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Abstract

This paper develops an exploratory agent-based model of mediated vulnerability in
deafblindness-related social exclusion. The revised model treats exclusion as a relational
process shaped by multidimensional mediation, education, income and local interaction.
Access to social-health mediation is defined as a composite construct that can be decom-
posed into communication support, mobility and orientation support, health-care continu-
ity, educational and assistive support, and administrative recognition. The reported NetL-
ogo implementation analyses the aggregate access variable generated in BehaviourSpace,
while the revision makes explicit the subdimensional update rules required for future
empirical calibration. The simulation begins with 1000 agents and runs for 500 ticks. The
analysed export contains 1593 runs across six values of risk threshold, with 300 runs for each
threshold from 0.1 to 0.5 and 93 runs for threshold 0.6. The results distinguish mediated
vulnerability, continuous exclusion, binary exclusion, episodic exclusion and consolidated
exclusion. Peak exclusion remains substantial across threshold conditions, whereas final
binary exclusion is almost absent under the implemented averaging rules. One-way and
Welch ANOVA show that risk-threshold does not significantly affect peak exclusion, mean
exclusion or final exclusion, but it has a very strong effect on education and derived social
power. Regression models indicate that mean access and mean income are the strongest
predictors of exclusion severity, while risk-threshold has no significant direct effect after
these variables are included. External validation is treated as a pattern-oriented comparison
rather than a prevalence prediction: the model is consistent with the empirical claim that
exclusion among persons with deafblindness is mediated by communication, mobility,
education, health-care and economic barriers, but it should not be read as an estimate of
real-world prevalence.

Keywords: deafblindness; social exclusion; agent-based modelling; social health;
education; NetLogo

1. Introduction

Social exclusion is a relational process through which persons or groups lose effective
access to institutions, resources, recognition and social participation. This definition is
necessary because exclusion has a wider analytical structure than poverty, impairment
or individual disadvantage. Poverty concerns restricted material resources. Impairment
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concerns bodily, sensory or cognitive conditions. Social exclusion concerns the social or-
ganisation of access, participation and recognition across institutional fields. In the case of
deafblindness, this distinction has direct theoretical importance. Deafblindness combines
hearing and visual impairment, but its social consequences depend on communicative sup-
port, accessible information, mobility arrangements, educational opportunities, health care
continuity, professional knowledge, income security and recognition by public institutions.
The social problem, therefore, lies in the relationship between the person and the mediating
structures through which participation becomes possible.

The recent literature on deafblindness supports this relational formulation.
Jaiswal et al. [1] show that participation among people with deafblindness or dual sensory
loss is shaped by communication, mobility, daily living, social relationships and access to
services. The World Federation of the Deafblind [2] describes persons with deafblindness
as a group at risk of exclusion from disability and development programmes because
deafblindness remains poorly recognised, poorly measured and frequently unsupported by
adequate services. Research on inclusive education also identifies limited communication
opportunities, weak awareness of deafblindness, insufficient adaptations and restricted
access to specialised supports as barriers to academic and social success [3]. These findings
indicate that deafblindness becomes socially exclusionary through failures of mediation
rather than through sensory condition alone.

This article uses an agent-based model to analyse this problem as a dynamic process.
Agent-based modelling allows researchers to formalise heterogeneous agents, bounded
local interactions, feedback effects and emergent aggregate outcomes. The value of this
method lies in generative explanation. A simulation specifies a theoretical mechanism
and then observes the macro-level patterns produced by that mechanism. This method-
ological approach is relevant for social exclusion because exclusion rarely emerges from
one isolated factor. It tends to arise through the interaction of access, resources, institutional
classification, social support and cumulative disadvantage. The updated ODD protocol
(see Appendix A) stresses that agent-based models require a transparent description of
entities, state variables, process scheduling and design concepts, since replication and
structural realism depend on explicit documentation [4]. The recent validation literature
similarly argues that sampling, visualisation, docking, empirical validation and causal
analysis support a more robust interpretation of agent-based simulations [5].

The article analyses a NetLogo model (see Appendix B) and a social experiment
through BehaviourSpace. The output file records 1593 runs, each summarised by final,
minimum, maximum and mean values for the relevant reporters. The experimental pa-
rameter is risk-threshold. The measured variables include access to social health, social
exclusion, binary excluded status, binary non excluded status, income, education and
social power. The code clarifies the model architecture. Social exclusion is the inverse of
access to social health. Binary exclusion requires both access to social health below 0.3
and individual income below 0.2. Social power equals individual education multiplied by
individual income. Education accumulates during the first thirty ticks, with larger gains
among agents classified as healthy. Health status depends on whether social risk exceeds
the risk threshold. Local interaction averages access, risk, education and income with
neighbouring agents. These rules allow the article to interpret the simulation as a formal
sociology of mediated vulnerability.

This article asks whether an agent-based model can distinguish between temporary
episodes of exclusion and consolidated exclusion when exclusion is defined as the inter-
section between restricted access to social health and low income. The central modelling
hypothesis is that exclusion becomes binary only when access deprivation and economic
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vulnerability coincide, while persistence depends on whether local interaction and educa-
tional accumulation are sufficient to move agents away from that conjunction.

2. Theoretical Framework: Deafblindness and Mediated Vulnerability

The concept of mediated vulnerability provides the theoretical centre of the article.
Vulnerability means exposure to harm under conditions of dependency, reduced access
or fragile capacity for self-protection. Mediated vulnerability means that this exposure
depends on chains of social mediation. In deafblindness, those chains include communica-
tion support, accessible information, assistive technology, mobility resources, health care,
specialist education, income, family and community support, and administrative recog-
nition. The person becomes vulnerable when these mediations are weak, discontinuous
or inaccessible. The person becomes excluded when the fragility of mediation becomes a
durable restriction of participation.

This approach avoids an individualising interpretation of deafblindness. The com-
bined sensory condition matters because it intensifies dependence on communicative,
educational and health-related supports. Its social meaning, however, emerges inside
institutional and relational environments. The World Health Organisation [6] frames ear
and hearing care through integrated people-centred systems across the life course, which
reinforces the idea that care works as an institutional mediation rather than as a punctual
clinical act. The same logic applies to deafblindness in a wider sense. Communication,
learning, mobility, health care and recognition have to be coordinated over time (Table 1).
A single intervention can improve a situation, but sustained inclusion requires a structure
that converts need into usable access and then converts access into agency.

