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The article proposes an integrated biomimetic framework for teaching and applied
modelling in the discipline of “Labour Economics and Social and Labour Relations”. At
its core is a combination of three ideas: stigmergic coordination as a mechanism of
indirect interaction through “traces” in a shared environment (substitution market,
change boards, access rules), swarm optimisation (Ant Colony Optimisation, ACO) as
the dynamics of reinforcing “successful” employee assignments — change by analogy
with pheromone routes and Physarum networks as a model of the evolution of a reference
network of assignments, in which the conductivity of useful connections “thickens” and
ineffective channels “dry up” thanks to simple rules of reinforcement and evaporation.
The framework is designed specifically for educational and management situations where
it is necessary to balance operational quality (full coverage of changes, compliance with
standards, minimization of the “price” of the schedule) with people-centred guidelines
(fair distribution of time, consideration of preferences, ergonomics of working time and
predictability), recommended by international guidelines. It provides teachers with a
visual tool to demonstrate how local rules (penalties, weights, restrictions) create macro-
level equilibrium, and managers with a transparent methodology for constructing fair
and resilient schedules that are acceptable to social partners. Theoretically, the article
draws on contemporary trends in biomimetics in management and production systems,
where self-organization, adaptation and resource allocation occur not according to
command logic, but through local signals and minimal rules. Translated into the language
of labour economics, this logic allows us to view the labour market and internal
organizational schedules as networks that evolve in response to shortages/surpluses,
preferences and regulatory constraints. The paper adopts a consistent, unified formulation
of the problem in the form of a two-part graph “employees <« shifts”, where each
potential assignment corresponds to a cost function c(e) — a weighted sum of “hard”
and “soft” components (night and holiday intervals, skill matching, preferences, overtime
and fairness regulator (penalty for deviation of individual hours from the target range)).
This formulation, firstly, makes the purpose of the model transparent to the audience
and, secondly, allows the formation of a Pareto curve “quality <> fairness” and the
selection of solutions acceptable to the parties to the social dialogue.
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Introduction decentralised coordination through markers/traces:
The didactic module consists of two scarce changes “glow” brighter, participants compete/
complementary lessons. The first, “Market of Change cooperate for “slots,” and the teacher moderates the
and Stigmergy,” recreates the conditions of rules of signal honesty and limits. The second,
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“ACO/Physarum Simulator,” translates the intuition
of stigmergy into a formal space: students adjust the
weights of the “price” components, launch ACO or
Physarum dynamics, observe how the necessary
connections “thicken,” and evaluate decisions on the
metrics panel. This pair of classes simultaneously
develops systematic thinking (from local action to
global patterns) and digital literacy in the areas of HR
analytics and change management, which is a valuable
learning outcome of the course “Labour Economics
and Social and Labour Relations.”

Biometric models transfer the principles of self-
organization, adaptation, resource allocation and
coordination from biological systems (ecosystems, insect
colonies, immune networks, vascular structures) to socio-
economic analysis. Their strength lies in simple local
rules (signals, “tags,” thresholds) that generate global
order without rigid centralized control. Recent reviews
in production systems and management demonstrate
the explosive growth of biomimicry applications —
from logistics to the design of sustainable organizations,
with a focus on resilience, resource and energy efficiency,
and flexibility to shocks [1; 2; 3; 4].

Methodologically, it is advisable to distinguish
at least five classes of bio-inspired approaches relevant
to the labour economy:

— swarm algorithms (ant/bee colonies) —
searching for routes and schedules where “pheromone”
reinforcements correspond to the best destinations
and policies [5; 9; 12];

— physarum models — networks that “thicken”
effective channels and “dry up” ineffective ones (useful
for assignments and balancing time flows) [5; 13];

— stigmergy — indirect coordination through
“tags” in a shared environment (message boards,
substitution markets, application queues) [7; 8];

— epidemiological/network metaphors of risk —
the spread of staff shortages and “chains” of disruptions
(analogous to R, risk) for preventive planning of mixed
changes and training [4];

— skill panarchy — adaptive r—K—Q—a cycles
at the individual/team/organisation/cluster levels
(framework for reskilling policies and anti-fragile
staffing strategies) [4].

The key advantages of biomimetic models for
work lie in the combination of “hard” standards and
“soft” preferences, in natural work with multiple criteria
(efficiency, fairness, health, safety), and in
explainability through the visual evolution of networks/
”traces.” The versatility of these methods is confirmed
in manufacturing, logistics, and educational and
management contexts [1; 2; 3; 4].

Analysis of research and publications

Biomimetics in labour economics stems from a
broader wave of work on transferring self-organization
and adaptation mechanisms from biological systems
to production and logistics processes. A review by
Cohen et al. notes that nature-inspired approaches —
from swarm algorithms to network metaphors — offer
better manageability of complexity, energy and resource
efficiency, and, most importantly, resilience in
environments subject to shocks [1]. A new wave of
publications emphasizes sustainable production, where
biomimetics is conceived not as a mere “optimization
trick” but as a framework for the regenerativity and
renewability of systems [2; 4]. Management-oriented
literature emphasizes the transition to an “ecosystemic”
view of organizations — with horizontal connections,
decentralization, and local decision-making rules [3].
Together, this creates a theoretical basis for rethinking
the organization of labour as a network of roles, signals
and constraints that evolves according to bio-like logic.

