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HIV epidemiological data is increasingly complex, requiring advanced computation for accurate cluster
detection and forecasting. We employed quantum-accelerated machine learning to analyze HIV prevalence at
the ZIP-code level using AIDSVu and synthetic SDoH data for 2022. Our approach compared classical
clustering (DBSCAN, HDBSCAN) with a quantum approximate optimization algorithm (QAOA), developed
a hybrid quantum-classical neural network for HIV prevalence forecasting, and used quantum Bayesian
networks to explore causal links between SDoH factors and HIV incidence. The QAOA-based method
achieved 92% accuracy in cluster detection within 1.6 seconds, outperforming classical algorithms.
Meanwhile, the hybrid quantum-classical neural network predicted HIV prevalence with 94% accuracy,
surpassing a purely classical counterpart. Quantum Bayesian analysis identified housing instability as a key
driver of HIV cluster emergence and expansion, with stigma exerting a geographically variable influence.
These quantum-enhanced methods deliver greater precision and efficiency in HIV surveillance while
illuminating critical causal pathways. This work can guide targeted interventions, optimize resource allocation
for PrEP, and address structural inequities fueling HIV transmission.

(Sullivan, 2013). Analyzing complex, high-
dimensional epidemiological data presents significant
challenges. Quantum computing offers promising

The global fight against HI'V remains a critical public
health priority, as untreated infections can progress to
AIDS (Olatosi et al., 2019). Despite decades of
progress in awareness and treatment, many
communities experience persistent or rising HIV rates
due to stigma, structural disparities, and limited
access to care (Deeks et al., 2015). Pre-exposure
prophylaxis (PrEP) has emerged as a groundbreaking
tool to reduce HIV incidence by providing
antiretroviral medication to at-risk individuals
(Spinner et al., 2016). However, its real-world
effectiveness varies widely, with gaps in uptake often
most pronounced in high-prevalence areas where
stigma and inadequate infrastructure hinder
prevention efforts (Sun et al., 2022). Targeted
interventions, guided by granular data from sources
like AIDSVu, are essential to address these disparities
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solutions, particularly through quantum annealing
and the Quantum Approximate Optimization
Algorithm (QAOA). These methods excel at
clustering and optimization tasks, framing HIV
cluster detection as a Quadratic Unconstrained Binary
Optimization (QUBO) problem to identify subtle
spatiotemporal patterns (He et al., 2005; Orlandi et
al., 2024). Such approaches may deliver faster or
more accurate results compared to classical methods,
enhancing the ability to pinpoint HIV hotspots.
Additionally, quantum Bayesian networks could
improve insights into causal factors like housing
instability and stigma by efficiently processing large
datasets, offering a deeper understanding of HIV
prevalence drivers (Low et al., 2014). This research
leverages AIDSVu data and synthetic social
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determinants to apply quantum-accelerated machine
learning for detecting, characterizing, and predicting
HIV prevalence clusters. The ultimate goal is to
provide public health stakeholders with actionable
strategies for resource allocation, including targeted
PrEP distribution and social programs tackling stigma
and housing insecurity (Sun et al., 2022; D. Roosan et
al., 2024). This approach seeks to bridge gaps in HIV
prevention, ensuring resources reach the communities
most in need.

2 METHODS

The investigation involves data acquisition and
integration, preprocessing, quantum-accelerated
clustering, hybrid quantum-classical predictive
modeling, and quantum Bayesian causal analysis. It
aims for reliability, transparency, and real-world
applicability, comparing classical machine learning
with quantum tools to highlight quantum computing’s
advantages in large-scale epidemiology.

2.1 Data Source

The study leverages AIDSVu's ZIP-code-level HIV
data from 2012 to 2023, focusing on the latest year
for clustering and forecasting. This data includes
prevalence rates, new infections, demographic
breakdowns (by gender, age, and race/ethnicity where
available), and PrEP usage metrics. To analyze HIV
risk in the context of socio-environmental factors,
synthetic variables—such as housing instability and
stigma—were integrated, calibrated to reflect real-
world patterns while ensuring confidentiality.