Table 1. Glossary of conceptual and model terms.

Term

Definition Used in This Article Model Representation

Mediated vulnerability

Exposure to social harm produced or

intensified by discontinuous supports, Conceptual condition preceding
inaccessible services or weak exclusion.

institutional recognition.

Access to social-health mediation

Composite access to communicative,
mobility-related, health-care,
educational/assistive and
administrative supports.

Aggregate variable A;(t) is formally
decomposed into five
subdimensions.

Continuous exclusion

Degree of relational deprivation
generated by restricted access to Xi(t) =1 — Ai(b).
social-health mediation.

Binary exclusion

A restrictive status is reached when low

access and low income coincide. Bi(t) = 1if Ay(t) < 0.3 and Ii(t) < 0.2.

Episodic exclusion

Detected through peak and mean
excluded agents when final exclusion
is absent or rare.

A temporary crossing of the binary
exclusion threshold that later recedes.

Consolidated exclusion

Approximated in this export by final
excluded agents; full duration would
require tick-by-tick trajectories.

Persistence of binary exclusion at the
final state or over a sustained trajectory.

Note. The table standardises terminology used across the abstract, theoretical framework, model description and
results. Bj(t) denotes binary exclusion, A;(t) access to social-health mediation, X;j(t) continuous exclusion, and
Ii(t) income.
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The distinction between vulnerability, episodic exclusion and consolidated exclusion
is therefore essential. Vulnerability describes exposure. Episodic exclusion describes a
temporary state in which the person or agent crosses a threshold of restricted participation.
Consolidated exclusion describes the stabilisation of that state across time. This distinction
has methodological consequences. A cross-sectional measure may confuse a temporary
episode with a persistent condition. A simulation can separate these dynamics by recording
peaks, temporal means and final states. The model analysed here is especially useful be-
cause it produces high intermediate peaks of exclusion while showing almost no exclusion
at the final step. The sociological problem is therefore the mechanism that transforms an
exclusion episode into recovery rather than persistence (Figure 1).

Mediating supports

communication support
Deafblindness-related mobility and orientation
dual sensory condition

Composite access to
social-health mediation
health-care continuity At

v

educational and assistive support

administrative recognition

f

local interaction and averaging

v

. . Exclusi t
Capacity accumulation xclusion outcomes

Economic resources education E,(t)
income I;(t)

continuous exclusion score X;(t)
binary exclusion B;(t)
episodic exclusion
consolidated exclusion

v

income I;(t)
social power Pi(t) = E;(t) x I;(t)

Figure 1. Research framework linking deafblindness-related impairment, mediating supports, access,

economic vulnerability, social power and exclusion outcomes.

The model operationalises this theory through two linked but analytically distinct
indicators. The continuous score of social exclusion equals one minus access to social
health. This variable represents relational deprivation of access. The binary status of being
excluded is more restrictive, since it requires low access and low income at the same time.
This specification is sociologically meaningful because exclusion seldom results from one
isolated deficiency. It emerges more plausibly when disadvantages intersect. In this model,
restricted access to social health becomes exclusionary when it coincides with low income.
The model, therefore, represents exclusion as a conjunctural condition produced by access
deprivation and economic vulnerability.

3. Model Description and Method

The simulation begins with 1000 turtles. Each agent receives an initial social-risk
level drawn from a uniform distribution between 0 and 0.5, an initial education level
drawn from a uniform distribution between 0 and 0.5, an initial income level drawn from a
uniform distribution between 0 and 0.5, and an initial access-to-social-health value drawn
from a uniform distribution between 0 and 1. Health status is assigned by comparing
social risk with the experimental parameter risk-threshold. Agents with social risk above
the threshold are classified as ill, whereas agents at or below the threshold are classified
as healthy. This classification becomes important because healthy agents receive larger
educational increments during the first thirty ticks.

The dynamic rules give the model a convergence structure. During each tick, agents
move and update access to social health by averaging their own access with the mean access
of neighbouring agents within radius 1, followed by bounded random variation. Agents
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also update social risk, education and income through local averaging with neighbouring
agents. The code clamps risk, education, income and access within the interval [0, 1].
Income receives an additional random perturbation with probability 0.1 at each tick. The
population also includes renewal, since a new turtle may be created with probability 0.02 at
each tick. This rule introduces new heterogeneity into the system after the initial population
has begun to converge.

Three formulas are central to the interpretation of the model. First, the continuous
exclusion score is defined as the inverse of access to social health. Second, the binary
condition of being excluded is defined as the simultaneous presence of low access and
low income. Third, social power is defined as the product of education and income.
These definitions mean that several variables are derived rather than independent. Social
exclusion and access to social health are mathematically coupled. Social power is mainly
driven by education when income remains stable. The article, therefore, avoids treating
these variables as independent empirical predictors and instead interprets them as formal
components of a generative model.

social-exclusion; = 1 — access-to-social-health;

is-excluded; = 1 if access-to-social-health; < 0.3 and income; < 0.2
social-power; = education; X income;

The experiment includes 1593 runs and 500 ticks per run. The design includes six
values of risk-threshold: 0.1, 0.2, 0.3, 0.4, 0.5 and 0.6. There are 300 runs for each threshold
from 0.1 to 0.5, and 93 runs for threshold 0.6. The smaller number of replications at
threshold 0.6 is retained for transparency, but the inferential analysis therefore reports both
conventional one-way ANOVA and Welch ANOVA where appropriate. This is necessary
because Welch ANOVA is more robust when group sizes are unequal, and variances are
not assumed to be identical. For agent i at time t, let C;(t) denote communication support,
M;(t) mobility and orientation support, H;(t) health-care continuity, E;(t) educational and
assistive support, and R;(t) administrative recognition (Table 2). The composite access
variable is defined as:

Ai(t) = [Ci(t) + Mi(t) + H;(t) + Ei(t) + Ri(t)] /5

Table 2. Operational decomposition of social-health mediation.

Subdimension

Interpretation Distinct Update Rule for Future Calibration

C;i(t): communication support

Availability and usability of tactile, sign,
speech-to-text, interpreter-guide or other Ci(t+1) = clip[(1 — AC)Ci(t) + ACmean (Cj(t)) + ¢C].
communication mediation.