The second block of research is bio-inspired
planning and scheduling algorithms. For tasks such
as “employee-shift” and related production problems,
swarm approaches (Ant Colony Optimisation, ACO)
and derivatives are quite commonly used, which
reproduce the “pheromone” dynamics of reinforcing
successful decisions and “evaporating” unsuccessful
ones [9; 12]. A number of studies show that ACO is
suitable for both classic JSSP/FJSP and personnel
scheduling, where it is important to combine “hard”
standards with “soft” preferences [3; 9; 12]. A parallel
line is Physarum models that mimic the behaviour of
“smart slime mould”: useful channels “thicken” and
ineffective ones fade away; this works well for network
pathfinding tasks and can be interpreted as the
dynamics of a reference network of destinations in
work planning [5; 13]. In urban/infrastructure design,
such approaches are already used as network “growth
patterns” [11], which strengthens the argument in
favour of their explainability to the audience of the
academic discipline.

The third layer is stigmergy as a mechanism of
indirect coordination through “traces” in a shared
environment (message boards, exchange markets,
application queues). Empirical work in knowledge
management and collaborative platforms shows that
stigmergic signals can scale collective activity without
rigid centralization [7], and engineering research in
the world of robotics mimics these mechanisms to
create sustainable collective behaviours [8]. For the
labour economy, this means that “light” traces of
demand/shortage (shortages “glow” brighter) can
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reduce the transaction costs of coordination in daily
operations and at the same time serve as a visual
teaching tool.

The fourth block is fairness, working time
ergonomics, and participatory planning. International
ILO reviews show a steady demand for flexible
arrangements, work-life balance, transparent schedules,
and predictable changes [10]. Applied research in
healthcare and service industries is producing models
that incorporate principles of fairness and co-design
of schedules — from co-designing scheduling principles
to assessing the effects of participatory planning on
health and employment stability [15; 16].
Comprehensive reviews of industrial workforce
planning are also moving from a “cost minimization”
to a human-centered perspective, where fairness metrics
are becoming paramount alongside operational quality [6;
14]. It is this evolution that is driving the integration of
“fairness regularizes” into the cost function of assignments
and the assessment of trade-offs between productivity, health
and ethics in a single model.

Finally, integration works at the intersection of
the above areas suggest comparing bio-inspired
algorithms with “classical” mathematical formulations
(MIP/mathe-heuristics) using a single set of
metrics — coverage quality, weighted “price” of the
schedule, inequality of hours (Gini), norm violations,
speed of recovery after shock, institutional acceptability
for social partners [12; 14—16]. This opens the way
not only to technical benchmarking, but also to
pedagogical applications — where students can observe
the emergent dynamics of decisions and learn to form
politically and ethically acceptable compromises.

A review of the literature provided a proven theory
and case studies of biomimetics in operations [1—35;
11—13], tools for fairness and participation in schedules
[6; 10; 15; 16], and stigmergy mechanisms as “easy”
coordination [7; 8]. At the same time, there is a lack
of a comprehensive framework that, in a single
formulation: combines ACO and Physarum as
alternative dynamics of self-organization, encodes
fairness as a first-order regulator in the cost function
itself, validates these approaches against the MIP
benchmark on metrics of quality, resilience, and social
acceptability, and translates all these elements into a
didactic module for the course “Labour Economics
and Social and Labour Relations.” This article aims
to fill this gap.

Thus, the main objectives of the study are to
synthesise the theoretical foundations of biomimetics
for work organization and to form a conceptual scheme
“ant colony — schedule system”; to formulate a unified
mathematical formulation of the assignment problem
with a cost function that includes a fairness regulariser,

and to describe the dynamics of ACO and Physarum
as alternative mechanisms of self-organization; to
construct a didactic module (simulations, tools,
assessment rubric) for the course “Labour Economics
and Social and Labour Relations”; to conduct a
comparative assessment of ACO, ACO+fairness and
Physarum relative to the MIP benchmark on metrics
of coverage, weighted “price”, Gini index, norm
violations, and recovery time after shock; discuss
implications for social dialogue (HR services, trade
unions, employee councils) and outline limitations
and directions for further research.

The purpose of the article

The purpose of the article is to develop and
justify a biomimetic framework for teaching “Labour
Economics and Social and Labour Relations,” which
combines stigmergic logic, swarm algorithms (ACO)
and Physarum networks to build fair, resilient schedules
and to demonstrate its validity on a coordinated panel
of metrics for quality, fairness and speed of recovery.

