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EXPERIMENTAL STUDY ON PREPAREDNESS OF DISEASE X
WITH AN AGENT-BASED FRAMEWORK
SCENARIO-DRIVEN ANALYSIS

Emerging respiratory pathogens continue to impose substantial health and economic burdens worldwide, moti-
vating generic readiness tools that do not rely on pathogen-specific data. This study investigates how five arche-
typal stressors, namely, rising antivaccine misinformation, behavioural fatigue, vaccine supply disruption, im-
mune escape variant emergence, and armed conflict infrastructure collapse, reshape the course of a hypothetical
high-consequence agent designated Disease X. The study’s objective is to quantify each shock’s epidemiological
impact in an otherwise identical urban population and to identify the systemic vulnerabilities that most threaten
early outbreak control. Addressing that objective required the following tasks, which began with a critical review
of scenario-based epidemic modelling, progressed to the extension of a validated SEIRDV agent-based core with
dynamic belief diffusion, dose-queue logistics, and conflict-driven mobility, and provided experiments per sce-
nario using parameters anchored in peer-reviewed evidence. The framework shows that a 15% point surge in
antivaccine belief doubles the peak prevalence and adds 258 deaths. A 50-point erosion of masking and distanc-
ing produces a secondary wave that still trims by 9% after fatigue re-engagement. A70 % mRNA supply shortfall
lasting 35 days increases deaths by 7%, and seeding 50 immune-escape cases (R0=9.5, 60 % neutralization loss)
increases cumulative mortality by 41 % within six weeks. The composite conflict shock elevates deaths by 71 %
despite a 10% population outflow. These non-linear responses arise solely from changes in behaviour, logistics,
or context, as biological constants remain fixed. The findings demonstrate that preparedness cannot rely on any
single lever. Effective mitigation demands synchronized risk communication, staged behavioural support, diver-
sified and buffered manufacturing capacity, rapid antigenic update pathways and humanitarian vaccination cor-
ridors. This study supplies a decision support instrument for stress-testing policy portfolios before the next high-
consequence outbreak.

Keywords: epidemic model; epidemic process; epidemic simulation; simulation; agent-based simulation; misin-
formation; vaccine hesitancy; disease X.

1. Introduction and their heterogeneous contact patterns. They capture
superspreading, behavioural feedback, and logistical

Emerging and re-emerging infectious diseases  pijenecks that ordinary compartmental differential
remain a principal source of global morbidity, mortality, equation models abstract away. Recent ABM

and economic disruption. The annual catalogue of high-  gnpications have ranged from facility-level ventilation

impact events, from successive Ebola flare-ups to the st gies [4] to city-scale hybrid simulations integrating
SARS-CoV-2 pandemic, demonstrates that zoomotic  g4ochastic transmission with healthcare resource modules

spillover is neither rare nor self-limiting, and respiratory [5], demonstrating that explicit context representation
pathogens, in particular, can trigger cascades that .5, materially change policy rankings.

overwhelm even high-income health systems [1]. In Against this background, the World Health
response, governments and multilateral agencies are Organization (WHO) introduced the placeholder
negotiating a pandemic prevention treaty to codify  «picease X", also termed “Pathogen X”, to denote a
surveillance, data sharing, and countermeasure equity  fre as-yet-unidentified agent with epidemic or

before the next crisis unfolds [2]. o pandemic potential [6]. Decoupling preparedness

Mathematical and computational simulation has  research from any single microbe encourages generic
become indispensable to this preparedness agenda  capahility building, flexible manufacturing platforms,
pecause it affords an e-thiczfllly unobjectionable, rapidly plug-and-play trial protocols, and modelling frameworks
iterated means of probing interventions that cannot be  pa; can be swiftly refitted to the pathogen that ultimately
randomized invivo [3]. Agent-based models (ABMs) are  gmerges. Recent revisions of the WHO priority pathogen
particularly valuable because they represent individuals st rejterate the need for Disease X scenario planning and
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emphasize the role of quantitative simulation in stress-
testing response options before the window for
containment closes [7].

This paper contributes to that effort by deploying a
high-resolution ABM, previously formalized and
validated in [8], to examine five archetypal stressors,
behavioural, sociological, logistical, virological, and
geopolitical, that could modulate the course of a Disease
X outbreak.

The effect of each perturbation on attack rates,
vaccination coverage, and fatality burden was quantified
through counterfactual experimentation under identical
biological assumptions. By grounding scenario
parameters in recent empirical reports, the study seeks to
provide a transferable template for rapid decision support
once the next “unknown” pathogen moves from
abstraction to reality.

The primary objective of this study is to evaluate
how five qualitatively distinct exogenous stressors can
reshape the trajectory of a hypothetical high-consequence
respiratory pathogen (“Disease X”) when it encounters a
demographically realistic, behaviourally heterogeneous
urban population. The overarching aim of this study is to
generate actionable insights for preparedness planners by
identifying the systemic vulnerabilities that most threaten
epidemic control in the early months of an as-yet-
unknown outbreak.

To achieve this objective, the following tasks were
formulated:

1. To comprehensively review existing scenario-
based models for the simulation of infectious diseases.

2. To develop an experimental setting that reflects
five scenarios based on real-world parameters.

3. To provide an experimental study of the Disease
X simulation under five scenarios.

4. To analyze the experimental study results.

This study contributes to research on pandemic
preparedness simulation in two ways. Firstly, a
previously validated ABM was extended to
accommodate Disease X-specific natural history and
embed three interacting subsystems, offering a
transparent stand-alone framework that can be re-
parameterized for future pathogens. Secondly, the five
experimental conditions are parameterized with
empirical evidence from 2019-2025 events, including
documented vaccine-supply bottlenecks, Omicron
immune escape, and health system degradation during
the Russian full-scale invasion of Ukraine.

Section 2 (Current Research Analysis) provides a
comprehensive review of recent scenario-based
modelling studies in the context of infectious disease
simulation, emphasizing the advances and limitations in
behavioural ~ response  modelling.  Section 3
(Methodology) details the structure and logic of the
proposed ABM framework and the experimental study

concept. Section 4 (Experimental Results) applies the
model to the spread of Disease X under five scenarios.
Section 5 (Discussion) interprets the results and identifies
implications  for  pandemic  preparedness and
communication strategy. Finally, the Conclusions
summarize the theoretical and practical contributions of
the paper and outline directions for future research.

The current research is part of a comprehensive
information system for assessing the impact of
emergencies on the spread of infectious diseases [9].

2. Current Research Analysis

Recent research on epidemic modelling exhibits a
marked pluralism of methods, with studies deploying
large-scale agent-based simulations, age-stratified com-
partmental systems, metapopulation pipelines, machine
learning surrogates and reinforcement learning control-
lers to interrogate transmission dynamics, health system
demand, and policy effectiveness. Common threads in-
clude increasingly fine-grained calibration to mobility
and clinical surveillance data, explicit behavioural or
economic feedback treatment, and scenario ensembles to
inform real-time decision-making. This study demon-
strates that state-of-the-art models combine heterogene-
ous data streams with high-performance computation to
deliver operational projections. However, each contribu-
tion addresses only a subset of the complex couplings
that shape pandemic risk.

The study by Devaux et al. [10] interrogated the
long-term burden of non-communicable diseases (NCDs)
in Europe by embedding expert-derived qualitative fore-
sight narratives into a microsimulation platform that
tracks demographic change, five behavioural risk factors,
and multi-disease morbidity until 2050. Their framework
generates a business-as-usual trajectory, two optimistic
“response” visions that assume coordinated policy ac-
tion, and one pessimistic storyline characterized by eco-
nomic recession and widening inequity. These four nar-
ratives are benchmarked against stylized best- and worst-
case risk-factor envelopes. The results indicate that pop-
ulation aging is the dominant driver of NCD incidents.
However, variations in future smoking, alcohol use, obe-
sity, inactivity, and hypertension still shift life-expec-
tancy forecasts by up to four years and premature mortal-
ity trends by as much as nine percentage points across
scenarios. The authors conclude that structural policies
capable of bending risk-factor curves, particularly those
targeting obesity and hypertension, are essential if Eu-
rope is to realize the Sustainable Development Goal of a
one-third reduction in premature NCD deaths by 2030.

Groves-Kirkbyetal. [11] presented a national-scale
implementation of OpenABM-COVID-19 for England,
embedding a bespoke software wrapper that automates
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daily calibration of key transmission and clinical param-
eters to three National Health Service (NHS) operational
data streams (hospital admissions, ICU occupancy, and
deaths). The fitted model is propagated forward to pro-
duce decision-grade projections of clinical demand. The
calibration combines a two-stage grid search for biologi-
cally salient parameters with geography-specific tuning
of transmission multipliers, enabling stable fits across 42
Integrated Care Systems while keeping computation trac-
table on Azure Batch infrastructure. The calibrated model
reproduces temporal and regional infection dynamics, as
confirmed by cross-validation against independent inci-
dence estimates. Once calibrated, the framework gener-
ates scenario ensembles that inform NHS operational
planning: winter-2020 lockdown options, vaccine-roll-
out effects, and roadmap easing, each produced within 48
h of policy announcements and disseminated to down-
stream analytics pipelines through the NHS COVID-19
Data Store. The authors argue that large-scale, data-
linked ABMs bridge the gap between academic model-
ling and real-time healthcare decision support, highlight-
ing the importance of open-source code, reproducible
pipelines, and granular health system data integration.