M;(t): mobility and orientation
support

Access to guiding, environmental orientation, safe

movement and spatial participation. Mi(t+1) = clip[(1 — AM)M;(t) + AMmean (M;(t)) — pMriski (t) + eM].

H;(t): health-care continuity

Continuity, affordability and accessibility of health ~ H;(t+1) =
and rehabilitation services. clip[(1 = AH)H;(t) + AHmean (H;(t)) + yHstatus; (t) — pHrisk;(t) + ¢H].

Ei(t): educational and assistive
support

Adapted curricula, trained professionals, assistive

technology and accessible learning resources. Ei(t+1) = clip[(1 — AE)E;(t) + AEmean(E;(t)) + Ei(t) + €E].

Ri(t): administrative recognition

Official recognition, service eligibility and ability to

navigate institutional procedures. Ri(t+1) = clip[(1 = AR)Ri() + ARmean (R;(t)) + €R].

Note. clip confines values to [0, 1]. A parameters represent local influence, i parameters represent risk penalties,
1 parameters represent status or educational gains, and ¢ terms represent bounded stochastic variation. The
present BehaviourSpace export uses the aggregate A;(t); the subdimension equations specify the measurement
decomposition required for future empirical calibration.

https:/ /doi.org/10.3390/systems14070781


https://doi.org/10.3390/systems14070781

Systems 2026, 14, 781

6of 21

The continuous exclusion score, binary exclusion status and social power are then

defined as:

Xi(t) = 1— Ai(8);

Bi(t) = 1if Aj(t) < 0.3 and L(t) < 0.2, and 0 otherwise;
Pi(t) = Ei(t) x L(¢).

The analysis uses descriptive, distributional and inferential indicators. Descriptive
statistics include final excluded agents, percentage of runs ending with any excluded
agent, mean excluded agents per tick, agent-ticks excluded, median peak exclusion,
95th percentile of peak exclusion and maximum observed peak. Inferential analysis uses
one-way ANOVA to test whether the risk threshold significantly affects each outcome.
Welch ANOVA is reported as a robustness check for outcomes where unequal replications
could matter, especially because the threshold 0.6 has 93 runs rather than 300. Effect size is
reported through n? and w? for ANOVA and Cohen’s d for selected threshold contrasts.
Regression analysis uses ordinary least squares with HC3 robust standard errors to quan-
tify the association between exclusion severity and risk-threshold, mean access and mean
income. Social power is not included as an independent predictor in the regression models
because it is mathematically defined as education multiplied by income; including it along-
side its components would produce mechanical dependency rather than an independent
causal estimate.

Validation is treated as a pattern-oriented comparison rather than a prevalence predic-
tion. This choice is necessary because the model is an exploratory mechanism model, not
a calibrated demographic simulation of persons with deafblindness. External empirical
evidence is therefore used to assess whether the simulated mechanism is directionally
coherent with known patterns of exclusion, not to claim that the number of excluded
agents estimates real world prevalence. WFDB evidence [7] indicates that people with
deafblindness represent approximately 0.2% to 2% of the population and are more likely
to be poor, unemployed and educationally disadvantaged than people without disabil-
ities or people with other disabilities (Table 3). A later prevalence review confirms the
0.2% to 2% range and stresses that prevalence estimates vary considerably across defi-
nitions, countries and age groups [8]. These data provide an empirical boundary: the
model should reproduce the mechanism of mediated exclusion, but not the prevalence of
deafblindness itself.

Table 3. External empirical anchoring of the exploratory model.

Empirical Reference  Empirical Statistic or Pattern Model Analogue Validation Judgement
Severe deafblindness is Not a prevalence
WEDB [7] estimated at around 0.2% of the  The model begins with validation; used as a
population, with milder forms 1000 abstract agents. boundary against
around 2%. overinterpretation.
Persons with deafblindness are Binarv exclusion requires
ten times less likely to be low aZcess and low ?ncome' Directionally consistent
WEFDB [7] employed than non-disabled reotession Shows income ’ with economic
persons and 30% less likely than & dict lusi it vulnerability as a mediator.
persons with other disabilities. predicts exclusion severtty:
Children with deafblindness are Directionallv consistent
17 times less likely to be in Education drives the with educa t?on as a
WFDB [7] school than non-disabled threshold transition in

children and twice as likely as
children with other disabilities.

social power.

protective capacity, but not
calibrated.
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Table 3. Cont.
Empirical Reference  Empirical Statistic or Pattern Model Analogue Validation Judgement
Communication, mobility, social Mechanism-level
Jaiswal et al. [1] and . ) - Y The model decomposes validation supports the
relationships, service access and . . : - 1 ; .
WEFDB [7] . . access into subdimensions. multidimensional mediator
recognition shape participation.
structure.
Note. The validation comparison is qualitative and pattern-oriented. It does not assert that the simulation
estimates population prevalence or real-world exclusion rates.
4. Results
4.1. Exclusion Appears as a Severe Episode While Final Persistence Remains Almost Absent
The strongest empirical pattern is the separation between episodic severity and final
persistence. Across all threshold conditions, the median peak of excluded agents remains
high, between 55 and 58 agents. The 95th percentile of the peak remains between 71.0 and
74.0. The observed maximum ranges between 80 and 87 agents. These numbers show
that the model generates relevant exclusion episodes. At the same time, final exclusion
is virtually absent. The percentage of runs ending with any excluded agent is 0% in four
threshold conditions, 0.667% at risk-threshold = 0.2 and 0.333% at risk-threshold = 0.5
(Table 4). The model, therefore, produces exclusion as a critical episode and then tends to
reverse it before the final tick.
Table 4. Final persistence, cumulative burden and episodic severity of exclusion.
. Final Final Mean . .
Risk- N Excluded Exclusion Excluded Agent-Ticks Median P95 Peak  Max Peak
Threshold N . Excluded Peak
Mean Yo per Tick
0.1 300 0.000 0.000 0.155 77.56 57.5 72.00 87
0.2 300 0.007 0.667 0.152 76.23 56.0 72.05 80
0.3 300 0.000 0.000 0.153 76.72 58.0 71.00 80
0.4 300 0.000 0.000 0.155 77.56 57.0 73.05 84
0.5 300 0.003 0.333 0.157 78.50 58.0 74.00 85
0.6 93 0.000 0.000 0.154 77.15 55.0 72.40 81

Note. Final excluded M is the mean number of excluded agents at the final tick. Runs with final exclusion (%) =
runs with final_excluded > 0 divided by N and multiplied by 100. Agent-ticks excluded = mean excluded agents
per tick x 500. The 0.6 condition has fewer replications and is interpreted cautiously. Source: own elaboration.