Presentation of the main material

The development of modern technologies has a
systemic impact on the formation of modern
approaches to teaching the discipline of “labour
economics and social and labour relations.”
Methodologically, two alternative (and mutually
verifiable) dynamics of self-organisation are proposed.
In ACO mode, “agent-ants” form destination routes;
edges with low cost c(e) are reinforced by
“pheromones,” while “expensive” ones fade away,
evaporation prevents frozen lock-in, and global/local
reinforcement controls convergence. “Fairness” is
introduced as a separate penalty in c(e) or as negative
reinforcement in the pheromone update for “overfed”
workers; this allows the model to be directly aligned
with the principles of decent work and time ergonomics.
The Physarum mode is conceived as a dissipative
network with conductances De on the edges;
conductivity increases in proportion to the useful flow
of hours, decreases due to “evaporation,” and after
several iterations, a “reference” subnetwork of thick
connections is formed, like a ready-made schedule
that can be easily rearranged in case of shocks
(cancellation of changes, illness). Both modes differ
in their explanatory “language,” but together they
demonstrate to students how local amplification
generates global order, and why small changes in
criterion weights lead to systemic shifts in decisions.

To ensure scientific validity and relevance, the
article proposes a comparative research design. Based
on 3—6 months of shift logs, a two-part graph
“employees <« shifts” is constructed with detailed
restrictions (qualifications, limits, rest periods, night/
holiday shifts, substitution and overtime rules). Next,
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sequential experiments are performed in three modes:
basic ACO, ACO with a built-in fairness regulator,
and Physarum dynamics. For correct benchmarking,
an MIP benchmark (mixed integer programming) is
added within the acceptable time and optimality for
large instances. All models work with identical weights
of the “price” components, and the hyperparameters
ACO (a, B, p) and Physarum (2, k) are calibrated on
training sub-sets and “frozen” before evaluation. This
procedural alignment creates conditions for a “clean”
comparison, where differences in results are interpreted
as a consequence of self-organization mechanics rather
than parameter “tweaking”.

The metrics panel combines operational and
socio-labour criteria (proportion of uncovered hours,
weighted average “price” of the schedule, number of
violations of standards, Gini index for hours worked;
proportion of undesirable/night shifts per employee;
recovery time after shocks as an indicator of resilience.
To measure the institutional acceptability of the
decision, experts (employer/trade union/employee
council) additionally assess it on a Likert scale with
open comments; expectations regarding compromises
are consistent with the recommendations of the
International Labour Organisation on work-life
balance, flexible working arrangements and predictable
schedules [10; 16]. It is proposed to perform statistical
verification using bootstrapping with a 95% confidence
interval, Wilcoxon—Mann—Whitney tests, and
reporting of effect sizes (Cliff’s d), as well as taking
into account computational costs. This design of
metrics and procedures allows us to show that “fair”
configurations are not only possible but also controllably
achievable within a transparent model and realistic
constraints.

Hypotheses are formulated in such a way as to
test not only “who is better,” but also why. First
(HT), ACO with a fair regulariser reduces inequality
(Gini) without significant loss of coverage quality or
increase in “price”; second (H2), Physarum dynamics
have a shorter recovery time after shock due to the
“self-tuning” property of flows; thirdly (H3), varying
the weights mi\omega_iwi in the cost function generates
predictable and stable changes in pheromone/
conduction patterns, which is critically important for
policy: increasing the weight of night-time or penalties
for unfairness systematically shifts decisions towards
health-preserving and ethically acceptable
configurations. The content of these hypotheses does
not contradict classical approaches (MIP), but rather
complements them in situations where adaptability,
explainability, and didactic clarity are required.

Special attention is paid to ethical safeguards
and bias control. First, multiple independent runs

with different initializations are used to eliminate the
risk of local compromises. Second, bias is controlled
inbuilt: a fairness regulariser is introduced into the
cost function, and a dashboard of indicators (Gini,
undesirable/nightly per employee, violations of norms)
is introduced into reporting. Thirdly, transparency is
ensured: each experiment is accompanied by “decision
logs” recording the weights, rules and contributions
of individual terms to the marginal cost of the
assignment. This approach makes the model
technically stable and legitimate in the eyes of social
partners: decisions can be verified, explained and
defended in the negotiation process without sacrificing
production quality and ethical standards.

From a didactic point of view, the article’s
contribution lies in the fact that the proposed module
“grounds” abstract optimization tools in specific
learning activities: students adjust weights, experiment
with constraints, observe convergence dynamics, and
justify their choice of compromises. This strengthens
policy analysis skills (how to change parameters to
achieve a fairer schedule) and fosters a culture of
ethical planning. For the teacher, the module is a
ready-made “pedagogical bridge” from theory to
practice, explaining why in complex systems direct
“manual” control often gives way to the design of
rules that allow the system to self-organize in the
desired direction. At the same time, visual aids (network
edge thickness, pheromone/conductivity map) simplify
communication with the audience and enhance
learning.

From a human resource management perspective,
the framework offers three direct benefits. The first is
the measurability and controllable increase in the
redundancy of critical skills: the reserve indicator (how
many employees are capable of performing one
operation interchangeably) is naturally built into the
cost of edges and becomes the basis for targeted
reskilling. The second is fairness as a first-order
constraint: models reduce imbalances, equalize hourly
funds and increase the acceptability of schedules for
employees/trade unions. Third, speed of recovery from
shocks: ACO/Physarum networks reduce restructuring
time without violating rest standards, which is especially
important in sectors with turbulent demand. Together,
this creates operational resilience, ethical legitimacy,
and a basis for constructive social dialogue.