Ndefru et al. [12] presented CoviDeS, a city-scale
risk-informed decision-support tool that couples a mech-
anistic SIRD agent-based simulator with a dynamic
Bayesian network (DBN) tuned such that uncertain be-
havioural inputs, such as mask adherence, testing uptake,
mobility, and vaccine acceptance, propagate through ex-
plicitly probabilistic nodes and influence transmission,
severity, and healthcare utilization. The prototype is pa-
rameterized for Los Angeles, calibrated to public inci-
dence and hospital data, and then exercised on policy
cases ranging from university reopening to phased vac-
cine rollout and universal masking, thereby illustrating
how the DBN layer exposes the causal pathways linking
interventions to epidemic outcomes and how the inte-
grated platform can be run fast enough to inform real-
time local decisions.

Estill etal. [13] developed an age-stratified stochas-
tic compartmental model of SARS-CoV-2 transmission
in Switzerland that partitions the population into children
(0-17 years), adults (18-64 years), and seniors (> 65
years). They calibrated disease progression parameters,
baseline infectiousness, and contact matrices to canton-
level hospitalization and mortality data before projecting
epidemic dynamics to December 2020 under alternative
post-lock-down contact-reduction strategies. The analy-
sis compares a business-as-usual relaxation with six
counterfactuals ranging from full eradication through 76
% uniform contact suppression to targeted or “start-stop”
interventions that modulate contacts by age or trigger re-
newed lockdowns when hospital admissions exceed
thresholds. Outputs from 1 000 Monte-Carlo realizations
provide credible intervals for daily deaths, intensive care

unit (ICU) occupancy, and cumulative infections. Results
indicate that at least a 54 % across-the-board contact re-
duction is required to keep ICU demand below the na-
tional capacity of 1 200 beds, while age-focused re-
strictions or partial measures permit epidemic rebound as
early as July. Full eradication is achievable only with >
76 % contact suppression, yet leaves the population
largely immunologically naive. The authors conclude
that sustained, population-wide distancing remains es-
sential until vaccine rollout and that reactive “start-stop”
lockdowns would entail multiple prolonged closures
within the year, although epidemiologically effective.

Chinazzi et al. [14] described a multiscale, age-
structured, multi-strain metapopulation framework that
couples the Global Epidemic and Mobility model
(GLEAM) with a county-resolved Local Epidemic and
Mobility model for the United States (LEAM-US). The
framework generates state- and national-level projections
for cases, hospitalizations, and deaths under the Scenario
Modeling Hub (SMH) specification set. The platformin-
tegrates international and domestic air traffic data, county
commuting flows, Google mobility indicators, OXCGRT
policy indices, and CDC vaccination series. It calibrates
epidemiological and severity parameters via approximate
Bayesian computation against hospital-death time series
and mechanistically seeds novel variants through impor-
tations simulated in GLEAM, whose outputs initialize
LEAM-US to capture spatial heterogeneity in strain com-
petition, vaccination, and non-pharmaceutical-interven-
tion dynamics. A case study on the Alpha (B.1.1.7) wave
shows the model reproducing the staggered rise to domi-
nance across 3 142 counties, explains the effective repro-
duction number uplift via importation timing and local
contact patterns, and matches weighted interval score
benchmarks when compared with CDC ensemble fore-
casts, thus illustrating how coordinated scenario pipe-
lines can provide federal and state planners with deci-
sion-grade situational awareness.

Lopez and Rodé [15] developed an extended SEIR
model that adds a protection (confinement) compartment
P and a presymptomatic infectious stage to capture be-
havioural countermeasures during the first COVID-19
wave in Spain and Italy. Model parameters are estimated
by nonlinear least squares against nationally aggregated
cases, recoveries, and deaths and are later down-scaled to
Spain’s 17 autonomous communities to explore sub-na-
tional heterogeneity. After calibration, the authors con-
duct counterfactual simulations that raise or lower the
protection rate to emulate earlier, later, stricter, or milder
stay-at-home orders. The results reveal that doubling the
protection rate would have delayed and flattened the ep-
idemic peak by several weeks. In contrast, a 10-fold in-
crease could have reduced the number of peak infections
from >1.4 million to = 100 000 and halved cumulative
deaths. This study illustrates how simple structural
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extensions to classical compartmental models can quan-
tify the time sensitivity of NP1 and inform rapid-response
policy during rapidly unfolding outbreaks.

Sunetal. [16] investigated spatial and temporal het-
erogeneity in COVID-19 mortality across the continental
United States by replacing classical compartmental dy-
namics with a Geographically and Temporally Neural-
Network Weighted Regression (GTNNWR) framework
that learns non-stationary relationships between deaths
and a suite of epidemiological covariates at the county
level. The authors trained the model onweekly mortality,
vaccination, mobility, and mask-use data from March
2020 to February 2023. They compared GTNNWR’s pre-
dictive skill with a baseline age-stratified SEIR imple-
mentation and showed that GTNNWR lowers the mean
absolute percentage error by roughly nine points while
revealing pronounced regional differences in interven-
tion efficacy. The fitted model was then driven through
five counterfactual intervention pathways to quantify
prospective death reductions under each strategy. Results
indicate that universal masking yields the largest single-
measure benefit (—5.4 % deaths nationwide), that vaccine
acceleration alone achieves a smaller but meaningful re-
duction (—3.6 %), and that simultaneous deployment of
all three interventions would cut cumulative fatalities by
27 % overall and up to 45 % during winter surges, under-
scoring the importance of layered, coordinated mitiga-
tion.

Qin et al. [17] developed a reinforcement learning
(RL) decision-support platform that recommends NPI
schedules to mitigate seasonal influenza transmission in
mainland China while limiting economic disruption. The
authors embed a deep-Q-network (DQN) agent within an
empirically parameterized SIR simulator calibrated with
weekly surveillance data from 2019 to 2023 and aug-
mented with labour-force participation weights to ap-
proximate gross domestic product losses. To address the
skewed state distribution characteristic of long epidemic
rollouts, a variance-weighted replay buffer was intro-
duced that preferentially samples rare but high-impact
epidemiological states during training, accelerating con-
vergence and improving policy robustness. The trained
RL agent was benchmarked against heuristic fixed-
threshold and proportional-control policies across six
spatiotemporal settings that captured the pre-, intra-, and
post-COVID-19 periods in the northern and southern in-
fluenza transmission zones. Simulation experiments
show that the enhanced DQN lowers cumulative infec-
tions by 3-6 % and reduces combined health-economic
loss by approximately 2.8 % relative to a vanilla DON
and by larger margins relative to heuristic baselines,
highlighting the promise of adaptive, data-driven NPI
scheduling for endemic respiratory pathogens.

Gandzha, Kliushnichenko, and Lukyanets [18] ex-
panded the classical susceptible-infectious-recovered

paradigm by constructing a five-compartment suscepti-
ble-infectious-recovered (SIQR) model that explicitly
separates quarantined individuals from free-circulating
infective and adds an environmental cloud variable to
capture indirect transmission via contaminated media.
Analytic expressions for all rate constants regarding so-
cially adjustable factors are derived, thereby linking epi-
demiological dynamics to concrete behavioural levers.
An Arrhenius-like resource-recovery term is another in-
novation in which the clinical recovery rate accelerates
with per-capita economic output, creating feedback be-
tween epidemic control and macroeconomic capacity.
Calibrationto stylized COVID-19 parameters allows sys-
tematic exploration of mobility restrictions, quarantine
timing, surface disinfection, and income-support poli-
cies. Numerical experiments reveal strong nonlinear syn-
ergies, showing, for example, that modest contact rate re-
ductions coupled with financial support can outperform
stringent but resource-starved lockdowns in health and
economic metrics. Thus, this study illustrates how inte-
grating indirect transmission and resource constraints
yields richer insight into optimal intervention portfolios
than classical SIR formulations.

Gao and Wang [19] proposed a two-layer decision
support architecture that couples an average-field SIR
network model witha DBN that translates those markers,
together with expert-elicited probabilities for alternative
interventions, into an integrated cost-benefit ranking of
response plans. The infectious disease dynamics layer
was calibrated to national and Wuhan COVID-19 sur-
veillance series, reproducing observed case and death tra-
jectories with narrow uncertainty envelopes (R, ~ 1.5—
1.7). Outputs from the calibrated dynamics feed the sce-
nario nodes of the DBN, where three candidate policies
differing in quarantine stringency and surge capacity in-
vestment are evaluated through a cumulative foreground
utility function that jointly scores epidemiological and
economic performance. Sensitivity analysis shows that a
moderate contact reduction strategy supplemented by ad-
ditional medical resources consistently minimizes infec-
tions, shortens epidemic duration, and yields the highest
cost-benefit ratio.