A model interpreted through final means alone would suggest that exclusion is almost
absent. A model interpreted through maximum values alone would suggest that exclusion
is severe (Figure 2). The combined indicators produce a more precise conclusion: exclusion
appears, reaches high short-term intensity and then usually dissolves. The low mean
number of excluded agents per tick, which remains around 0.152 to 0.157, indicates that
the high peak has limited temporal weight. The burden is therefore concentrated rather
than continuous.

4.2. Risk-Threshold Does Not Significantly Affect Exclusion Severity

Inferential testing qualifies the descriptive results (Table 5). Conventional one-way
ANOVA shows that risk-threshold does not significantly affect peak excluded agents,
mean excluded agents per tick or final excluded agents. Welch ANOVA leads to the same
conclusion for peak and mean exclusion (Table 6). The effect sizes are negligible. This
means that the analysed threshold parameter is not the main driver of exclusion severity
in the current implementation. The finding is important because it prevents a misleading
interpretation of the descriptive differences between thresholds. Peak and mean exclusion
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occur across the full experimental range, but their variation is too small and too irregular
to support a threshold effect.

781

75.F

70

65

60

50

Excluded agents during worst episode

45

55 t .\'/.\’_—/\c

71.0

10.8

10.6

10.4

10.2

Runs ending with any excluded agent (%)

0.0

0.1

0.2

—&— Median peak

0.3

0.4

risk-threshold

-

P95 peak

0.5 0.6

Final exclusion (%)

Figure 2. Peak exclusion remains substantial across threshold conditions, whereas final exclusion

remains almost absent. Note. Final exclusion is represented as the percentage of runs ending with at

least one excluded agent.

Table 5. ANOVA and Welch ANOVA by risk-threshold.

Outcome F(5,1587) p n? w? Welch F Welch df2 Welch p
Peak excluded agents 0.855 0.511 0.003 0.000 0.821 564.50 0.535
Mean excluded agents 0.936 0.457 0.003 0.000 0.903 564.29 0.478
per tick

Final excluded agents 1.172 0.321 0.004 0.001 — — —
Final education 315,756.529 *** <0.001 0.999 0.999 228,558.207 *** 570.26 <0.001
Final social power 3844.603 *** <0.001 0.924 0.923 4323.244 *** 559.63 <0.001
Final income 1.249 0.284 0.004 0.001 1.237 566.10 0.290
Final access 1.655 0.142 0.005 0.002 1.615 562.86 0.154
Final exclusion score 1.641 0.146 0.005 0.002 1.599 562.84 0.158

Note. Welch ANOVA is reported where calculable as a robustness check for unequal group sizes. *** p < 0.001.

Table 6. Selected Cohen’s d contrasts.

Outcome Contrast Tllt/fr e(:lizsltcl) %S:ﬁgﬁg Cohen d N
Peak excluded agents 02—03 56.763 57.317 0.065 300/300
Peak excluded agents 0.1 —0.6 57.753 56.731 —0.119 300/93
Mean excluded agents per tick 02—0.3 0.152 0.153 0.036 300/300
Mean excluded agents per tick 0.1—06 0.155 0.154 —0.030 300/93
Final education 02—03 0.738 0.993 55.489 300/300
Final education 01— 0.6 0.724 0.993 54.960 300/93
Final social power 02—03 0.184 0.249 7.545 300/300
Final social power 0.1—0.6 0.181 0.249 8.094 300/93
Final income 02—03 0.249 0.251 0.158 300/300
Final income 0.1—0.6 0.250 0.251 0.093 300/93

Note. Positive d indicates that the second threshold has a higher mean than the first. The 0.2 to 0.3 contrast is
reported because the descriptive transition in education and social power occurs there. The 0.1 to 0.6 contrast is
reported as a full-range comparison.
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4.3. Access and Income Predict Exclusion Severity More Strongly than Risk-Threshold

Regression models clarify (Table 7) which variables account for exclusion severity.
In both models, mean access and mean income are significant negative predictors of
exclusion. Risk-threshold remains non-significant after these predictors are included. For
peak excluded agents, the model explains 10.8% of the variance. For the mean excluded
agents per tick, it explains 13.9% of the variance. These values are modest, but they
are consistent with the model architecture: exclusion is produced by the conjunction
of restricted access and low income, while risk-threshold primarily affects educational
accumulation rather than exclusion severity directly.

Table 7. Regression models predicting exclusion severity.

Outcome Predictor B Robust SE B t P
Peak excluded agents Intercept 165.833 8.840 — 18.759 <0.001
Peak excluded agents Risk-threshold 0.443 1.349 0.008 0.329 0.742
Peak excluded agents Mean access —132.615 10.393 —0.297 —12.760 <0.001
Peak excluded agents Mean income —168.762 29.552 —0.136 —5.711 <0.001
Mean excluded agents per tick Intercept 0.534 0.028 — 19.313 <0.001
Mean excluded agents per tick  Risk-threshold 0.004 0.004 0.025 1.055 0.292
Mean excluded agents per tick Mean access —0.482 0.032 —0.340 —14.859 <0.001
Mean excluded agents per tick Mean income —0.560 0.091 —0.143 —6.133 <0.001

Note. Ordinary least squares models were estimated with HC3 robust standard errors. For peak excluded agents,
R? = 0.108 and adjusted R? = 0.107. For mean excluded agents per tick, R? = 0.139 and adjusted R? = 0.137.
= standardised coefficient.

4.4. Education and Social Power Show a Clear Threshold Transition

The clearest sensitivity pattern appears in education. Final education remains around
0.724 and 0.738 at thresholds 0.1 and 0.2 (Table 8). It then rises to approximately 0.993
from threshold 0.3 onwards. The distributional separation is almost complete. This shift
is not the effect of a few atypical runs; it represents a regime transition produced by the
model rules. The code explains the result. Education grows only during the first thirty
ticks, and healthy agents receive larger educational increments than ill agents. Since
health classification depends on the comparison between social risk and the risk-threshold
(Figure 3), the move from 0.2 to 0.3 classifies many more agents as healthy and allows faster
educational accumulation.