The originality and scientific contribution of
the article lie in four points. First, in the holistic
integration of stigmergy, ACO and Physarum within
a single framework that directly encodes fairness into
the cost function. Second, in the comparative design,
which allows the difference between approaches to be
interpreted precisely through the mechanics of self-
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organization. Third, in the didactic elaboration:
lessons, tools, and an assessment section are proposed,
making the framework reproducible in a university
classroom. Fourth, in linking the results of modelling
with the guidelines of international organizations on
humane working time regimes — this provides not
only “technical” optimization, but also politically
acceptable solutions for social partners [10; 16].

The limitations of the study are directly related
to the data and context. First, for some organizations,
the set of employee preferences is incomplete or
contains noise, in which case it is advisable to apply
standardization and confidence coefficients in the
relevant cost terms. Second, some constraints (e.g.,
unwritten rules of change) are less formalized than
legal/contractual ones; this is compensated for by a
“rule log” and a gradual transition to coding soft
constraints as penalties. Third, comparisons with
MIP for very large instances require time limits to
ensure representativeness; therefore, the authors
emphasize “qualitative” parity (uniform weights/
constraints) as a condition for a fair benchmark.
Finally, the results are sensitive to the weights of
the criteria; however, it is precisely this sensitivity
that is didactically useful, as it shows students how
political and ethical decisions parameterize the space
of possible outcomes.

In summary, the article demonstrates that
biomimetic models are not just a metaphor, but an
applied tool for teaching and practice in the field of
labour. Thanks to simple and transparent rules of
self-organization (reinforcement of useful channels,
evaporation of ineffective ones, penalties for injustice),
it is possible to obtain balanced, explainable and
reproducible schedules that quickly link theoretical
concepts (stigmergy, swarms, dissipative networks) with
everyday HR and social dialogue practices. For teachers,
it is a ready-made pedagogical toolkit, for managers
— a methodological support in complex environments
with turbulent demand, for employees and trade unions
— a transparent procedure for agreeing compromises
with fairness as the key objective. The framework is
compatible with international guidelines on working
time and quality of working life, and its experimental
logic provides a basis for the transition from “manual”
planning to managed self-organization, in which rules
and weights openly determine socially desirable
outcomes.

Biomimetics is particularly useful for teaching
“Economics of Labour and Social and Labour
Relations” because it develops several skills that are
fundamental to the formation of a manager, namely:

— systemic thinking, since with this approach,
the labour market can be viewed as a multi-level

network of players and rules. Biomimetic simulations
allow us to “see” how local decisions (rates, surcharges,
night-time restrictions, employee preferences)
crystallise into global results — employment, turnover,
balance of shifts, quality of working life [1; 4];

— learning through action. Interactive models
(swarms, Physarum) clearly demonstrate mode
transitions — from stable to crisis — and give students
tools for experimenting with policies and collective
agreements, which can initially be played out as
economic games and later actively implemented in
work processes [5; 13];

— the integration of “soft” criteria — preferences,
fairness, fatigue — can be easily coded as weights/penalties
in the “price” function of the edge, which forms a
culture of ethical change planning [9; 10; 15; 16];

— explicitness and transparency, as students can
see why certain “ribs” have been strengthened (strong
demand, relevant skills, “fair” hours), which is quite
difficult to explain using other methodological
techniques when analysing social dialogue with trade
unions and employee councils [7; 15].

Systemic thinking. The labour market is a multi-
level network (employees, enterprises, trade unions,
the state). Biomimetics clearly demonstrates how local
incentives (wage rates, schedules, access rules) shape
collective outcomes — employment, turnover, fairness
of shift distribution.

Learning through simulation. Students see
dynamics in real time: how supply and demand signals
(analogous to pheromones) intensify or fade away,
how the network shifts between modes — from stable
to crisis.

Integration of “hard” and “soft” constraints.
Classical models often abstract from preferences,
fairness, and fatigue. Biomimetic models allow these
aspects to be woven into the “cost” of relationships
and the process of self-organization, bringing learning
closer to the real practice of HR and social partnership.

Explainability. The visual evolution of the
network (thickening of “useful” connections, drying
up of ineffective ones) helps to interpret the
compromises of employment policy.

Global ILO reviews identify long-term trends:
demand for flexible working hours, work-life balance,
as well as more even distribution of hours and
transparency of schedules [10], which directly
reinforces the need for models that not only “minimize
costs” but also inherently take into account fairness,
preferences and employee health [15; 16]. Biomimetic
approaches provide a natural mathematical framework
for this (local reinforcement, fading of “incompatible”
connections, dynamic network reformatting without
“manual” micromanagement).

Biomimetic modelling in teaching the discipline “Economics of labour and social labour relations”
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Recent studies show that the use of biomimetics
in manufacturing processes can significantly increase
the resilience and adaptability of technological and
management systems. For example, the article
Biomimetics in Sustainable Manufacturing: Towards
a New Model for Enhancing Resilience proves that
imitating natural mechanisms allows for the
development of resilient, flexible, and resource-efficient
production models [3]. In addition, biomimetic
modelling in management enables organizations to
develop as ecosystems — with decentralisation, feedback
and regenerativity, which contributes to the
construction of more resilient organizational structures
(Ordonez-Iturralde, 2025) [3].