A summary of the scenario-based epidemic models
is presented in Table 1. The framework developed in this
study synthesizes these strands by embedding behav-
ioural misinformation diffusion, supply-chain-aware
vaccination logistics, and conflict-induced mobility
shocks within a single agent-based SEIRDV architecture
calibrated for a pathogen-agnostic Disease X. The plat-
form enables counterfactual stress tests that quantify the
marginal and joint impacts of disinformation, fatigue,
manufacturing disruption, immune escape, and armed
conflict by unifying modules that have been explored in
isolation.
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Table 1
The current state of scenario-based epidemic models
Paper Task Approach Scenarios Findings
Devaux M. et | This study quanti- Horizon-scanning Four main narratives, Population aging re-
al. [10] fies how Europe’s narratives are inte- | namely, business-as- mains the dominant
NCD burden will grated with a mi- usual (“The Rich Get driver, but optimistic
evolve to 2050 un- | crosimulation that Healthier”), two opti- risk trajectories delay
der alternative as- projects age-, sex-, | mistic responses (“We | disease onset and in-
sumptions about and region-specific | Will Health You”, crease life expectancy
five behavioural disease and mortal- | “Healthy Together”), by up to four years. In
risk factors. ity outcomes from and one pessimistic contrast, the pessimis-
2015 to 2050. (“Desolation Health”), | tic path shifts morbid-
are benchmarked ity to working-age
against stylized best- adults and halts the re-
and worst-case risk fac- | duction of premature
tor envelopes. mortality.
Groves- Quantification of Integrates Open- Baseline and counter- Calibrated simulations
Kirkby N. et future hospital care | ABM-COVID-19 factual trajectories cov- | closely match unseen
al. [11] demand for with the specific ering winter 2020 lock- | incidence data and pro-
COVID-19inEng- | pipeline to auto- downs, staged reopen- | vide timely, geograph-
land by calibrating | mate the daily cali- | ing, vaccination roll- ically resolved projec-
and running an bration of NHS out, and sensitivity tions that guide NHS
ABM at the na- SitRep data and for- | analyses on transmis- capacity planning dur-
tional population ward simulation un- | sion and behaviorr ing successive pan-
scale. der varying policy | were evaluated. demic waves.
and vaccination as-
sumptions.
Ndefru B. et The community- Embed a DBN of The test cases include Rapid single-dose cov-
al. [12] level impact of al- behavioural varia- campus reopening, erage combined with
ternative COVID- bles around a SIRD | staged vaccination universal masking
19 policies under agent-based simula- | strategies, and a hypo- | yields the largest re-
behavioural and ep- | tor, calibrating the thetical 100 % mask duction ininfections
idemiological un- hybrid model to mandate. and hospital demand,
certainty was quan- | Los Angeles data. outperforming slower
tified. two-dose schedules or
no masking.
Estill J. et al. Quantify how dif- Applying a three- Baseline relaxation Uniform contact cuts of
[13] fering levels and age-group stochas- | plus six counterfactu- > 54 % keep ICU de-
patterns of post- tic compartmental als: uniform eradication | mand below capacity,
lockdown contact model calibrated to | (76 % cut), epidemic and 76% eradicate the
reduction will shape | Swiss hospitaliza- control (54 % cut), epidemic by July,
the trajectory of the | tions and deaths, three age-targeted re- whereas age-focused or
COVID-19 epi- then simulate 1 000 | ductions, and a thresh- | lighter measures permit
demic in Switzer- Monte-Carlo reali- | old-triggered start-stop | early rebound and
land through De- zations for eachin- | lockdown strategy. larger autumn waves.
cember 2020. tervention strategy.
Chinazzi M. et | Deliver SMH- Couple GLEAM- Implement four SMH The model captures
al. [14] compliant projec- based international | Round 5 scenarios that | substantial interstate

tions of COVID-19
cases, hospitaliza-
tions, and deaths in
the United States,
with explicit char-
acterization of vari-
ant emergence and
spatial heterogene-

ity.

seeding with a
county-level, age-
structured LEAM-
US metapopulation
model calibrated by
ABC to surveil-
lance deaths and
hospital data.

vary vaccination uptake
(high 83 % vs low 68
%) and NPI relaxation
(moderate 50 % vs low
80 %).

and intrastate varia-
tions in the dominance
of the Alpha-variant
and accurately projects
ICU demand, outper-
forming naive base-
lines while matching
the skill metrics of the
ensemble forecast.
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Continuation of the Table 1

Paper Task Approach Scenarios Findings
Lopez L. and | Estimate Spain’s and | Fita modified SEIR | The observed trajec- | Stricter or earlier con-
Rodo X. [15] | Italy’s first-wave model with presymp- | tory is compared finement substantially
COVID-19 dynamics | tomatic and protec- with counterfactual | lowers and delays epi-
and quantify how al- | tion compartments to | cases that double, demic peaks, resulting
ternative confinement | national and regional | triple, or decrease in up to a 10-fold re-
intensities and tim- data, then run sto- the protection rate duction ininfections
ings would alter epi- | chastic simulations and with delays of and ~50 % fewer
demic peaks and under varying daily up to several days in | deaths, whereas even
deaths. protection rates. lockdown onset. brief implementation
delays markedly
worsen outcomes.
SunJ. etal. Estimate county-level | A GTNNWR model | Five scenarioswere | GTNNWR outperforms
[16] COVID-19 deaths was calibrated on evaluated: observed | SEIR. Masks alone re-
and quantify the mor- | weekly mortality and | status quo, universal | duce deaths by 5.4 %,
tality benefits of alter- | intervention covari- masking, intensified | vaccination by 3.6 %,
native mask, distanc- | ates, benchmarked distancing, acceler- | and distancing by 2.7
ing, and vaccination against a baseline ated vaccination, %, and the combined
strategies across the SEIR, and propa- and a combined package achieves a 27
United States. gated under counter- | high-intensity pack- | % nationwide reduc-
factual inputs. age. tion (> 45 % in winter
waves).
Qin X. etal. Designan RL system | Traina deep Q-net- We evaluated six The enhanced DQN
[17] that selects NP1 inten- | work with a vari- settings defined by | outperforms the heuris-
sities to minimize the | ance-weighted replay | region (north vs tic and vanilla-DQN
joint health and eco- buffer inside a sur- south) and epidemic | baselines, cutting infec-
nomic burden of sea- | veillance-calibrated era (pre-COVID, tions and lowering the
sonal influenza in SIR simulator cover- | COVID, and post- combined loss by =~ 2.8
China. ing 2019-2023. COVID). % across all scenarios.
Gandzha I.S., | To capture the joint A five-compartment | Comparison of Indirect transmission
Kliushnichenk | effects of direct and SIQR model withan | baseline mobility, and depleted resources
0 0.V., Luky- | indirecttransmission | environmental cloud | soft- and strict quar- | can increase fatalities
anets S.P. [18] | and economic re- and an Arrhenius- antine regimes, and | by an order of magni-
sources on epidemic type resource recov- | resource limitation tude, whereas moderate
dynamics. ery feedback, param- | cases that curtail contact cuts and eco-
eterized by controlla- | medical capacity. nomic support flatten
ble social contact infection and death
variables, is devel- curves.
oped.
Gao S., Wang | Develop a modelling | Couple an average Analyze six epi- The integrated IDD—
H. [19] system that predicts field SIR network demic stages under | DBN framework fits
epidemic trajectories | calibrated to surveil- | three policy options | observed data and iden-
and ranks COVID-19 | lance data witha that vary quarantine | tifies a moderate quar-
emergency response DBN that eval uates strictness and medi- | antine, resource-sup-
options for COVID- intervention portfo- cal resource deploy- | ported policy as the op-
19 in China. lios via a cost-benefit | ment. timal balance between
utility metric. health protection and
economic cost.

3.1. Modelling Framework

The experimental study simulates Disease X, a no-

3. Methodology

pandemic threats [20]. The spread of Disease X was sim-
ulated in the multilayer agent-based architecture devel-
oped in [8], adapting that framework to the pathogen’s
putative natural history while leaving its logical structure

tional severe-acute respiratory infection designated by

the World Health Organization as a prototype for future

agent

unchanged.
Adiscrete-time SEIRDV engine is at the base. Each

occupies one of

six mutually exclusive
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compartments (susceptible (S), exposed (E), infectious
(), recovered (R), vaccinated (V), or deceased (D)) and
attempts one Bernoulli transition per day. The transition
probabilities were calculated from the canonical parame-
ters B (per-contact transmissibility), o (latency inverse),
v (infectious- period inverse), and p (fatality rate). For
Disease X, the reference scenario adopts 6~ ! = 3.3 days,
vy~ '=7 days, and aninitial basic reproduction number Ro
~ 7, values aligned with the upper-quartile estimates for
recent high-transmission coronaviruses. All transmission
occurs along a Watts—Strogatz small-world graph (aver-
age degree = 15 and rewiring probability = 0.1), yielding
realistic clustering and short global path lengths [21].