2.2 Data Fusion, Preprocessing and
Normalization

Following collection from AIDSVu and generation of
synthetic SDoH metrics, data from multiple disparate
sources had to be combined into a single cohesive
dataset (Kim et al., 2021; Roosan, 2022; Roosan,
Law, et al., 2022; Wu et al., 2024). Each record was
anchored by a unique identifier representing the ZIP
code, complemented by associated geospatial
coordinates (latitude and longitude) and a temporal
dimension capturing the year of observation. This
spatiotemporal reference provided the backbone for
subsequent clustering and forecasting processes,
ensuring that each data point could be located
precisely in both space and time. The next phase
addressed data quality, which can often present
challenges when integrating multiple data streams.
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Missing entries in numeric fields proved the most
pervasive issue. To mitigate the risk of systematic
bias from discarding incomplete records, a K-nearest
neighbors (KNN) imputation algorithm was
employed (Roosan, 2022; Roosan, Law, et al., 2022;
Roosan, 2024). Missing values were imputed using
KNN based on similar ZIP codes, preserving local
similarity with minimal artificial variance. Cases with
severely incomplete data (e.g., missing geospatial or
multiple demographic attributes) were removed.
Numeric features were then normalized to 0-1 via
min-max scaling to prevent large-range variables
from dominating distance-based clustering and
classification methods.

2.3 Quantum-Assisted Cluster
Detection

Cluster detection categorized ZIP codes by HIV
prevalence, demographics, and structural risk factors.
Classical algorithms DBSCAN and HDBSCAN
served as baselines, leveraging their ability to handle
outliers and density variations in spatiotemporal data.
Subsequently, the Quantum  Approximate
Optimization Algorithm (QAOA) was employed to
potentially enhance clustering accuracy and
efficiency. QAOA framed clustering as a Quadratic
Unconstrained Binary  Optimization (QUBO)
problem, optimizing cluster assignments via quantum
annealing or simulation to minimize intra-cluster
distances and maximize separation. Using Qiskit
(Cross, 2018; Wille et al., 2019), input data were
transformed into graph-based matrices reflecting
geospatial proximity and similarity in HIV and SDoH
metrics. Performance was evaluated by accuracy in
grouping  high-prevalence ~ZIP  codes and
computational efficiency.

2.3.1 Quantum Mathematical Formula

To formulate the clustering task for the Quantum
Approximate Optimization Algorithm (QAOA), we
encode it as a cost Hamiltonian H.. The QAOA
procedure then alternates between applying the cost
Hamiltonian and a "mixer" Hamiltonian H,, ,
producing the final state

.8 = | | [e-bmetrclsy )
k=1
where |s) is the initial uniform superposition of
all possible cluster assignments, and {yy, B} are
variational parameters. By iteratively adjusting y =

(yl,...,yp) and B = (Bl,...,ﬁp), QAOA seceks to
minimize (Y (¥, B)|Hc|[p(¥.B)) . In  our
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spatiotemporal clustering of HIV data, H,
incorporates pairwise distances or similarities among
ZIP codes, pushing the quantum algorithm to place
highly similar (or geographically adjacent and
epidemiologically linked) regions in the same cluster.
This approach can yield more efficient or higher-
quality cluster solutions than classical methods,
particularly as data dimensionality grows.

2.4 Predictive Modeling with Hybrid
Quantum-Classical Models

Forecasting future HIV prevalence trends was a key
goal, pursued through two strategies: a classical
neural network and a hybrid quantum-classical
architecture. Both models used historical data,
including ZIP-code-level HIV rates, demographics,
and SDoH variables. The classical neural network
featured a multi-layer feedforward design with
tailored activation functions (e.g., ReLU or tanh),
optimized via gradient-based methods and early
stopping to prevent overfitting (Bengio, 2000; Ratliff
et al., 2009; Roosan, Padua, et al., 2023). The hybrid
model incorporated quantum layers with parametric
transformations, optimized alongside classical
weights, to capture complex feature relationships
using quantum states (Li, Phan, et al., 2023; Roosan,
Chok, et al., 2022). Both underwent hyperparameter
tuning and cross-validation, with performance
assessed by accuracy in predicting the next year’s
HIV prevalence at the ZIP-code level.