Table 8. Education, social power, income, access and exclusion score by risk-threshold.

Risk- N Education  Education  Social Social Income Income Access M Exclusion
Threshold M SD Power M PowerSD M SD Score M
0.1 300 0.7243 0.0054 0.1808 0.0079 0.2497 0.0108 0.4990 0.5010

0.2 300 0.7381 0.0060 0.1838 0.0078 0.2490 0.0105 0.5027 0.4973

0.3 300 0.9931 0.0025 0.2489 0.0093 0.2506 0.0094 0.5024 0.4976

04 300 0.9930 0.0026 0.2482 0.0102 0.2499 0.0103 0.5025 0.4975

0.5 300 0.9931 0.0024 0.2491 0.0105 0.2508 0.0105 0.4973 0.5027

0.6 93 0.9927 0.0025 0.2488 0.0099 0.2507 0.0100 0.4999 0.5001

Note. Social power is calculated as education x income. The exclusion score is calculated as 1 — access.
These mathematical dependencies mean that social power and the exclusion score should not be interpreted as
independent empirical variables.
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Figure 3. Education and social power show a regime transition from risk threshold = 0.3. Note. Error
bars represent standard deviations across runs.

Social power follows the same transition as education, although its range is smaller.
It rises from approximately 0.181 and 0.184 at the two lowest thresholds to approxi-
mately 0.249 from threshold 0.3 onwards. This pattern follows from the formula social
power = education X income. Since income remains stable across thresholds and ANOVA
shows no significant income effect, the increase in social power is driven primarily by
education. The model, therefore, gives education a central formal role in the production
of agent capacity. This is not an empirical claim that education alone explains real-world
inclusion among people with deafblindness. It is a claim about the formal logic of this
model: when more agents are classified as healthy during the initial educational accumu-
lation window, education rises sharply, and social power rises as a derived consequence

(Figure 4).
0.30
- 0.54
. g
0.28 5
-0.52 »
1 5
§ 0.26 2
O =]
£ -0.50 G
= 3
2 0.24- e
[V 9]
-0.48
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Figure 4. Income remains stable, whereas access and the exclusion score remain complementary by
construction. Note. Error bars for income represent standard deviations; access and exclusion scores
are mirror variables by definition.
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5. Discussion

The model formalises social exclusion as an episodic process under convergence-
oriented rules. This interpretation follows from the contrast between substantial exclusion
peaks and almost absent final exclusion. The simulation generates critical episodes when
agents combine low access to social health with low income. These episodes then tend to
recede because local interaction averages access, income and other attributes with neigh-
bouring agents. This result should be read as a generative outcome of the implemented
mechanism. It shows how exclusion may emerge from intersecting disadvantages and
decline when relational environments restore access and resources. [8] This interpreta-
tion is consistent with agent-based modelling approaches that use explicit micro-level
rules to examine emergent macro-level patterns rather than to estimate direct empirical
prevalence [4,5,9].

This structure is sociologically relevant because it separates impairment from exclu-
sion. Deafblindness involves combined sensory impairment, but the literature shows
that its social consequences are shaped by communication, mobility, education, health
care, service access, social relationships and institutional recognition [1,2,10]. Participation
barriers among persons with deafblindness or dual sensory loss are repeatedly linked to
communication, daily living, mobility and access to services [1]. Global deafblindness
reports also stress weak recognition, lack of specific support services and exclusion from
disability and development programmes [2,10]. The model translates this relational view
into a formal mechanism in which vulnerability increases when mediation becomes fragile
or discontinuous.

The code-based interpretation clarifies the internal logic of the model. The continuous
social exclusion score is an inverse measure of access to social health. It should be read
as a formal indicator of relational deprivation. The binary variable is-excluded? is more
restrictive, since it requires both low access and low income. This distinction prevents the
model from treating exclusion as a single deficit. Restricted access increases the continuous
exclusion score, while binary exclusion appears when restricted access intersects with eco-
nomic vulnerability. This compounded mechanism is compatible with disability research
that treats exclusion as multidimensional and shaped by health, education, work, social
participation and access to services [3,11-13].

The transition in education and social power from risk-threshold = 0.3 follows from
the implemented rules. The threshold classifies agents as healthy or ill. Healthy agents
accumulate education more rapidly during the first thirty ticks. Since the initial risk is
drawn between 0 and 0.5 and then averaged locally, the movement from 0.2 to 0.3 changes
the health classification of many agents. Education then rises sharply. Social power
rises with it because it is calculated as the product of education and income. Since
income remains stable across thresholds, the transition in social power is mainly an
educational effect.

This result supports a cautious theoretical reading of education as a protective ca-
pacity. In social contexts related to deafblindness, the corresponding mechanisms would
include specialist educational support, accessible communication, adapted curricula, assis-
tive technologies, trained professionals and coordination between families, schools and
services. Recent scoping reviews on deafblind education identify limited communication
opportunities, low awareness of deafblindness, insufficient adaptations and restricted
access to specialised support as barriers to academic and social success [3,12]. The broader
health literature also supports the idea that inclusion depends on accessible, people-centred
and coordinated systems rather than isolated interventions [6,11,13]. The model does not
estimate the effect of these mechanisms. It provides a formal setting in which early capacity
accumulation changes later vulnerability.
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The interpretation of reversibility requires caution. The simulation shows what occurs
under a specific set of rules. Local averaging, bounded variables and stable income favour
recovery from extreme states. The observed decline of exclusion should therefore be
understood as an outcome of the model architecture. The simulation shows how exclusion
can appear when low access and low income coincide, and how it can recede when local
interaction and educational accumulation move agents away from that conjunction.

The model also clarifies what it does not yet represent. Income remains stable because
the code gives it limited fluctuation and no cumulative stratification. The simulation is
therefore a model of relational access, local influence and educational accumulation under a
bounded income distribution. A future version should introduce stronger income dynamics,
structural barriers to income recovery, unequal access to support services, labour-market
segmentation and cumulative resource depletion. These additions would bring the model
closer to disability evidence showing that health inequity, poverty, educational barriers,
employment exclusion and weak service systems interact across the life course [13,14].