Let us consider how this might look in the
context of increasing the attractiveness of metallurgical
enterprises within the discipline of “labour economics

and social and labour relations”, which involves the
following key stages: selecting a natural prototype that
reflects adaptability in a turbulent environment (e.g.,
ant colonies (resource optimization) or symbiotic
systems (interdependent stability)), transforming
biological principles into business strategies, including
decentralization of management, resource reservation,
division of functions, synergy between departments,
simulation of shock scenarios, i.e. modelling crises
such as sharp increases in costs or supply disruptions,
and testing the system’s response by analogy with the
adaptation of living organisms, implementing adaptive
measures that form the basis for strategic flexibility,
reducing risks and increasing investor confidence.

The ant colony model is best suited for analysis,
and the conceptual diagram of biomimetic modelling
is shown in the figure below.

defines the long-term goals and
‘ strategy of the enterprise

strategic center

operational staff

security service and nisk
management

X

ensure production processes,
quality control, technological
mnovations

protect assets, information,
investment stability

information exchange system

4

transmait data on the market,
equipment status, financial
indicators

i‘i

Flexible business model

ensures a rapid response to
market changes and crisis events

Fig. Conceptual diagram of biomimetic modelling based on an ant colony for a metallurgical enterprise

Source: compiled by authors
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Based on the diagram used as a didactic bridge
between biology and labour economics (analogue of
an ant colony — business system), we adapt it to
social and labour relations: strategic center (enterprise
council/social partners), “worker ants” (teams),
“soldiers” (occupational safety/compliance), “scouts”
(recruiting/R&D), “pheromone trails” (IT scheduling
system, substitution market), adaptive behaviour
(flexible labour model) [1; 3].

c(e)=w1-night+w2-skill mismatch+w3-(5—preference)+w4-overtime+wS-injustice,

where wi are political and didactic weights.

In expression 5, the preference scale is inverted
into a penalty, i.e. the higher the employee’s preference
for change, the lower the penalty, and the lower the
preference, the higher the penalty. The goal is to
minimize the total “cost” of meeting the demand for
changes while complying with regulations (hours, rest
periods, collective agreement) and to balance individual
hourly balances. This approach is consistent with
recent work on incorporating preferences and fairness
into schedules [12; 15; 16].

At each iteration, the “ants” build destination
routes; the pheromone intensifies on edges with a low
“cost” and fades on “expensive” ones. We use
evaporation pe (0,1), local and global amplification,
and for fairness, an additional negative reinforcement
is used if the employee deviates from “fair” hours.
ACO is systematically used in schedules (particularly
medical ones), with positive results in terms of quality
and adaptability [9; 12; 16].

The main educational advantage of this approach
is that students can “see” how a change in wi (e.g.,
an increase in night weight) immediately changes
pheromone patterns and the final schedule. This is
ideal material for discussing trade-offs between
productivity, health, and fairness [10; 15].

In Physarum models, the conductivity of edge
De increases proportionally to the useful flow and
decreases due to “evaporation.” In the educational
task, we interpret the flow as the influx of hours
according to “good” employee-shift matches. The
advantage of this approach is its stable convergence to
a “thick” support network that balances shift coverage
and workload; it is also suitable for restructuring when
a shift is cancelled or an employee is ill [5; 13].

This biometric course is covered in the discipline
“Labour Economics and Social and Labour Relations”
in particular through two interactive classes
(60 minutes each), which have didactic materials,
assessment and practical aspects for the course, as
indicated below:

— practical exercise on topic 7, part 1 — Work

Let us formulate the problem based on the
following initial data: we have a bipartite graph

G=(PJS, E), (1)

where P is employees (with qualifications, limits,
preferences);
S is shifts (with requirements and standards);
E is potential assignments.
We assign a “price” to each edge ec E:

2

organization: regulating working hours and workloads
— “The market for change and stigmergy”;

— tools: Miro/Trello/Google Sheets (Kanban
methodology);

— steps: a) announce changes (those in short
supply “glow” brighter — stigmergy); b) students suggest
assignments/replacements; c¢) discuss how “traces”
(labels) guide behaviour and where regulation (limits,
rules) is needed;

— learning objective: explain indirect coordination
and the risks of label manipulation [7; 8] — from
process recording (note) to process line.

Practical exercise on topic 7, part 2 — Work
organisation: regulation of working hours and work
measures — “ACQO/Physarum simulator”. Input data:
30 employees, 7-day horizon, preferences (0—5),
qualifications, limits. Experiments: a) basic ACO;
b) model with increased fairness weight; ¢) shock
scenario (—10% staff availability). Discussion: how
the quality of schedules, Gini index of hours, % of
violations of norms, and «recovery time» after shock
change [9; 10; 12; 15; 16].

Learning outcomes are assessed according to the
following logic:

— decision analytics (30%): correctness of
formulation (constraints, weights), interpretation of
compromises;

— ethical dimension (25%): whether fairness,
health, and employee choice are taken into account
(connection with ILO guidelines) [10];

— modelling (30%): reasoning behind the choice
of ACO/Physarum, sensitivity experiments (p, oi),
quality of visualisations;

— communication (15%): clarity of presentation
for social dialogue parties (HR, trade union).