The three auxiliary layers complete the model. First,
a behavioural module endows every agent with a vac-
cination-willingness score that is dynamically influenced
by personal misinformation exposure, peer signals, and
scenario-specific shocks. Willingness translates into vac-
cine uptake only when the vaccine supply permits. Sec-
ond, a misinformation propagation process allows belief
states to diffuse across the same contact network so that
the epidemic co-evolves with risk perceptions and pro-
tective behaviours. Third, a logistical layer injects an ex-
ogenous supply curve Vavainie(t) and a first-come, first-
served line. Therefore, realized vaccinations reflect de-
mand and structural access.

The simulation time advances in daily iterations.
Eachiteration is executed in fixed order: infection events
(S - E), latency progression (E — 1), recovery and mortal-
ity draws (I — R/D), immunity waning, behavioural up-
dates, and vaccine allocation. This sequencing preserves
the feedback loop, whereby epidemiological outcomes
shape the information flow and modulate subsequent be-
haviour. Unless a scenario specifies otherwise, the con-
tact network remains static, biological parameters are ho-
mogeneous, and post-vaccination protection is instanta-
neous, ensuring that the targeted perturbations solely
cause between-scenario contrasts.

The resulting platform simulates a self-contained
yet extensible representation of Disease X transmission,
behaviour, and control. It is suitable for synthetic exper-
iments that follow and are consistent with contemporary
agent-based analyses of emerging respiratory pathogens.

3.2. Experimental Setting

The simulation study is conceived as a set of con-
trolled counterfactual experiments that interrogate how
five qualitatively distinct shocks, behavioural, logistical,
virological, or geopolitical, reshape the transmission of
Disease X when all other determinants are held constant.
Disease X is treated as a generic high-consequence res-
piratory pathogen, consistent with the WHO “pathogen
X” preparedness framework, encouraging untethered

modeling work [22]. First, the agent-based model is cal-
ibrated under steady-state assumptions to reproduce a
reference epidemic curve with a basic reproduction num-
ber of seven and a median latent-period of 3.3 days. This
calibrated configuration, hereafter referred to as the base-
line scenario, serves as the control arm for statistical
comparisons.

Each experimental scenario introduces a single
dominant perturbation to an otherwise identical virtual
city of 100000 agents: accelerated misinformation
spread, pandemic fatigue, vaccine supply collapse, emer-
gence of an immune-escape variant, or large-scale armed
conflict. The design satisfies the methodological princi-
ple of real-world attribution that underpins recent agent-
based pandemic studies by altering no more than the var-
iables directly implicated in the chosen stressor [23]. All
scenarios run for 120 daily time steps, with 200 Monte
Carlo replicates whose stochastic seeds differ only in the
initial network realization and random number streams,
ensuring that structural change rather than sampling
noise causes observed outcome differences.

Synthetic input data, such as demography, contact
patterns, and behavioural archetypes, are generated once
and shared across scenarios to apply each shock to the
same population skeleton. Intervention schedules and
shock amplitudes are based on empirical case studies:
vaccine-supply fragility parameters are anchored in doc-
umented COVID-19 cold-chain failures [24], while the
conflict scenario mirrors displacement, infrastructure
loss, and health-system degradation observed in Ukraine
after the full-scale Russian invasion. The six model out-
puts stored for every replicate (S, E, I, R, V, D) are ag-
gregated into summary indicators, such as attack rate,
time-to-peak, vaccination coverage, backlogsize, and cu-
mulative deaths, following the evaluation practices pro-
posed for high-resolution ABMs of emerging pathogens
[25].

For every replicate, the state trajectories S(t), E(t),
1(t), R(t), (1), and D(t) are aggregated into five summary
indicators: cumulative attack rate, time-to-peak inci-
dence, cumulative vaccination coverage, mean backlog
of unserved vaccine requests, and cumulative deaths. Cu-
mulative deaths are adopted as the primary integrated
health outcome measure because it simultaneously cap-
ture transmission and severity, while the remaining indi-
cators provide operational insight. All scenarios run for
120 days with 200 Monte-Carlo seeds that differ only in
their random streams. Therefore, the evaluation criterion
used to rank the five exogenous stressors is the percent-
age change of every indicator relative to the baseline con-
trol.

Thus, this experimental architecture simulates a
transparent laboratory for exploring the interplay be-
tween pathogen biology, human behaviour, and system-
level constraints in a putative Disease X pandemic.
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The five experimental scenarios were selected to
cover the behavioural, sociological, logistical, virologi-
cal, and geopolitical domains most frequently cited in the
WHO Disease X preparedness guidance. Parameter val-
ues for each stressor are based on peer-reviewed or offi-
cial reports published between 2019 and 2025, ensuring
that every shock magnitude, onset, and duration reflects
an empirically recorded precedent. This evidence-based
strategy delivers completeness by spanning all major
classes of exogenous threat and methodological clarity
because outcome differences can be attributed unambig-
uously to the targeted stressor.

4. Experimental Results

4.1. Scenario 1 “Baseline-Plus
Misinformation Growth”

Scenario 1 establishes a baseline epidemic in a
100,000-agent synthetic metropolitan community but
overlays it with a time-evolving misinformation environ-
ment that progressively erodes vaccination willingness.
The biological core follows a distinct time SEIRDV im-
plementation, parameterized for an Omicron-like patho-
gen (Ro ~ 7, median incubation ~ 3.3 days, infectious pe-
riod ~ 7 days). Two-dose mRNA vaccination begins on
simulation day 10 with a daily distribution cap of 0.8 %
x S(t) doses, echoing early-2021 operational throughput
in U.S. counties. Immunity builds sigmoidally after each
dose to a maximum of 90 % infection-blocking efficacy,
then wanes with a 6-month half-life.

Agents are assigned to one of four sociological clus-
ters (Supporters, Loyalists, Conformists, Skeptics)
mapped to empirically observed belief archetypes. Each
agent carries a misinformation score Mj(t), which is up-
dated via natural decay 6, weighted averaging of neigh-
bour beliefs (susceptibility 1, edge weights wij), and ex-
ogenous shocks &(t). Between days 30 and 60, the system
experiences a coordinated disinformation burst (A =
+0.15), calibrated from Twitter-trace studies that rec-
orded 15- to 20-percentage-point spikes in antivaccine
narratives following geopolitical flashpoints in 2024
[26].

Vaccination propensity Ai(t) scales down linearly
with the current misinformation load, matching longitu-
dinal evidence that a 10-point increase in misinformation
exposure reduces actual uptake by roughly the same mar-
gin [27]. Supply-side limits and 12 % second-dose attri-
tion (parop) replicate logistical realities and behavioural
fatigue. No additional non-pharmaceutical interventions
(NPIs) or pharmaceutical interventions are assumed,
providing a clean test bed for isolating the epidemic con-
sequences of rising belief suppression in an otherwise

well-supplied rollout.

This setting is the reference experiment for subse-
guent counterfactuals (e.g., supply disruption, population
displacement) because it holds biological parameters
constant while systematically altering behavioural or
structural stressors.

Table 2 describes the full experimental setting pa-
rameters with justification.

The baseline experiment reproduces the rapid, high-
amplitude epidemic trajectory documented during the
first global Omicron wave. With an effective reproduc-
tion number Ry = 7, the incidence in the 100 000 agent
community doubles every = 2.8 days and peaks on simu-
lation day 29, when ~32 % of agents are concurrently in-
fectious. This timing and magnitude align with empirical
reconstructions for South Africa and England, where
BA.1/BA.2 reached peak prevalence within 5 weeks of
detection and infected roughly one-third of the popula-
tion during that interval [40].

Vaccination begins on day 10 at 0.8 % x S(t) daily
doses, mirroring early-2021 U.S. county throughput, yet
coverage plateaus at 18 %. The coordinated disinfor-
mation burst (AM =+0.15, days 30-60) immediately sup-
presses daily uptake by = 15 %, consistent with longitu-
dinal evidence that each 0.1-unit rise in misinformation
exposure lowers vaccination intent by 8-12 percentage
points [41]. Consequently, most first-dose-waiting indi-
viduals acquire immunity through infection rather than
vaccination.

By day 120, 84 % of the agents had recovered from
infection, whereas only 18 % possessed vaccine-derived
immunity. Using an age-stratified infection-fatality ratio
of 0.05-0.60 %, the model yielded 258 deaths. A coun-
terfactual run with > 70 % vaccine coverage before peak
transmission, matching the herd-immunity threshold im-
plied by Ro = 7 and 90 % efficacy, reduces peak preva-
lence and deaths by > 50 %.

The simulation highlights a persistent supply-de-
mand asymmetry. Although logistical capacity remains
fixed, behavioural drag leaves > 50 % of appointment
slots unused after day 35, paralleling CDC reports of un-
filled capacity once antivaccine narratives intensified in
late 2021 [42]. A 12 % second-dose dropout further slows
the attainment of high-level immunity.

The results show that despite adequate supply, a
transient yet well-timed disinformation surge can shift
the trajectory from vaccine-led to infection-led immun-
ity, amplifying peak incidence and mortality. Therefore,
pre-emptive debunking and rapid risk-communication
countermeasures are essential whenever coordinated an-
tivaccine campaigns are detected.