A more developed version should also distinguish mediating supports more explic-
itly. The current variable access-to-social-health condenses several mechanisms into one
formal dimension. Future models could separate communication support, health care
continuity, educational access, income security, mobility support, assistive technology and
administrative recognition [15]. This would allow the model to test whether different forms
of mediation produce different exclusion trajectories. Such a development would align
more closely with deafblindness research, where inclusion depends on specific support
services, recognition of deafblindness as a distinct disability, accessible communication and
coordinated provision across institutional fields [16].

Limitations and Directions for Model Development

The study has a limitation concerning variable dependency. Social exclusion is defined
as the inverse of access to social health. Social power is defined as education multiplied by
income. These definitions are coherent for a formal model, but they mean that correlation
analysis among these variables has limited causal meaning. Future versions could include
empirically distinct indicators of social exclusion, such as communication access, social
network density, service navigation capacity, educational participation, labour-market
attachment and administrative recognition.

6. Conclusions

The analysis shows that the model generates social exclusion as an intense but episodic
condition under the implemented rules. Binary exclusion appears when low access to social
health and low income coincide. The continuous exclusion score represents the inverse
of access to social health. Social power is derived from education and income. These
definitions clarify the mechanism behind the statistical results. Peak exclusion remains
substantial across threshold conditions, while final exclusion almost disappears. Education
and social power show a marked transition from risk-threshold = 0.3, driven by the health
classification rule that regulates early educational accumulation. Income remains stable
and functions mainly as a condition in the binary exclusion rule.

The sociological contribution lies in the distinction between vulnerability, episodic
exclusion and consolidated exclusion. The model suggests that exclusion can arise from in-
tersecting disadvantages and decline when local interaction and educational accumulation
restore protective capacities. For the analysis of deafblindness, this supports a relational
interpretation of exclusion. Communication support, accessible health care, specialist
education, income security and social power are mechanisms through which vulnerability
may become a persistent exclusion or remain an episodic condition. The model offers a
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formal framework for studying mediated vulnerability and for developing more precise
simulations of exclusion in contexts related to deafblindness.
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Abbreviations

The following abbreviations are used in this manuscript:

Abbreviation Meaning

ABM Agent-based model

ANOVA Analysis of variance

CRPD Convention on the Rights of Persons with Disabilities
ODD Overview, design concepts and details protocol

SD Standard deviation

SDGs Sustainable development goals

WEDB World Federation of the Deafblind

Appendix A

The model is described according to the ODD protocol in order to make explicit its
purpose, entities, state variables, scheduling, design concepts, initialisation, submodels and
interpretive boundaries. This description is necessary because the model is not intended as
a direct empirical simulation of deafblind lives, but as a formal abstraction of mediated
vulnerability. Its analytical purpose is to examine how binary exclusion may emerge when
restricted access to social-health mediation intersects with low income, and how such
exclusion may become episodic rather than consolidated under local recovery dynamics.

Table A1. ODD components and description.

ODD Description for the Manuscript
Components
The model is designed to formalise, in exploratory terms, the
emergence and reversibility of social exclusion in a population of
agents exposed to mediated vulnerability. It does not estimate the
real prevalence of exclusion among people with deafblindness. It
represents an abstract sociological mechanism in which exclusion
Purpose

emerges when limited access to social-health mediation coincides
with low income. The analytical aim is to distinguish
vulnerability, episodic exclusion and consolidated exclusion
under explicit rules of local interaction, educational accumulation
and relative income stability.
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Table Al. Cont.

ODD
Components

Description for the Manuscript

The main entities are individual agents implemented as turtles in
NetLogo. Each agent represents an abstract social unit exposed to
different levels of risk, education, income and access to
Entities social-health mediation. The spatial environment is the
two-dimensional NetLogo world, used as a relational space for
local interaction. It should not be interpreted as an
empirical geography.

Each agent has the following state variables: social-risk-level,
which indicates individual social risk; social-health-status, which
classifies the agent as healthy or ill according to the comparison
between risk and threshold; individual-education-level, which
represents educational accumulation or formative capacity;
individual-income-level, which represents available economic
resources; access-to-social-health, which represents effective
access to social, health-related and communicative mediations;
social-power, calculated as the product of education and income;
social-exclusion, calculated as the inverse of access to social
health; and is-excluded?, which identifies the binary exclusion
condition. At the global level, the model records total-excluded,

total-non-excluded, average-risk, average-income,
average-education, average-access-to-social-health,
average-social-power and average-social-exclusion.

State
variables

The model starts with an initial population of 1000 agents and
runs for a maximum of 500 ticks. Risk, education, income, access,
social power and exclusion values are bounded within the closed
interval [0, 1]. The NetLogo space functions as a relational scale
for local interaction. The neighbourhood radius used in the
influence rules is 1. A tick does not correspond to a defined
empirical unit of chronological time; it represents a discrete step
in the updating of the system.
At the beginning of each simulation, the setup procedure clears
the environment, creates 1000 agents, initialises their variables
and calculates the global indicators. The go procedure is then
repeated until 500 ticks have elapsed. At each tick, agents move,
update their access to social health through neighbourhood
Process overview interaction, recalculate their exclusion condition, adjust risk,
and scheduling education and income through local influence, accumulate
education during the first 30 ticks, undergo limited random
income fluctuation, reassess their social-health status and update
their colour. At each tick, a new agent may also be created with
probability 0.02. Global counters are updated at the end of
each tick.

The basic principle of the model is that social exclusion is not
reducible to an individual attribute. It emerges from the

relationship between access, economic resources, education and
social interaction. The model formalises vulnerability as relational

exposure and binary exclusion as a conjunctive condition. An
agent becomes excluded only when low access to social health
coincides with low income. This rule represents the sociological
proposition that disadvantage becomes more severe when it is
compounded across domains.

Scales

Design concepts:
basic principles
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Table Al. Cont.

ODD
Components

Description for the Manuscript

Design concepts:

emergence

Aggregate exclusion emerges from local rules applied to
individual agents. The total number of excluded agents is not
imposed externally. It results from the initial distribution of access
and income, local interaction, random perturbation and the
binary rule combining low access and low income. The
distinction between exclusion peaks and final exclusion is an
emergent outcome of the model dynamics.

