

To improve the results of the quantum approach
for future work, we suggest to implement a clas-
sical sampler that more closely matches the results
of the utilized quantum hardware in a high perfor-
mance computing oriented programming language to
improve the accuracy and statistical relevance of the
hyperparameter search. If successful, this should al-
low an upscaling to a more realistic dataset dimen-
sionality to gradually approach the limitations of clas-
sical approaches for this task. This should also facili-
tate the usage of a dataset containing benign and ma-
licious anomalies, to allow for comparing the results
of the QBM with classical baselines in this regard.
Furthermore, a closer evaluation in terms of training
steps for a higher number of data points would be very
interesting, as we expect our approach to be more effi-
cient than the classical baselines in this regard, based
on our experimental results.
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