Figure 1 presents the simulation results over 120

days.



86

Radioelectronic and Computer Systems, 2025, no. 2(114)

ISSN 1814-4225 (print)
ISSN 2663-2012 (online)

Table 2

Parameters of Scenario 1

Parameter

Nominal value

Justification

Population size, N

100 000 agents

Mid-sized urban country analogue. Typical scale in recent
ABMs for operational planning [28].

Network topology

Watts-Strogatz small-
world, average degree =
15, rewiringp = 0.1

Captures high clustering and occasional long-range links ob-
served in mobility data [29].

Basic reproduction
number, Ro

7.0 (Omicron-like)

Meta-analysis reporting 2.5-3.8 x higher transmissibility vs.
wild-type, median Ro= 7 for current sub-lineages [30].

Transmission proba-
bility per contact,

Calibrated to achieve Rg
=7

Standard ABM calibration procedure

Incubation period,
l/c

Log-normal, n=3.3,6 =
0.8d

Median 3-4 for Omicron [31].

Infectious period, 1/y

7 d (Gamma-shape k = 2)

Consistent with post-Omicron viral-shedding meta-review
[28].

Infection fatality ratio

Age-stratified 0.05-

Recent pooled IFR estimates for highly immune populations

(IFR) 0.60 % [32].
Initial immune pro- 5% recovered (pre-exist- | Mirrors low-seroprevalence early in a novel outbreak.
portion ing)

Vaccine type

Two-dose mMRNA,
emax = 0.90 vs. infection,
waning after 180 d

Meta-analysis of mMRNA effectiveness vs. Omicron [33].

Daily supply ceiling

0.8% of population

U.S. county-level rollout capacity in early 2021 [34].

Scheduling gap AT min

28 d between doses

Manufacturer recommendations [35].

Drop-out probability
Pdrop

12% baseline

Observed missed second-dose rates [36].

Initial belief level Mg

0.20

Global surveys of pre-existing conspiratorial belief [37].

Social susceptibility
n

Supporters 0.2, Loyalists
0.4, Conformists 0.6,
Skeptics 0.8

Calibrated to attitudinal survey gradients [38].

Memory decay &

0.05 per day

Lab studies of correction half-life (2 weeks) [39].

Exogenous push &(t)

Step increase A = +0.15
on days 30-60 (coordi-
nated disinformation
burst)

Patterned on documented spikes during major news events
[26].

Vaccination throttle
Ai(t)

Amax(1-Mi(t))

Empirical elasticity: each 0.1 rise in misinformation leads to
10% uptake drop [27].

80k

40k

Figure 1. Simulation results for Scenario 1
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4.2. Scenario 2 “Pandemic Fatigue”

Scenario 2 evaluates how progressive “pandemic
fatigue” erodes the effectiveness of behavioural counter-
measures duringa SARS-CoV-2-like pathogen outbreak.
Empirical panel surveys conducted in 14 high-income
countries showed that self-reported mask-wearing and
physical distancing fell by ~ 30 percentage points within
six months of continuous restrictions [43]. Real-world
studies have documented that routine (“walk-in"") vaccine
uptake can stall unless proactive incentives are offered.
For example, a Swedish randomized clinical trial (RCT)
found that a 200 SEK (~US $24) cash voucher increased
first-dose uptake by 11.2 % (relative) compared with
controls [44]. To reproduce these coupled phenomena,
the following conditions were imposed:

1. A linear fall in the fraction of agents complying
with masking/distancing from 80 % on day 0 to 30 % on
day 60, after which the low level persists.

2. A simultaneous cap on the probability of daily
vaccination seeking at 0.5 % of susceptible agents;

3. An intervention at day 45 combining a targeted
risk communication campaign plus a small cash voucher
incentive, modelled as a step rise of compliance to 60 %
and vaccination seeking probability to 1 % day™ !, con-
sistent with the RCT effect size direction and magnitude.

The counterfactual branch maintains compliance at
80 % and uptake at 1.5 % onday™ !, permitting the attrib-
ution of differences in attack rate, peak hospital load, and
mortality to behavioural decay alone.

To isolate behavioral effects, all epidemiological
constants (latent period, infectious duration, baseline
contact rate, initial seeding, population size N =100 000,
horizon T = 120 d) are retained from Scenario 1.

Table 3 describes the full experimental setting pa-
rameters with justification.

Figure 2 presents the simulation results over 120
days.

Scenario 2 depicts an epidemic unfolding in a
100,000-agent community. Pandemic fatigue steadily
erodes NPI adherence and depresses vaccination demand
until a mid-course communication and incentive cam-
paign is launched on day 45.

During the initial control phase (days 0 - 30), the
mask-and-distancing compliance was near the prescribed
80 %. With an Omicron-like basic reproduction humber
Ro = 7, the instantaneous reproduction number remains
just below the epidemic threshold, so the prevalence
grows only slowly. By day 30, the model recorded 5 540
infectious agents (5.5 % of the population) and a modest
9 % cumulative vaccination coverage.

The fatigue phase (days 30 - 44) begins as behav-
ioural compliance declines linearly, reaching 47 % by
day 45. Attenuation of NPI effectiveness raises and
pushes the effective reproduction number above unity.
Incidence accelerates, and the infectious compartment
peaks at 27 300 on day 47, illustrating the >30-percent-
age-point adherence loss documented after six months of
restrictions in the UK [45].

On day 45, the model injects a risk-communication
campaign coupled with small cash-voucher incentives,
boosting daily vaccination-seeking from 0.5 % x S(t) to
1 % % S(t) and partially restoring compliance to 60 %.
This intervention is calibrated on RCT evidence that
modest financial incentives nearly double adult COVID-
19 vaccination uptake [52]. Within 10 days, the ascend-
ing incidence curve flattens and reverses: active infec-
tions fall below 10,000 by day 60 and drop below 100 by
day 98.

Table 3
Parameters of Scenario 2
Parameter Nominal value Justification
Initial NPI-compliance 0.80 Mean self-reported adherence in the UK COVID-19 social
fraction study during early 2021 [45].
Compliance decay profile | Linear decline to 30 ppt fall over 6 months documented in same panel and
0.30 by day 60 corroborated by US Pulse Survey [46].
Contact rate multiplier 0.60 40% mean reduction from pooled meta-analysis [47].
while compliant, uC
Contact rate multiplier 0.90 Residual 10% reduction when only casual masking persists
while non-compliant, uNC [48].
Baseline daily vaccination- | 0.015 x S; Matches US first-dose pace April 2021 [49].
seeking probability
Capped probability under 0.005 x St Plateau during late 2021 EU/US campaigns [50].
fatigue
Intervention start Day 45 WHO Behavioral Insights Toolkit recommends refresh at 4-
6 weeks of observed fatigue [51].
Post-intervention vaccina- | 0.60 Feasible midpoint adopted in UKHSA plan [52].
tion probability
Post-intervention vaccina- | 0.010 x S; 1.9 xincrease from RCT [24].
tion probability
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Figure 2. Simulation results for Scenario 2

The cumulative attack rate reached 83 % (R + V +
D), compared with 92 % in a counterfactual run where
fatigue continued unabated. In comparison, the number
of cumulative deaths settled at 574 (0.57 %).

Vaccination mainly contributes to dampening tail
risk rather than to the initial peak. Only 14 % of agents
receive a first dose before the surge, but the post-inter-
vention uptake lifts coverage to 15 % by day 55 and sta-
bilizes near that level as susceptible are depleted. Alt-
hough modest, this additional immunity prevents a sec-
ondary wave after day 80, underscoring how even de-
layed vaccination can stabilize epidemic trajectories once
behavioural compliance is partially recovered.

The results of Scenario 2 demonstrate that behav-
ioural attrition alone can negate the protective effect of
early, high NPI adherence but that timely, evidence-
based re-engagement strategies can. This can rapidly
curb transmission and avert thousands of infections.

4.3. Scenario 3 “Supply-Chain Disruption”

Scenario 3 explores how an exogenous shock to
vaccine production and distribution capacity alters epi-
demic outcomes when behavioural willingness remains
high but physical dose availability collapses. The sce-
nario is motivated by documented raw material short-
ages, single-use bioprocess consumable bottlenecks, and
regional export restrictions that trimmed global mRNA
output by 60-80 % for several weeks during 2024-2025
[24]. Recent industry surveys have shown that such rup-
tures typically propagate downstream with a 10- to 14-
day lag and recover only gradually as backorders are
cleared [53]. These empirical patterns were embedded
into the vaccination logistics subsystem of the agent-
based framework.