Design concepts:

adaptation

Agents do not maximise utility and do not make strategic
decisions. Adaptation is mechanical and relational. Each agent
modifies access, risk, education and income through averaging

with neighbouring agents. Adaptation, therefore, represents local
social influence, exposure to relational environments and partial
diffusion of social conditions.

Design concepts:

objectives

Agents have no explicit objectives. The model includes no
preferences, deliberation or rational choice. The analytical
objective belongs to the researcher and consists of observing how
states of exclusion are generated and reversed under
specified rules.

Design concepts:

learning

The model includes a limited form of learning or capacity
accumulation through the increase in individual-education-level
during the first 30 ticks. Agents classified as healthy receive larger

educational increments than agents classified as ill. This rule
represents, in abstract form, the idea that agents placed in less
adverse conditions accumulate educational capacity more rapidly.

Design concepts:

prediction

Agents do not predict future states and do not anticipate
consequences. All updates depend on current values, local
neighbourhood and stochastic perturbations.

Design concepts:

sensing

Agents only “sense” the aggregated values of neighbours located
within radius 1. Operationally, the model calculates
neighbourhood means for access, risk, education and income.
This rule does not represent subjective perception. It represents
formalised local influence.

Design concepts:

interaction

Interaction occurs through local averaging. If an agent has
neighbours within radius 1, its access to social health moves
towards the neighbours” mean access value, with a small random
perturbation. Risk, education and income are similarly moved
towards the mean values of the immediate relational
environment. Interaction, therefore, functions as a mechanism of
relational convergence.

Design concepts:

stochasticity

The model contains stochasticity in the initialisation of risk,
education, income, access and spatial position. It also includes
stochasticity in movement, variation in access to social health,
occasional income fluctuation and the creation of new agents.

This stochasticity produces variability between
BehaviourSpace runs.

Design concepts:

collectives

The model does not include organised collectives, differentiated

institutions, families, formal networks, organisations, services or

explicit social groups. Collectivity appears only as an aggregate
structure generated by interaction among individual agents.
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Table Al. Cont.

ODD
Components

Description for the Manuscript

Design concepts:
observation

The model observes outcomes through global counters. At each
tick, it records the number of excluded agents, the number of
non-excluded agents and the population means of risk, income,
education, access to social health, social power and social
exclusion. BehaviourSpace exports run-level summaries,
including final, minimum, maximum and mean values for the
selected reporters.

Initialisation

In setup, the model creates 1000 agents. Each agent receives a
random position, a social-risk-level drawn from a uniform
distribution between 0 and 0.5, an individual-education-level
drawn from a uniform distribution between 0 and 0.5, an
individual-income-level drawn from a uniform distribution
between 0 and 0.5, and an access-to-social-health value drawn
from a uniform distribution between 0 and 1. Social-health-status
is initially set to healthy, but changes to ill if the social-risk-level
exceeds the risk-threshold. The initial social-power is calculated
as education multiplied by income. The initial social-exclusion is
calculated as one minus access to social health. is-excluded? is
initially set to false and then updated during the simulation.

Input data

The model uses no external empirical input data. Initial values
are generated through random distributions specified in the code.
The external experimental parameter is risk-threshold,
manipulated in BehaviourSpace with six values: 0.1, 0.2, 0.3, 0.4,
0.5 and 0.6.

Submodel:
social-health status
classification

The social-health status is determined by comparing the
social-risk-level with the risk-threshold. If an agent’s risk exceeds
the threshold, the agent is classified as ill; if the risk is equal to or

below the threshold, the agent is classified as healthy. This
category should not be interpreted as a clinical diagnosis. It is an
internal modelling classification that regulates the rate of
educational accumulation.

Submodel: access-
to-social-health
update

At each tick, each agent identifies neighbours within radius 1. If
neighbours are present, the agent calculates the mean
neighbourhood value of access-to-social-health and updates its
own access as the average between its previous value and the
neighbourhood mean, plus a random perturbation between —0.05
and 0.05. The resulting value is bounded within [0, 1]. This rule
represents local influence on effective access to social and
health-related mediations.

Submodel: binary
exclusion

Binary exclusion is calculated through a conjunctive rule. An
agent is classified as excluded when access-to-social-health < 0.3
and individual-income-level < 0.2. If either condition is not met,

the agent is not classified as excluded. This rule formalises the
idea that severe exclusion emerges when restricted access
coincides with economic vulnerability.

Submodel:
continuous
exclusion score

The continuous social exclusion score is calculated as
social-exclusion = 1 — access-to-social-health. This variable
represents relational deprivation of access. By mathematical

construction, its relationship with access is perfectly
complementary. It should therefore be interpreted as a derived
formal indicator rather than as an empirically
independent variable.
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Table Al. Cont.

ODD
Components

Description for the Manuscript

Submodel:
neighbourhood
influence

Agents update the social-risk-level, individual-education-level
and individual-income-level through averaging with neighbours
within radius 1. This rule tends to reduce extreme values and
produce partial convergence among nearby agents. Values are
then bounded within [0, 1].

Submodel:
educational
accumulation

During the first 30 ticks, agents increase their education level.
Agents classified as healthy receive a random increment between
0 and 0.05. Agents classified as ill receive a random increment
between 0 and 0.025. This rule introduces an early cumulative
advantage for agents below the risk threshold.

Submodel: income
fluctuation

At each tick, each agent has a probability of 0.1 of undergoing a
random income change. The variation ranges from —0.05 to 0.05.
Income is then bounded within [0, 1]. This rule introduces limited

economic fluctuation, but it does not model structural
stratification, unemployment, labour-market discrimination or
asset accumulation.

Submodel: social
power

Social power is calculated as social-power =
individual-education-level individual-income-level. This rule
defines social power as a composite capacity produced by
education and income. Since income remains relatively stable in
the model, the main variations in social power are primarily
driven by educational accumulation.

Submodel:
population
renewal

At each tick, there is a probability of 0.02 that one new agent will
be created. The new agent is initialised according to the same
rules as the initial population. This rule introduces additional

heterogeneity during the simulation and prevents the population

from being completely closed.