2.5 Causal Analysis with Quantum
Bayesian Networks

To wuncover causal structures beyond mere
correlations, a quantum-enhanced Bayesian network
was employed. Bayesian networks probabilistically
model causal links between variables (e.g., housing
instability influencing stigma, subsequently affecting
HIV prevalence). This study applied quantum-
inspired algorithms for efficient inference from
complex datasets. Structural learning first proposed
possible causal relationships, followed by parameter
learning to determine conditional probabilities. This
clarified the hierarchical relationships among stigma,
housing instability, healthcare access, and HIV
prevalence.

3 RESULTS

A comprehensive set of outcomes emerged from this
multi-layered approach, underscoring the feasibility
and promise of quantum-accelerated techniques in
refining the understanding and management of HIV
clusters. These results covered cluster detection
performance, forecasting enhancements, and a richly
textured perspective on the underlying causes of high
prevalence.

3.1 Clustering Analysis and Efficiency

The first major finding pertained to how the quantum-
based clustering method compared with classical
baselines. Table 1 offers a small sample of the
normalized dataset, demonstrating how features such
as stigma index and housing instability were scaled to
the [0, 1] range for each ZIP code.

Table 1: Normalized Dataset Sample.

ZIP | Yea | Latitu | Longit | Housing | Stigm | Normali
Code| r de ude | Instabilit| a |zed HIV
y Index | Rate

3000 | 202 | 33.76 |-84.29| 0.68 0.55 0.72

3000 | 202 | 33.81 |-84.28| 0.75 0.61 0.68

Table 2, also referred to in this section, captures the
comparative performance of DBSCAN, HDBSCAN,
and the QAOA-based quantum method across
multiple metrics. In terms of cluster accuracy, the
quantum method achieved approximately 92%,
whereas DBSCAN reached only 85% and
HDBSCAN 87%. This improved accuracy indicated
that the quantum approach could identify subtler
differences between ZIP codes, possibly due to its
more global optimization routine.

Table 2: Comparative Cluster Metrics.

Metric DBSCAN | HDBSCAN | Quantum
Clustering

Clustering 85% 87% 92%
Accuracy

Time 32s 2.8s 1.6s
Efficiency

Cluster Medium High High
Granularity

Equally noteworthy was the shorter runtime for the
quantum clustering, at 1.6 seconds, significantly

475



DATA 2025 - 14th International Conference on Data Science, Technology and Applications

a0

Latitude
x
x
N
o
Cluster ID

Longitude

Figure 1: Spatiotemporal Cluster Map.

outpacing the 3.2 seconds and 2.8 seconds recorded
for DBSCAN and HDBSCAN, respectively. A
detailed computational cost analysis comparing
quantum and classical methods in this study indicates
that QAOA reduced processing time by
approximately 50% compared to DBSCAN and
HDBSCAN, highlighting potential efficiency
advantages. This advantage might be partly
attributable to the specialized way quantum annealing
is able to navigate complex combinatorial spaces,
though it should be noted that real quantum hardware
or high-fidelity simulators remain in relatively early
stages of development. High cluster granularity was
observed for both HDBSCAN and the quantum
approach, meaning they were adept at capturing small
but distinctive pockets of high prevalence or robust
PrEP usage. Figure 1, provides a visual representation
of the quantum-assisted clusters across a geospatial
map, with each cluster assigned a distinct color to
clarify the boundaries and reveal nuanced distribution
patterns.