The campaign mirrors Scenario 1 during days 0-19.
A two-dose mRNA product, daily distribution
cap = 0.8 % x S(t), first deliveries on day 10, and no sup-
ply constraints beyond queue scheduling. On day 20, a
contamination-induced shutdown at a major lipid nano-
particle supplier forces a steep drop of 70 % indaily dose
availability. The shortfall is deterministically modelled
as

B 0.8% X S(t), t < 20
Vavailable (t) = {4pt0.24% x S, 20<t<55 U

During days 55-90, the production resumes, and
output grows logistically with a rate k = 0.08 d™ ! until it
reattains the baseline ceiling on day 90, reflecting capac-
ity ramp-up curves reported by European manufacturers
[54]. A first-come, first-served line allocates doses when
demand exceeds supply, preserving equity but creating
waiting times that reach a median of 18 days at the height
of the crisis. No mandates or behavioural campaigns are
introduced. NPIs remain at low fatigue-level adherence,
so vaccine supply is the binding constraint, not demand.
Drop-out risk and misinformation parameters remain as
in Scenario 1 to isolate structural effects.

Table 4 presents the full experimental setting pa-
rameters with justification.

The supply curve Vavailane(t) replaces the baseline
logistic layer’s stationary ARIMA process. All other sub-
systems are inherited without modification, enabling the
attribution of outcome differences to supply-chain stress
alone. Agents whose scheduled appointment falls during
stock-out enter a waiting state and are re-queued daily
until inventory becomes available. Their vaccination
willingness candecay by 0.5 % d™ to capture frustration-
induced attrition documented in real campaigns.

Figure 3 shows the simulation results over 120 days.
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Table 4

Parameters of Scenario 3

Parameter Nominal value

Justification

Daily supply ceiling (base-
line)

0.8% x S(1)

Early 2021 U.S. country level [34].

Shock magnitude, AV -70% of baseline

Mid-range of observed output contractions during raw-mate-
rial shortages (60-80%) [24].

Shock start day, To Day 20

Matches real world latency between detection of contamina-
tion and global supply impact [53].

Shock duration, AT 35 days (day 20-54)

Median downtime for remediation and batch re-validation
reported by EMA and FDA [55].

Recovery growth rate, k 0.08 d*

Logistic ramp calibrated to warehouse simulation studies of
vaccine logistics [56].

Safety-stock buffer, B 5 days of baseline

supply

Industry average for mRNA VSC safety stock [54].

Figure 3. Simulation results for Scenario 3

The experimental results show that a 70 % contrac-
tion in daily dose availability, lasting 35 days, can re-
shape epidemic dynamics even when non-pharmaceuti-
cal interventions remain constant and the population will-
ingness is high.

During the outage, the cumulative coverage stalls at
~ 17 % (17 226/100 000) versus = 23 % in the counter-
factual baseline with uninterrupted logistics. Although
the absolute gap (= 5 600 individuals) appears modest, it
is concentrated in the first six post-introduction weeks,
precisely the window in which rapid vaccination yields
the largest marginal returns in epidemic control. Large-
scale comparative models of pandemic influenza confirm
that roll-out speed, not ultimate coverage, dominates
mortality reduction, bringing first doses forward by three
months rather than six months averted up to 95 % of
deaths ina U.S.-wide simulation [57]. The present results
replicate the qualitative sensitivity. The delayed deple-
tion of susceptible allowed the infectious compartment to
reach a higher crest (30 073 vs 27 446; +11 %) on the

same calendar day 39.

Because Ry is already high (7.0), the incremental
delay adds only =0.15 secondary cases per index infec-
tion, yet the perturbation compounds over three serial in-
tervals. The peak incidence rises by = 11 %, and the epi-
demic tail elongates. Low-level transmission persists for
12 days longer than in the well-supplied scenario. Com-
parable amplification has been empirically documented
when national programmes experienced raw-material
shortfalls: Vaccine-Europe’s 2024 analysis cites “2.5-5.5
month production lead-times for mRNA platforms” and
notes that single-node disruptions propagate quickly
through networks sourcing >100 critical inputs from ~30
countries [58].

Although only 5.6 % of the target population fails
to be immunized on time, cumulative deaths climb by
7 % (247 vs 230). The convex relationship arises because
people who are denied early protection are exposed when
the force of infection is highest. Recent work on interdose
interval optimization shows similar risk concentration.
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A 1-2-week delay can lower long-term infection risk, but
longer postponements widen the vulnerability window
and raise near-termincidence [59].

The results of the Scenario 3 experiments
strengthen the evidence that logistical integrity is an in-
dependent lever of epidemic mitigation, complementary
to behavioural and biological strategies.

4.4. Scenario 4 “Emergence
of immune-escape variant”

Scenario 4 interrogates how high transmissibility,
immune-evasive SARS-CoV-2 lineage reshapes out-
comes once a primary two-dose mRNA campaign is un-
derway. The design mirrors real-world observations of
recent Omicron descendants that combine a 30-60 % re-
duction in neutralising antibody activity with a further
transmission gain yet show only marginal changes inin-
trinsic severity.

During days 0-39, the epidemic process develop-
ment is identical to Scenario 1. Susceptible population
S(0) = N-10, daily supply ceiling 0.8 % x S(t), vaccine
efficacy against infection ¢ = 0.90. On day 40, 50 infec-
tious index cases carrying the new lineage are simultane-
ously introduced across randomly chosen network nodes,
reflecting typical genomic surveillance detection lags of
10-14 days after the first importations. The variant’s
basic reproduction number was set to Ro*=9.5 (=+35 %
vs baseline), as estimated for the fastest-spreading Omi-
cron sub-lineages in the 2024 meta-analysis [60]. Im-
mune escape is represented by a cross-immunity leakage
parameter ¢ = 0.60. Previously vaccinated or recovered
agents retain only 40 % of their baseline protection
against infection, consistent with 11-12-fold drops in
neutralization titres reported in [61]. Breakthrough

infection efficacy against the variant is reduced to
£*=0.35 (approximate mid-point between recent CDC
test-negative VE estimates of 33-54 % for XBB/JN.1-
adapted products) [62], while efficacy against hospitali-
zation is retained at 0.75 to preserve protection against
severe disease. Infection fatality risk is lowered by 15 %
relative to the ancestral Omicron baseline (IFR = 0.25
%), in line with multi-centre VA cohort data showing
0.81 odds of hospitalisation for JN.1 vs. XBB eras [63].
All post-infection or post-vaccination protection decays
exponentially with an 180-day half-life, which is sup-
ported by a recent hybrid-immunity review median [64].
No booster matched to the new lineage becomes availa-
ble within the 120-day simulation horizon, and non-phar-
maceutical interventions remain unchanged to isolate vi-
rological effects.

Table 5 presents the full experimental setting pa-
rameters with justification.

The variant is modelled as a second pathogen strain
with its own transmission parameters. Upon exposure,
the probability of infection of an agent is multiplied by ¢
if they carry prior immunity. Disease progression follows
the modified severity parameters once infected. Cross-
immunity is assumed to be symmetric and wanes accord-
ing to the shared half-life. Vaccine doses administered
after day 40 still confer 35 % protection against variant
acquisition and 75 % against severe outcomes.

This scenario operationalizes current scientific con-
cerns that even moderate antigenic drift coupled with
higher intrinsic transmissibility can erode population-
level protection despite ongoing vaccination, highlight-
ing the need for rapid antigen-matching of boosters and
enhanced genomic surveillance.

Figure 4 shows the simulation results over 120 days.

Table 5

Parameters of Scenario 5

Parameter Nominal value Justification

Variant basic reproduction 9.5 Meta-analysis mean for BA.1/BA.2 family. Upper IQR used

number, Ro* to capture transmission advantage [60].

Cross-immunity leakage, ¢ 0.60 11-12-fold neutralization drop for KP.2 vs. prototype im-
plies 60% loss of sterilizing protection [61].

Vaccine efficacy vs. infec- 0.35 CDC test-negative design reports 33-54% VE against symp-

tion, e* tomaticJN.1 infection in 2024-25 season [62].

Vaccine efficacy vs. severe 0.75 Persistence of >45% protection against hospitalization in

disease older cohorts [62].

IFR (variant) 0.25 19% relative reduction in hospitalization odds for JN.1 vs.
XBB (OR =0.81) among 130 000 VA patients [63].

Variant introduction day, Day 40 Median genomic-surveillance delay from importation to first

To sequence report.

Immunity waning half-life 180 days Pooled estimate from hybrid immunity narrative
review [64].
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Figure 4. Simulation results for Scenario 4
The experimental results display two striking fea-  deaths outweighs the gain in mildness. Similar

tures: a second, larger epidemic crest centred 38 days af-
ter the introduction of the immune-escape variant on day
40 and persistent oscillations driven by waning and par-
tial cross-immunity.

The simulated basic reproduction number of the
variant reflects upper-quartile estimates from early
BA.1/BA.2 meta-analyses and subsequent BA.2.86/JN.1
growth rate studies [30, 65]. With only 45 % of the pop-
ulation still susceptible to the ancestral strain at day 40,
the variant finds an effective susceptible fraction of ~ 68
% after applying the 60 % immune-escape leakage (¢ =
0.60). This pushes its instantaneous reproduction number
R¢* above 1.6, consistent with CDC genomic surveillance
growth rates during the JN.1 take-over [52], and yields a
peak of 35 644 infectious agents on day 78, which is 6%
higher than any ancestral peak. Laboratory data report >
10-fold reductions in serum neutralization titres for
JN.1/KP.2 relative to XBB.1.5 boosters [66]. Clinical
test-negative studies place vaccine effectiveness against
symptomatic infection in the 33-46 % range for the 2024-
25 season [62]. The model’s &* = 0.35 parameter repro-
duces that mid-point and explains why vaccination con-
tinues but fails to halt the variant surge. By day 60,
35 507 agents had received two doses, but 42 % had sub-
sequently experienced breakthrough infection.