The consequences of the proposed biomimetic
approach for business practice naturally boil down to
three interrelated vectors of action. First, the model
allows for the measurement and controlled
improvement of critical skill redundancy: the reserve
indicator (how many employees are capable of
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performing one operation interchangeably) is built
into the cost of assignments function and becomes
the basis for targeted retraining and rotations. Second,
schedule fairness is seen not as an “additional bonus”
but as a first-order constraint: deviations of individual
hours from the target range are coded through a penalty
in the “price” function of the edge. This systematically
reduces imbalances, increases acceptability for social
partners and, as modern literature on staff scheduling
and nursing schedules shows, improves time
ergonomics and the quality of working life [12; 15].
Thirdly, the proposed framework increases the speed
of recovery from shocks (sudden illness, peak demand,
power outages): such events are interpreted as
“micro-Q” in the panarchy of skills, and
ACO/Physarum network dynamics, through the
evaporation and reconfiguration of “pheromones”/
conductivities, reduce the time required to restructure
the schedule without violating rest and collective
agreement norms [4; 5; 13]. As a result, the company
obtains a tool that simultaneously supports operational
stability, social acceptability and an educational
function: metrics for reservation, fairness and recovery
time can be transparently communicated in the
negotiation process and used as benchmarks for
continuous improvement of employment policy.

For reasons of reliability and academic integrity,
we accompany the proposed model with a clear
verification procedure and ethical safeguards. First, to
avoid getting stuck on local compromises, we obtain
decisions as a consensus of several independent runs
with different initializations and random seeds;
additionally, we conduct stress tests with variations in
the parameters o, B, p and penalty weights, as well as
sensitivity analysis to changes in regulatory constraints.
Secondly, we control bias not after the fact, but inbuilt:
we introduce a fairness regulator into the “cost”
function, and in our reporting we provide a panel of
indicators — the hour distribution coefficient, the
proportion of undesirable/night shifts per employee,
the frequency of violations of rest norms, the “overload”
index of departments, which allows us to construct a
clear Pareto curve “schedule quality <> fairness” and
select a compromise point acceptable to social partners,
consistent with the principles of decent work and
time ergonomics [15; 16]. Thirdly, we ensure
transparency and reproducibility — each experiment
is accompanied by a “decision log” recording weights,
rules, violated/activated restrictions and the contribution
of each component to the marginal “price” of the
assignment; we anonymize the data, document the
parameters and randomness for the repetition of results,
and regularly subject the procedure itself to external
audit with the participation of employee and employer

representatives. This design makes the model not only
technically stable but also legitimate from the point
of view of social dialogue: decisions can be verified,
explained, and defended in the negotiation process
without sacrificing either production quality or ethical
standards.

We verify the reliability and validity of the
proposed framework through a research design that
simulates real-life working conditions and, at the same
time, allows us to separate the effect of biomimetic
algorithms from alternative explanations. The empirical
basis consists of change logs for 3-6 months, broken
down by teams, qualifications, and roles; employee
profiles (competencies, hour limits, legal/collective
agreement restrictions, individual preferences for slots);
rest and night/holiday work standards; rules for
distributing overtime and substitutions. For each
observation week, we construct a two-part graph
“employees < shifts” with an edge cost function that
aggregates penalties for skill mismatches, working in
“difficult” intervals, deviations from declared
preferences, and from the target share of hours (fairness
component). Next, we reproduce the flow of
assignments using two bio-inspired mechanisms
(swarm optimization (ACO) and Physarum networks)
which, unlike rigidly centralized schemes, implement
local rules for signal reinforcement/evaporation and
therefore naturally adapt to changes in the environment
[5; 12; 13].

To distinguish the contribution of the
methodology itself from the settings, we use a
comparative design with three modes: basic ACO;
modified ACO with a built-in fairness regulator
(penalty for deviation of individual time funds from
the “fair” range); and Physarum dissipative dynamics,
where the conductivity of the edges increases
proportionally to the useful flow of hours and decays
in its absence. As a benchmark, we take a strict
mathematical standard — a mixed integer programming
formulation for assignments with time and legal
constraints and typical “soft” penalties; for large-scale
problems, we add the well-known matheventics, which
combines the MIP core with heuristic search space
pruning [12]. All models are run on identical data
sets and with identical weights of the “price”
components. The ACO (o, B, p) and Physarum (A, k)
parameters are selected on training sub-sets and fixed
before the main experiments. Such procedural control
allows us to compare methods “on equal terms” and
interpret differences as a consequence of the mechanics
of self-organization, rather than just the outer shell.

We assess effectiveness and acceptability using a
panel of metrics that reflects both operational and
social-labour goals. The operational block includes
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the proportion of uncovered hours (norm to zero),
the weighted average “price” of the schedule, and the
number of violations of standards (rest, continuity,
night limits). The social block measures the fairness
of time distribution using the Gini index based on
hours worked and the proportion of undesirable/night
shifts per employee. Additionally, we record the
“recovery time” after shocks (sudden staff shortages,
peak loads), which in our context we interpret as an
indicator of schedule resilience. For institutional
acceptability, we use expert assessments from
representatives of the employer/trade union/employee
council on a Likert scale with open comments; we
align expectations regarding priorities and compromises
with the International Labour Organisation’s
international recommendations on work-time balance
and flexible working arrangements [10; 16].