3.2 Predictive Modeling Outcomes

The second set of findings related to the predictive
modeling experiments, contrasting a purely classical
neural network with the quantum-classical hybrid
variant. Overall, the hybrid approach offered more
precise forecasts of future HIV prevalence.
Specifically, when tested on holdout data, the hybrid
model had lower average prediction errors and better
captured sudden surges in prevalence in certain ZIP
codes. These surges often correlated with rapidly
shifting demographic or socio- economic conditions,
highlighting that the quantum layers might excel at
detecting complicated variable interdependencies.
Figure 2 depicts a comparative chart of the classical
and hybrid model’s performance metrics. The vertical
axis might measure an error metric (such as mean
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Figure 2: Predictive Model Performance.

absolute error or root mean square error), while the
horizontal axis lists either different time points or
subsets of ZIP codes. The gap between the classical
and hybrid lines suggests that quantum parametric
transformations can yield meaningful improvement
in forecasting. Another observed benefit was that the
hybrid approach generalized more robustly,
maintaining consistent accuracy even for ZIP codes
not heavily represented in the training set or those
with atypical data patterns.

3.3 Causal Insights from Quantum
Bayesian Analysis

The quantum Bayesian networks used in the final
phase of analysis delivered insights into “why”
certain ZIP codes reported particularly high HIV
prevalence or exhibited a sharp increase over time.
While prior epidemiological studies have long
acknowledged the roles of stigma and housing
instability, this approach allowed a more
mathematically grounded quantification of their
relative contribution. Figure 3, displays a bar chart or
similar graphic enumerating how much each variable
(e.g., stigma index, housing instability, local clinic
availability, or PrEP uptake) influenced the predicted
HIV rates.
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Figure 3: Causal Analysis of Risk Factors.
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Consistently, housing instability emerged as a
top-tier risk factor. Areas marked by elevated
proportions of cost-burdened renters or unstable
living situations were correlated with greater
likelihood of HIV clusters expanding. Stigma or
discrimination indexes also played a significant role,
but their effects appeared to vary more starkly by
geographic and cultural factors. For instance, certain
clusters demonstrated extremely high stigma,
overshadowing other variables, whereas others
manifested only moderate levels, indicating that
stigma might be interacting with additional local
influences. The quantum Bayesian approach, by
computing conditional probabilities across many
layers, provided efficient estimates of these
interactions, surpassing the simplicity of classical
Bayesian networks in the context of such high-
dimensional data. Heatmaps derived from the
quantum-defined clusters marked ZIP codes in which
HIV prevalence was either significantly above
baseline or forecasted to rise in upcoming years
(Roosan, Karim, et al., 2020). Collaborations with
local health agencies used these maps to focus
interventions like mobile HIV testing and intensified
PrEP  education. Early evidence suggests
communities targeted by quantum-based clustering
experienced quicker HIV detection and better care
engagement. Long-term goals include verifying
improved viral suppression, reduced missed follow-
ups, and fewer new infections. The synergy between
advanced computational analytics and real-world
policy underscores the necessity for robust, ongoing
collaboration among data scientists, healthcare
professionals, and community stakeholders (Boire,
2013; Roosan, Del Fiol, et al., 2016). In addition, the
quantum Bayesian networks guided the creation of
specialized programs aimed at mitigating stigma and
enhancing housing security in susceptible regions. If
future evaluations confirm that these targeted
measures significantly reduce the expansion of HIV
clusters, it will reinforce the argument that quantum-
accelerated approaches not only solve algorithmic
challenges but can also help remediate deeply
entrenched socioeconomic and societal obstacles.