The variant’s infection fatality ratio is deliberately
set 15 % lower than the ancestral value (IFR = 0.25 % vs
0.30 %), mirroring VA cohort data showing an odds ratio
0f 0.81 for hospitalization in JN.1-dominant months [63].
However, cumulative deaths climb from 430 (no-variant
baseline) to 606 in the integer realization, an increase of
41 %. The convex relationship between incidence and

macro-level outcomes were observed in winter 2024-25
surveillance summaries, where hospital admissions ex-
ceeded prior XBB peaks even as individual risk declined.

After day 110, the model produces damped oscilla-
tions, alternating 1; and I, secondary peaks (15 000-
24 000 infectious agents). These arise because the hybrid
immunity acquired in the variant wave wanes with a half-
life of 180 days. The distinct agent formulation amplifies
chance to cluster so that transmission is reignited in local
pockets of susceptibles.

A single stochastic super spreading draw (29 infec-
tions in one highly connected node on day 56) accounts
for =6 % of the eventual I, peak, illustrating how integer
simulations can capture the “fat-tail” dispersion (k= 0.1)
documented for SARS-CoV-2 transmission networks
[67].

The experimental results indicate that moderate im-
mune escape combined witha modest transmission boost
can nullify the existing population immunity in < 6
weeks. Surveillance speed and antigen-matched boosters
are central to averting excess morbidity and mortality.

4.5. Scenario 5
“War-time emergency”

Scenario 5 investigates how a large-scale interstate
armed conflict perturbs vaccination logistics, population
mixing, and clinical outcomes. The setting abstracts em-
pirical observations from Ukraine after the full-scale
Russian invasion on February 24, 2022. However, it is
parameterized to be transplanted into any medium-sized
metropolitan region in the agent-based model. The key
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mechanisms are mass displacement and crowding, tar-
geted or collateral damage to healthcare infrastructure,
cold-chain breakdown, and a temporary suspension of
routine immunization.

During days 0-9, the model uses Scenario 1 param-
eters. On day 10, the model simulates missile strikes and
mobility restrictions, producing instant internal displace-
ment of 35% and cross-border migration of 10%. The
mean daily contacts per agent increased by 25 % owing
to crowded shelters and evacuation trains [68]. During
days 10-40, 10 % of hospitals were rendered non-func-
tional, and the clinical capacity coefficient simulates the
40 % loss [69]. During days 41-80, joint MoH-WHO
“fast lanes” restored limited throughput: the supply ceil-
ing increased linearly to 4 % x S(t), and generator-backed
depots increased cold-chain integrity to £=0.8. After day
81, the supply ceiling was setat 0.6 x S(t), and healthcare
capacity recovers to yHC = 0.8, but 15 % of the popula-
tion remained displaced, sustaining a 10 % contact mul-
tiplier.

Table 6 presents the full experimental setting pa-
rameters with justification.

Displacement is implemented as a spatial rewiring
of 35 % of agents to high-degree shelter nodes, inflating
their degree by the contact-rate multiplier. Refugee de-
partures permanently remove 10 % of agents from the
simulation, shrinking the denominators. A hospital-ca-
pacity scalar wHC multiplies the infection fatality ratio,
WwHC = 0.6, increasing IFR by the factor IFR. Cold-chain
degradation multiplies the administered dose efficacy by
E. Vaccination-supply steps are imposed directly on
Virax(1).

This scenario operationalizes recent analyses that

armed conflict simultaneously shrinks supply, amplifies
demand-side barriers, and intensifies transmission
through displacement and crowded living. This study
lays the groundwork for quantifying the epidemiological
cost of health system destruction and testing the marginal
benefit of rapid humanitarian vaccination corridors ver-
sus non-pharmaceutical surge interventions.

Figure 5 shows the simulation results over 120 days.

Within 48 hof the strike phase, 35 % of agents were
rewired into high-degree “shelter” nodes, and the overall
contact intensity was multiplied by 1.25, replicating the
crowding documented in Ukrainian humanitarian hubs.
A 60 % drop in NPI adherence drives the instantaneous
reproduction number from Ro=7.0 to = 8.8. Conse-
quently, the epidemic apex (37 900 infectious agents, day
34) exceeded the peaceful baseline by 11 %.

Missile-related power loss and suspended outreach
slash the daily throughput of susceptibles from 0.8% to
0.1%. By day 60, only 9,700 agents were vaccinated ver-
sus 44,000 at baseline. Cold-chain integrity & = 0.6 re-
duces effective VE to 0.54, so breakthrough risk rises
even among those immunized.

Hospitals degraded to wHC = 0.6, raising the infec-
tion fatality ratio by 30 % (mier = 1.3). Even after ac-
counting for the 10 % refugee outflow, the number of
deaths rose by 71%. Fromday 140, a slow secondary rise
emerged as waning immunity and residual crowding sus-
tained a low-level force of infection.

The experimental study under Scenario 5 quantifies
how simultaneous shocks to mobility, infrastructure, and
health service capacity amplify epidemic burden during
full-scale military conflict and identifies the mitigations
that yield the highest returns.

Table 6

Parameters of Scenario 5

Parameter Nominal value Justification
Internal displacement coef- | 0.35 (day 10) Pre-war east-central population ~ 35 % in April 2022 [70].
ficient, 3IDP
Cross-border refugee loss, | 0.1 Departures by mid-March 2022 in government-controlled
pREF areas [71].
Contact rate multiplier 1.25 32 % attack rates in crowded shelters vs. 2 - 7 % community

baseline in U.S. shelter outbreaks (proxy for conflict shel-

ters) [68].
Healthcare capacity coeffi- | 0.6 (days 10-40); One in ten hospitals damaged; overload raises CFR by >
cient, yHC 0.8 (>81) 30% [72].
IFR multiplier 1.3, while yHC <1 | European ICU-occupancy study shows 30-50 % relative rise

in CFR when capacity is constrained [72].

Cold-chain integrity, & 0.6 (days 10-40);

Conflict-zone studies show up to 40 % potency loss when

spike offset

0.8 (>41) power is interrupted > 6 h/day [73].

NPIs adherence 0.3 during active Mask and distancing compliance fell sharply after Feb 2022
hostilities

Cold-chain failure death- None Model assumes potency affects infection risk, not post-in-

fection severity.
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Figure 5. Simulation results for Scenario 5

5. Discussion

The counterfactual storyline shows that each of the
five numbered shocks alters the epidemic trajectory de-
spite the fact that all biological constants remain fixed.

Scenario 1 introduces a 15 % point surge inantivac-
cine belief through the social layer of the model. The sim-
ulated surge suppresses the first dose uptake by nearly the
same margin, moves the population from vaccine-led to
infection-led immunity, doublespeak prevalence, and
adds 258 deaths. Randomi zed trials inthe UK and the US
report 5-7 % point drops in stated willingness after brief
exposure to vaccine misinformation, lending empirical
support to the modelled effect’s direction and scale [41].

Scenario 2 shifts the focus from belief to behaviour
by letting masking and distancing decay linearly by 50 %
points across three months of “pandemic fatigue.” The
effective reproduction number rises above one, produc-
ing a secondary wave absent from the baseline run. A
modest, well-timed re-engagement campaign still re-
duces cumulative infections by 9%, echoing longitudinal
evidence that targeted nudges can partially restore high-
cost protective behaviors that decline [74].

Scenario 3 tests supply resilience by imposing a
70% fall in daily mRNA output for 35 days. The tempo-
rary shortfall opens an “immunity gap” that allows inci-
dence to rise by 11% and deaths by 7% despite un-
changed demand. OECD audits identify single-use plas-
tics, specialized filters and lipid precursors as recurrent
bottlenecks that delay deliveries for similar durations.
This confirms that even short industrial disruptions can
erase months of prior investment [75].

Scenario 4 seeded 50 index cases of an immune-es-
cape lineage (Ro=9.5) that exhibited a 60% reduction in
neutralization. A larger second wave peaks 40 days later,

lifting cumulative mortality by 41% even though the var-
iant’s infection-fatality ratio was 15% lower. Laboratory
studies of the BA.2.86/JN.1 branch show neutralization
losses and transmission advantages of the same order,
validating the parameter choice [76]. The narrow tem-
poral window implies that traditional phase-111 booster
trials will be too slow to blunt similar future waves.

Scenario 5 combines conflict-related crowding,
hospital degradation, cold-chain failure, and a population
outflow of 10%. Even after adjusting the denominators
for migration, the peak prevalence climbs by 11%, and
deaths rise by 71%. Recent analyses of vaccinationin the
Sahel and other conflict zones attribute large surges in
vaccine-preventable disease to the same mechanisms of
infrastructure damage and displacement, reinforcing the
simulated outcomes’ mechanistic plausibility [77].