We formulate hypotheses so that they test not
only “who is better” but also the mechanism of
improvement. First (H1), we expect that the inclusion
of a fairness regulator in the ACO will statistically
significantly reduce the inequality of the distribution
of hours (Gini) without a significant deterioration in
the average “price” and coverage (the difference does
not exceed a predetermined small effect size). This is
consistent with empirical findings on working time
ergonomics in participatory planning systems [12;
16]. Secondly (H2), we expect that Physarum
dynamics achieve a shorter recovery time after a shock,
since “thick” channels themselves redirect flows to
relevant connections without a complete recalculation
of the decision [5; 13]. Thirdly (H3), changes in the
weights of the “price” components 11i generate
predictable and stable shifts in “pheromone”/
conductance patterns, which ensures policy
controllability: increasing the weight of night-time or
unfairness penalties systematically shifts the decision
towards more ethical and health-preserving
configurations without losing convergence.

We perform statistical verification on cross-
validation blends of weeks with repeated stochastic
runs. For each metric, we construct 95% confidence
intervals using bootstrapping, test the differences
between methods using non-parametric procedures
(e.g., Wilcoxon—Mann—Whitney), and report not only
p-values but also effect sizes (Cliff’s §). For time
complexity and scalability, we record CPU time and
convergence stability; for the MIP benchmark, we set
the same time/optimality limits to avoid the “penalty”
of large instances. We ensure reproducibility with an
open “decision log”: we record weights,
hyperparameters, randomness seeds, data version, and,
most importantly, the contribution of individual
components to the marginal “price” of assignments

so that social partners can reproduce and verify the
conclusions.

Ultimately, we interpret the validity of the results
in light of decent work policies: if models reduce
inequality in working hours and shorten recovery time
after shocks without violating rest standards, this
indicates practical significance for collective bargaining
and planning changes in sensitive sectors (healthcare,
manufacturing, services) [10; 12; 16]. This design
balances methodological rigour with realism of
application: we do not simply “win” in metrics, but
demonstrate a manageable and transparent procedure
that combines productivity, health and fairness —
precisely the benchmarks expected by modern labour
policy.

Conclusions

Biomimetics provides a unified, explainable and
practical framework for teaching “Labour Economics
and Social and Labour Relations.” It allows us to
teach systematic thinking, model trade-offs between
productivity, health and fairness, and design anti-
fragile HR policies and sustainable schedules. Specific
tools — ACO and Physarum — ensure adaptability,
acceptability to social partners and consistency with
current international guidelines on working time and
quality of working life [1—4; 5; 7; 10; 12—16].
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BIOMIMETUYHE MOJETIOBAHHSA V BUKJIAJTAHHI
JTUCHUILUITHA «EKOHOMIKA TIPAIII TA
COIIAJIbHO-TPYIOBUX BUIHOCUH»

Trkauenxo A. M., IToxcyesa T. O.