4 DISCUSSIONS

The field of HIV epidemiology has historically
depended on classical machine learning and spatial
clustering to map the virus’s prevalence across
diverse regions. Early efforts focused on simple
metrics like prevalence counts and basic
demographics to identify high-risk areas (Dong et al.,

2022). As data evolved to include socioeconomic and
structural ~ factors—such as stigma, housing
instability, and access to care—classical methods
adapted, producing more nuanced models (Luo et al.,
2023). However, the rapid growth of HIV data, now
encompassing  temporal  series, fine-grained
demographics, and complex behavioral metrics, has
outpaced these traditional approaches. High-
dimensional data and the demand for near-real-time
analysis have exposed limitations, including struggles
with combinatorial explosion and inefficiencies in
detecting subtle patterns in emerging infection zones
(Kim et al., 2021). This study introduces a novel
approach by integrating quantum-accelerated
machine learning, specifically the Quantum
Approximate Optimization Algorithm (QAOA), with
classical methods to address these challenges. Unlike
prior studies reliant solely on classical techniques like
DBSCAN and HDBSCAN, this research leverages
quantum computing’s theoretical capacity for
combinatorial optimization to enhance cluster
detection and predict HIV prevalence trends (Roosan
etal., 2017). By combining demographic, geographic,
temporal, and socio-behavioral variables at the ZIP-
code level, the quantum-classical hybrid model excels
at identifying nascent clusters and subtle local
patterns often missed by traditional methods. This is
critical for understanding how  structural
determinants—housing insecurity, stigma, and
healthcare access—interact to drive HIV risk (Yu et
al.,, 2023). The model’s ability to handle high-
dimensional data efficiently stems from quantum
circuits’ capacity to encode multiple variables
simultaneously, reducing the computational burden
of exploring complex dependencies (Roosan, Clutter,
et al., 2022). For instance, in metropolitan areas,
where HIV prevalence intertwines with social and
economic stressors, the quantum approach offers
more precise insights than classical neural networks,
which falter with multi-layered feature interactions.
Additionally, the potential for speed in combinatorial
tasks—such as dynamically reassigning clusters or
updating forecasts in near-real-time—promises
significant advantages as quantum hardware matures
(Roosan, Wu, et al, 2023). The public health
implications are substantial. Quantum-enhanced
models could enable real-time updates and dynamic
resource allocation, helping authorities target
emerging hotspots effectively, particularly in large
urban settings with shifting prevalence signals
(Roosan, Law, et al.,, 2019). Beyond HIV, these
frameworks could apply to other infectious diseases
with similar spatial and social dynamics, amplifying
their impact (Abrahams et al., 2017). Integrating such
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models into policy could optimize interventions like
PrEP distribution or housing support, aligning
epidemiological insights with practical action (Islam,
Weir, et al., 2016). However, limitations persist. The
study relies on synthetic structural data (e.g., stigma
indices), which may not fully reflect real-world
nuances, underscoring the need for empirical datasets
(Roosan et al., 2021). The use of quantum simulators,
rather than fault-tolerant hardware, limits immediate
applicability, though simulations suggest future
potential as technology advances (Roosan, Samore, et
al., 2016). Additionally, the cost and complexity of
quantum-classical pipelines may hinder adoption,
particularly for smaller health departments, though
cloud-based platforms could mitigate this (Roosan,
Hwang, et al., 2020). This research demonstrates
quantum computing’s transformative potential in
HIV epidemiology, offering superior accuracy and
efficiency over classical methods. Future work should
validate these findings with real-world data and refine
quantum-classical integration to enhance
accessibility, paving the way for a new era in public
health modeling (Cooper et al., 2015; Hausken &
Ncube, 2017).

S CONCLUSIONS

The study provides strong evidence that quantum-
accelerated machine learning can improve
spatiotemporal clustering, forecasting, and causal
inference in the domain of HIV epidemiology. By
incorporating data from the AIDSVu platform,
supplemented with synthetic social determinants of
health for the year 2022, and comparing classical and
quantum-based approaches, we have demonstrated
the tangible advantages of quantum clustering in
identifying nuanced epidemiological clusters, as well
as the gains in predictive accuracy offered by
quantum-classical hybrid models. Furthermore,
quantum Bayesian networks reveal deeper
connections between factors such as housing
instability and stigma, guiding health officials to
target interventions more effectively. This blueprint
underscores the transformative potential that
quantum computing holds for not only HIV
surveillance but also public health analytics as a
whole, paving the way for further inquiry and
application as quantum hardware continues to mature.
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