Taken together, all scenarios demonstrate that epi-
demic control requires orchestration across communica-
tion, compliance, logistics, viral evolution, and security.
Risk messaging must be synchronized with reliable stock
and last-mile capacity. Behavioural decay should be an-
ticipated using staged re-engagement budgets. Vaccine
manufacturers need diversified sourcing and buffer stock
that covers at least six weeks of peak demand. Genomic
early-warning and agile antigenic updates must be per-
formed within five serial intervals. Humanitarian vac-
cination corridors that restore even modest cold-chain
throughput can halve excess mortality in conflict settings.

This study extends a validated agent-based core by
coupling belief diffusion, vaccine logistics, and conflict-
driven mobility on a small-world contact graph. Shock
magnitudes are derived from peer-reviewed or audited
sources. The modular architecture allows rapid substitu-
tion of waning-immunity kinetics, stochastic factory fail-
ures, or adaptive network rewiring, positioning the
framework for Disease X stress tests.
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Limitations include the absence of age stratifica-
tion, deterministic supply shocks, and a static social
graph, each of which can be layered onto the current
model. Future extensions will integrate global sensitivity
maps, age-resolved calibration, RL policy search, and
live genomic feeds to shrink decision windows from
weeks to days, moving toward genuinely pathogen-ag-
nostic decision support.

6. Conclusions

This study presented a modular agent-based frame-
work that integrates belief diffusion, vaccine logistics,
and conflict-driven mobility on a small-world contact
graphto interrogate five counterfactual shocks: misinfor-
mation growth, compliance fatigue, supply-chain disrup-
tion, immune-escape variant emergence, and war-time
infrastructure collapse. Each scenario was parameterized
with values drawn from peer-reviewed or audited sources
and executed across 200 Monte-Carlo replications, en-
suring that structural signals were not obscured by sto-
chastic variance. The simulations revealed that shocks of-
tenanalyzed inisolation interact non-linearly. Any weak-
ness can magnify epidemic size by an order of magnitude
even when baseline biological parameters remain un-
changed.

The principal scientific contribution lies in unifying
behavioural, operational, biological, and geopolitical
mechanisms. Notably, the model quantified a narrow
window between the seeding of an immune-escape line-
age and the peak of its secondary wave, challenging the
feasibility of conventional, sequential vaccine-update
pipelines.

From a policy perspective, the results underscore
the need for coordinated preparedness strategies that
align proactive risk communication with reliable inven-
tories, anticipate behavioural decay through staged re-en-
gagement, maintain diversified and buffered manufactur-
ing capacity, enable rapid antigenic updates, and safe-
guard humanitarian cold-chain corridors in conflict
zones. Because the framework reproduces order-of-mag-
nitude shifts under empirically grounded shocks, it offers
decision-makers transparent tool for stress-testing policy
portfolios before the next high-consequence pathogen
emerges.

Future work will enhance epidemiological realism
by adding age and risk stratification, allowing adaptive
social network rewiring and stochastic supply failures to
capture second-order feedback, connecting the simulator
to RL controllers for real-time policy optimization, and
embedding genomic early-warning and serological data
assimilation to compress the decision window from
weeks to days. Collectively, these extensions aim to ad-
vance the platform toward genuinely pathogen-agnostic
decision support for what the WHO terms Disease X.
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EKCIHHEPUMEHTAJIBHE JOCJIIAKEHHA TOTOBHOCTI 1O XBOPOBH X3 BUKOPUCTAHHAM
ATEHTHO-OPIEHTOBAHOI'O ®PEMMBOPKY JIJISI CHEHAPHOI'O AHAJII3Y

/. 1. Yymauenxo

Hogi pecniipatopHi naToreHy i Hajiali 3aBAalOTh CYTTEBUX MEIMYHUX i EKOHOMIYHHX 30UTKIB Y CBITOBOMY Ma-
cirra0i, 1o 3yMOBITIOE TIOTPEOY B YHIBEPCATBHUX IHCTPYMEHTAaX TOTOBHOCTI, sIKI HE ONMMPAIOTHCS Ha CHCIU(IUHI JaHi
npo 30ynHuUKa. Y IiH CTaTTi AOCIIKEHO, SIK I’ ATh apXETUIIOBUX CTPECOPIB, 3pOCTaHHsI aHTMBAKIMHHOI Jie3iH(opMa-
1ii, BTOMa BiJl MPOTHEIIIEMIUYHOT TOBEIHKH, MOPYIIICHHS TTOCTAYaHHs BAaKIIMH, II0sBA BapiaHTa 3 IMyHHUM YXHJICH-
HSIM Ta pyHHYBaHHS iHQPAaCTPyKTypH BHACHIIOK 30pOHHOT0 KOHQUIIKTY, 3MIHIOIOTH IIepeOir TinoTe THYHOTO BUCOKO-
HeOe3MevHOro 3aXBOPIOBAHHS, MT03HAUEHOTO sIK XBopoOa X. MeTolo poboTH € KiJIbKiCHA OI[iHKA €IIiIeMi0JIOTiYHOTO
e(eKTy KOXKHOTO IIOKY B TOTOXHii MiChKil momyssinii Ta BU3HAYMTH CUCTEMHI Bpa3MBOCTI, SKi HallOLIb1Ie 3arpo-
JKYIOTh PAaHHBOMY KOHTPOJTIO criajiaxy. [y qocsarHeHHs i€l MeTH BUKOHAHO TIOCIIZIOBHI 3aBIaHH: IPOBEACHO KPH-
TUYHHUHA OTJIAN CLIEHAPHO OPiEHTOBAHOTO MOJCIIOBAHHS CIiJIeMii, pO3IIMPEHO BaJiJOBaHE areHTHO-OPIEHTOBaHE
SEIRDV-sapo nuisxoM iHTerpamii AMHaMi9HOTO MO PEHHS IePEeKOHaHb, JIOTICTUKH YeprH 103 i KOH(IIi KT-00yMO-
BJIICHOT MOOLTBHOCTI, Ta 3AIHCHEHO Cepit0 eKCIEPUMEHTIB TSI KOYKHOTO CLIEHAPit0 3 BUKOPHCTaHHSM HapaMeTpiB, 00-
IPYHTOBaHHX PELCH30BAHNMH JUKepesaMu. Pe3ynbTaTti mokasyoTs, oo 15% cruleck aHTHBaKIMHHUX NEPEKOHAHb
MIOJIBOIOE MTIKOBY 3aXBOPIOBAHICTH 1 fofae 258 Bumankis cMepTi. 50% 3HIKEHHS piBHS MAaCKOBOTO PEXXHUMY Ta JUCTa-
HIIiIOBaHHA ()OPMY€E BTOPHHHY XBUIIIO, SIKY [I3HE IIOBTOPHE 3aIy4EHHS BCE )X CKopodye Ha 9%. 70% nedinut nocra-
ganas MPHK-Bakmian npotsirom 35 nHiB migBuilye geTansHICTs Ha 7%. 3anecenns 50 BumaakiB BapianTa 3 R0~9,5
Ta 60% BTpaTOO HEUTpai3aii 301IbIIye CYKyIHY CMEpTHICTh Ha 41 % 3a miicTh THKHIB. KOMIICKCHUI IOK, CIIPHU-
YMHEHHUH KOH(IIKTOM, mijBHIye cMepTHicTh Ha 71% nonpu 10% Biarik HaceneHHs. LI HeniHilHI peakiii BUHHUKa-
I0Th BUKJIFOYHO Yepe3 3MiHH MOBEIIHKH, JIOTiCTHKH 200 KOHTEKCTY 3a HE3MiHHUX 010JI0T YHUX TapaMeTpiB. OTpuMaHi
pe3yNbTaTH TOBOMAATS, 1110 e()eKTUBHA MIATOTOBKA HE MOXKE MOKJIAATHCS Ha €JMHUIN BaXKiJb BILTUBY. Ji€Ba oM’ K-
LIyBajibHa CTpaTerist moTpedye CHHXPOHI30BaHOI KOMYHIKalii pU3UKiB, MOSTANHOI MiITPUMKH HOBEIIHK OBUX 1HTEP-
BEHIIIi, uBepcu(ikoBaHuX 1 Oypepr30BaHUX BUPOOHNYO-JIOTICTHYHUX [TOTY)KHOCTEH, IBUIKOTO OHOBJIEHHS MOLIH-
PEHHSI aHTUTEHIB 1 T'yMaHITapHUX KOPUIOPIB A1l BaKLMHALI. 3aIIpOIIOHOBaHEe JOCHIPKCHHS HaJla€ IHCTPYMEHT i JI-
TPUMKH yXBaJEHHS PillleHb JUIsl CTPEC-TECTYBaHHS MOPTQETIB MOJITHK JO BAHUKHEHHS HACTYITHOTO BUCOKOPU3HUKO-
BOT'O CIIajiaxy.
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