Y ecmammi 3anpononoseano inmeeposany oOiomimemuumy
PAMKY 8UKAAOGHHS Ma NPUKAAOH020 MOOCAIOBAHHS y OUCUUNAIHI
«Exonomixa npayi ma coyiarsho-mpydosi eionocunu». B ii yenmpi
NOEOHAHHA MPbOX [0ell — cmuemMepeitiHoi KOOpOuHauyii Ik MexaH-
i3My Henpsamoi 63aemodii uepe3 «caiou» y CHilbHOMY cepedosuuiyi
(pUHOK niomin, OowKu 3MiH, npasusa 0OCMyny), poeeoi onmumi-
sayii (Ant Colony Optimization, ACO) sk Odunamiku niocunenHs
«@0anux» NpusHa4eHb NPAYIGHUK—3MiHa 3a ananoeicio do gepo-
MOHHUX mapuipymie ma Physarum-mepesic sk modeni esonrouii
ONOPHOI Mepedci NPU3HA4eHb, Y AKIll NPOGIOHICIMb KOPUCHUX 36 3KI6
«mogcmiwiae», a Hee(heKMueHi KAHAAU <«GUCUXAIOMb» 3A80AKU
npocmum npasusam niOKpinaeHHs ma eunaposyeamus. Pamka
PO3po0OAeHA CNeuianbHo ni0 HABYAAbHI MA YRPAGAIHCHKI cumyauil,
de HeoOXIiOHO 30anrancyseamu onepayiiuny SKicmo (N06He NOKPUMms
3MIH, QOMPUMAHHS HOPMAMUGIE, MIHIMI3AUIS <UiHU» PO3KAA0Y) 3
AHOOUHOUESHMPUMHUMU OpieHmupamu (cnpasedaugicms po3nodiny
uacy, ypaxyeamHs nobaxicams, epeoHomika pobo4oeo uacy ma ne-
pedbauyearnicms), peKOMeHO0BAHUMU MINCHAPOOHUMU HACMAHO-
eéamu. Bona 3abesneuye euxnadauegi HAOYHUl IHCmMpyMeHm 0as
demoHcmpauii moeo, Ak A0KaAbHi npasusa (wmpagu, éazu,
00MeNCEeHHs) NOPOONHCYIOMb MAKPOPIGHe8Y pieHO8aARY, @ YNPAGAIH-
ylo — npo3opy mMemoouky KOHCMPYIOBAHHS CRPABeoAUsUX i pe-
BUNBEHMHUX 2PAIKIG, SAKI NPUUHAMHI 0451 COUIANbHUX NAPMHEPI8.
Teopemuuno cmamms cnupaemocsi HA CY4AcHi HAnpamu Oiomi-
MeMUKU 8 MeHeONCMeHmi ma eUPOOHUHUX CUCeMax, 0e camoop-
eanizayis, adanmauis i po3nodin pecypcie 6idoysaiomocs He 3a
KOMAHOHOK N02IKOH, a 4epe3 NOKAAbHI CUCHAAU Ma MIHIMAAbHI
npasuna. llepexnadena na mogy ekonomiku npayi, maka a02ika
d036045€ poszeasoamu pUHOK Npayi i 6HYMPIUHbOOP2AHI3AUIUHI
PO3KAGOU K Mepedci, Wo e8oNUIOHYIOMb Y 8i0n06ids Ha deqi-
yumu/HaoauwKu, npegepenyii ma pecyasmopti medxci. Y pobomi
NPUIIHAMO NOCAIO06HY €OUHY NOCMAHOBKY 3a0a4i y euensndi 060-
4aACMK08020 epapa «npayi6HUKU <> 3MIHU», e KOJICHOMY NOMeH-
YIHOMY NpU3Ha4eHHio ionogidae (yHkuyis eapmocmi c(e) — 36a-
HCEHA CYMA <«HCOPCMKUX» | <«M’ AKUX» KOMNOHeHmI@ (HiuHmi ma
ceamKo6i inmepeanu, i0ONogiOHicMb HABUHOK, YNOOOOAHHS, NO-
HAOHOPMOGI ma peeyaspuzamop cnpaeediugocmi (wmpag) 3a
GiOXUNCHHS [HOUBIOYanbHUX 200UH 8i0 Uinbosoeo dianasony). Take
opmyarosanns, no-nepuie, pobums memy mooeai npo3opoio 0as
aydumopii, no-dpyee, dae 3moey gopmysamu kpugy I[lapemo
«aKicmb <> cnpagedaugicmo» i iobupamu piuleHHs, NPULHAMHI
ons cmopin coyianbHo2o 0ianoey.

Kmouosi ciioBa: 6ioMiMeTMYHE MOJIC/IIOBaHHS, EKOHOMiKa
nmpaiti, couialbHO-TPYAOBi BiAHOCUHM, CTUTMEpris, Ant
Colony Optimization (ACO), Physarum polycephalum,
PE3UJbEHTHICTh, COLAIbLHUI Miajior.
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The article proposes an integrated biomimetic framework
for teaching and applied modelling in the discipline of “Labour
Economics and Social and Labour Relations”. At its core is a
combination of three ideas: stigmergic coordination as a mechanism
of indirect interaction through “traces” in a shared environment
(substitution market, change boards, access rules), swarm
optimisation (Ant Colony Optimisation, ACO) as the dynamics of
reinforcing “successful” employee assignments — change by analogy
with pheromone routes and Physarum networks as a model of the
evolution of a reference network of assignments, in which the
conductivity of useful connections “thickens” and ineffective
channels “dry up” thanks to simple rules of reinforcement and
evaporation. The framework is designed specifically for educational
and management situations where it is necessary to balance
operational quality (full coverage of changes, compliance with
standards, minimization of the “price” of the schedule) with people-
centred guidelines (fair distribution of time, consideration of
preferences, ergonomics of working time and predictability),
recommended by international guidelines. It provides teachers with
a visual tool to demonstrate how local rules (penalties, weights,
restrictions) create macro-level equilibrium, and managers with a
transparent methodology for constructing fair and resilient schedules
that are acceptable to social partners. Theoretically, the article
draws on contemporary trends in biomimetics in management and
production systems, where self-organization, adaptation and
resource allocation occur not according to command logic, but
through local signals and minimal rules. Translated into the language
of labour economics, this logic allows us to view the labour market
and internal organizational schedules as networks that evolve in
response to shortages/surpluses, preferences and regulatory
constraints. The paper adopts a consistent, unified formulation of
the problem in the form of a two-part graph «employees < shifts»,
where each potential assignment corresponds to a cost function
c(e) — a weighted sum of “hard” and «soft> components (night
and holiday intervals, skill matching, preferences, overtime and
fairness regulator (penalty for deviation of individual hours from
the target range)). This formulation, firstly, makes the purpose of
the model transparent to the audience and, secondly, allows the
Jformation of a Pareto curve «quality < fairness» and the selection
of solutions acceptable to the parties to the social dialogue.

Keywords: biomimetic modelling, labour economics, social
and labour relations, stigmergy, Ant Colony Optimisation (ACO),
Physarum polycephalum, resilience, social dialogue.
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