Output measures

The main outputs are total-excluded, total-non-excluded,
average-risk, average-income, average-education,
average-access-to-social-health, average-social-power and
average-social-exclusion. The article analyses final exclusion,
peak exclusion, mean exclusion, cumulative burden, education,
income, access, social exclusion and social power across
BehaviourSpace runs.

Experimental
design

BehaviourSpace runs the model for six values of risk-threshold:
0.1,0.2,0.3,0.4, 0.5 and 0.6. The analysed export contains 1593
runs: 300 runs for each threshold from 0.1 to 0.5, and 93 runs for
0.6. Each run lasts for 500 ticks. The 0.6 condition should be
interpreted cautiously because it includes fewer repetitions.

Model
assumptions

The model assumes that risk, education, income, access, social
power and exclusion can be represented through continuous
variables bounded between 0 and 1. It also assumes that local
interaction can be approximated through neighbourhood
averaging. Binary exclusion is assumed to emerge from the
conjunction of low access and low income. Education functions as
an early cumulative capacity, while income functions as a
relatively stable vulnerability condition.
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Table Al. Cont.

ODD
Components

Description for the Manuscript

Model boundaries

The model does not include differentiated institutions, public
policies, labour markets, families, specialised services, assistive
technology, interpreters, mobility support, tactile communication,
administrative recognition or real-life course trajectories. It
therefore does not simulate the empirical lives of people with
deafblindness. It represents a formal abstraction of mediated
vulnerability inspired by sociological problems documented
in deafblindness.

Verification

Internal verification requires checking that all bounded variables
remain within [0, 1], that global counters correspond to individual
states, that binary exclusion is activated only under the defined
conjunctive condition, that social-exclusion maintains the relation
1 — access-to-social-health, and that social-power is recalculated
after education and income updates. The current code should
adjust the order of the social-power calculation to avoid
within-tick lag.

Validation strategy

Validation should be understood as a mechanism validation
rather than an empirical prediction. The model can be assessed
through sensitivity analysis of risk-threshold, inspection of
trajectories, comparison between exclusion peaks and final states,
replication of runs, code review and qualitative comparison with
the literature on deafblindness, participation, inclusive education,
service access and disability. A future version could incorporate
empirical calibration using external indicators of access,
education, employment, communicative support and
social participation.

Interpretive status

The model should be interpreted as an exploratory sociological
simulation. Its results show what occurs under the implemented
rules, not what necessarily occurs in social reality. The observed

reversibility of exclusion depends on local convergence,
educational accumulation and relative income stability. The main
contribution is therefore conceptual and generative: the formal
distinction between vulnerable exposure, episodic exclusion and
consolidated exclusion.
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Appendix B

NetLogo simulation code
globals [
total-excluded
total-non-excluded
average-risk
average-income
average-education
average-access-to-social-health
average-social-power
average-social-exclusion

I

turtles-own [
social-risk-level
social-health-status
individual-education-level
individual-income-level
access-to-social-health
social-power
social-exclusion
is-excluded?

to setup
clear-all
;; set risk-threshold 0.25

create-turtles 1000 [
setxy random-xcor random-ycor
initialise-turtle

]

update-counters
reset-ticks
end

to initialise-turtle
set social-risk-level random-float 0.5
set social-health-status "healthy"
set individual-education-level random-float 0.5
set individual-income-level random-float 0.5
set access-to-social-health random-float 1

set social-power individual-education-level * individual-income-level
set social-exclusion 1 - access-to-social-health
set is-excluded? false

if social-risk-level > risk-threshold [
set social-health-status "ill"

]

if social-health-status = "ill" [ set colour red ]

if social-health-status = "healthy" [ set colour green ]
end
to go

if ticks >=500 [ stop |

ask turtles [
fd 2
rt random 360

let neighbours other turtles in-radius 1
if any? neighbours [
let average-access-neighbours mean [access-to-social-health] of neighbours
set access-to-social-health
((access-to-social-health + average-access-neighbours)/2)
+ (random-float 0.1 - 0.05)
]
if access-to-social-health > 1 [ set access-to-social-health 1 |
if access-to-social-health < 0 [ set access-to-social-health 0 |

let excluded? (access-to-social-health < 0.3 and individual-income-level < 0.2)
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set is-excluded? excluded?
set social-exclusion 1 — access-to-social-health

let neighbours-influence other turtles in-radius 1

if any? neighbours-influence [

let average-risk-neighbours mean [social-risk-level] of neighbours-influence

let average-education-neighbours mean [individual-education-level] of neighbours-influence
let average-income-neighbours mean [individual-income-level] of neighbours-influence

set social-risk-level (social-risk-level + average-risk-neighbours)/2
set individual-education-level (individual-education-level + average-education-neighbours)/2
set individual-income-level (individual-income-level + average-income-neighbours)/2

]

;; clamps (keep it at 0.1 for stability)

set social-risk-level max list O (min list 1 social-risk-level)

set individual-education-level max list 0 (min list 1 individual-education-level)
set individual-income-level max list 0 (min list 1 individual-income-level)

set social-power individual-education-level * individual-income-level
if ticks <30 [
if social-health-status = "healthy" [
set individual-education-level individual-education-level + random-float 0.05
1
if social-health-status != "healthy" [
set individual-education-level individual-education-level + random-float 0.025
1
5 clamp tras incremento
set individual-education-level max list 0 (min list 1 individual-education-level)

if random-float 1 <0.1 [
set individual-income-level individual-income-level + (random-float 0.1 - 0.05)
set individual-income-level max list 0 (min list 1 individual-income-level)

1

if social-risk-level > risk-threshold [
set social-health-status "ill"

1

if social-risk-level <= risk-threshold [
set social-health-status "healthy"

1

if social-health-status = "{ll" [ set color red ]
if social-health-status = "healthy" [ set color green ]
]

if random-float 1 < 0.02 [
create-turtles 1 [
setxy random-xcor random-ycor
initialise-turtle
]
]

update-counters
tick

end

to update-counters

set total-excluded count turtles with [is-excluded?]
set total-non-excluded count turtles with [not is-excluded?]

set average-risk mean [social-risk-level] of turtles

set average-education mean [individual-education-level] of turtles

set average-income mean [individual-income-level] of turtles

set average-access-to-social-health mean [access-to-social-health] of turtles
set average-social-power mean [social-power] of turtles

set average-social-exclusion mean [social-exclusion] of turtles

end
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