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1. Introduction

Collective dynamics concerns how interactions among individuals or constituent en-
tities generate system-level behaviors, patterns, and outcomes [1]. It provides a frame-
work for understanding phenomena across diverse domains, including animal groups,
human societies, organizational networks, supply chains, transportation systems, and
technological infrastructures. A central premise is that collective behavior cannot always
be explained by examining individual entities in isolation [2,3]. Rather, system-level out-
comes emerge from interactions among entities whose decisions, capabilities, and behav-
iors influence one another and evolve in response to changing conditions [2]. For example,
in animal groups, social feedback among individuals can amplify behavioral differences,
reinforcing leader—follower relationships and influencing collective movement. Similar
mechanisms operate in organizational and technological systems, where local decisions
and interactions can produce outcomes that extend beyond the intentions or capabilities
of individual participants.

Decision-making is fundamental to collective dynamics because it shapes how enti-
ties respond to their environments, interact with others, and contribute to collective out-
comes. Individual and organizational decisions may be guided by different objectives, in-
formation, decision policies, and perceptions of risk [4]. These differences can generate
cooperation, competition, coordination, and conflict, with consequences for overall sys-
tem performance. Consequently, understanding collective dynamics requires examining
not only how individual decisions are made but also how decisions interact, propagate,
and produce collective consequences.

Self-organization introduces an additional dimension to this challenge. It describes
the emergence of system-level order through local interactions among constituent entities
without requiring comprehensive centralized direction [5]. Although self-organization
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biguity, uncertainty, emergence, non-ergodicity, and non-monotonicity [6]. Ambiguity
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concerns situations in which the meaning of available information or the appropriate in-
terpretation of a situation is unclear. Uncertainty concerns incomplete knowledge of sys-
tem conditions, future events, or the consequences of alternative actions. Emergence refers
to system-level properties or behaviors that arise through interactions among constituent
entities and cannot be adequately understood by examining those entities independently.
Non-ergodicity challenges the assumption that long-run averages necessarily represent
the behavior of individual systems over time, while non-monotonicity describes situations
in which changes in inputs, interventions, or conditions do not produce consistently pro-
portional or unidirectional changes in outcomes. Together, these characteristics compli-
cate prediction, decision-making, coordination, and the assessment of system perfor-
mance.

These challenges are particularly consequential for contemporary sociotechnical sys-
tems, in which human, organizational, technological, and physical components interact
across multiple levels. Examples include chemical and commercial facilities, communica-
tions, critical manufacturing, the defense industrial base, emergency services, energy, fi-
nancial services, education, food and agriculture, government facilities, healthcare and
public health, information technology, transportation, and water and wastewater systems
[7]. In these settings, decisions made by individual actors or subsystems can influence
broader system behavior, while changes in the operating environment can alter the con-
sequences of previously effective strategies.

This Special Issue, Collective Dynamics, Decision-Making and Self-Organization in Com-
plex Systems, brings together research that examines complementary aspects of these chal-
lenges. Its contributions span computational modeling of collective behavior, Al-sup-
ported organizational decision-making, system dynamics, causal machine learning, and
the analysis of collective patterns in technological development. Collectively, the articles
offer insights into how interactions, decision policies, information, and organizational
structures shape outcomes in complex settings. They also provide a foundation for iden-
tifying research priorities concerning the design, governance, and adaptation of complex
systems operating under dynamic and difficult-to-predict conditions.

2. An Overview of Published Articles

The contributions to this Special Issue examine collective dynamics and decision-
making through different theoretical perspectives, methodological approaches, and ap-
plication domains. Although the articles do not address identical research questions, they
share an interest in understanding how interactions, information, interventions, and or-
ganizational arrangements influence system-level outcomes. Their contributions are sum-
marized below.

Pacella, Papadia, and Giliberti [8] investigate the selection of intervention policies for
customer retention, addressing the limitations of relying exclusively on conventional
causal-ranking metrics. Uplift modeling seeks to identify individuals whose behavior
changes in response to a particular intervention, rather than merely predicting their base-
line likelihood of an outcome. However, a policy that performs well according to a rank-
ing metric may not necessarily produce the greatest economic value or consistently iden-
tify the same target population across repeated model runs. To address this problem, the
authors propose a computational framework that jointly evaluates incremental revenue,
target-set stability, and policy interpretability. Their approach compares causal and non-
causal modeling techniques under repeated-run validation and uses surrogate decision
trees to translate selected policies into interpretable customer segments. Evaluations using
the Telco Customer Churn dataset reveal a trade-off between economic returns and tar-
geting stability. The findings also indicate that the relative performance of uplift models
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and traditional predictive approaches depends on the causal characteristics of the evalu-
ation setting.

This contribution demonstrates that decision quality cannot be assessed solely
through predictive or causal-ranking performance. The stability of recommended actions,
their economic consequences, and their interpretability also matter when models are used
to guide interventions. More broadly, the study highlights the need to evaluate decision
policies as actionable mechanisms whose consequences may vary across data conditions
and operational settings.

Crouch and colleagues [9] examine how preventive interventions may influence de-
mand for adult social care and associated expenditures in Kent County Council, England.
The study applies system dynamics modeling to integrated health and social care data to
evaluate alternative prevention scenarios and support strategic planning. The analysis
identifies relationships between social care costs and characteristics including age, living
arrangements, deprivation, and indicators of frailty. It also finds that a relatively small
proportion of older adults account for a substantial share of expenditure within the older-
adult population. Scenario analysis projects that, without interventions, adult social care
costs could increase by 48% over ten years, compared with a projected increase of 33%
under targeted prevention.

The study illustrates the value of system dynamics modeling for investigating inter-
connected factors and evaluating the potential consequences of policy interventions over
time. Rather than treating social care demand as a collection of independent cases, the
approach supports analysis of system-level patterns and alternative intervention strate-
gies. Its contribution is particularly relevant to decision-making in public services, where
resource constraints, population changes, and interdependencies complicate the alloca-
tion of resources and the evaluation of long-term outcomes. It also underscores the im-
portance of using models to examine alternative futures while recognizing that projec-
tions remain dependent on their underlying data, assumptions, and scenarios.

Bucovetchi and colleagues [10] investigate how organizational decision-making
structures and crisis-aware Al influence performance, disruption response, and recovery
in Industry 5.0 human-cyber—physical systems. Motivated by supply chain disruptions
that exposed vulnerabilities in centrally controlled manufacturing systems, the study
compares centralized, distributed, and self-organized organizational arrangements
through agent-based modeling. Across 650 simulation runs involving a controlled supply-
side disruption, the authors examine the effects of organizational structure and a crisis-
aware Q-learning architecture. The Al approach enables agents to shift from efficiency-
oriented to stability-oriented strategies when resource scarcity is detected. The results in-
dicate that self-organized structures outperform centralized and distributed alternatives
across the reported baseline performance, crisis throughput, and recovery measures. In-
tegrating crisis-aware Al further increases the reported absolute resilience measure by ap-
proximately 10.7%.

The findings associate improved performance with adaptive coalition formation,
proactive resource conservation, and the preservation of coordination structures that sup-
port post-crisis recovery. This study makes an important contribution to understanding
how local decision policies and organizational structures jointly influence system-level
resilience. It also illustrates how Al can support adaptive responses when operating con-
ditions change. Nevertheless, the findings should be interpreted in relation to the simu-
lated scenarios and assumptions; further research is needed to determine how these rela-
tionships hold under different disruption types, organizational constraints, and real-
world operating conditions.

Mun and Lee [11] examine the relationship between collective technological attention
and the reemergence of sleeping beauty patents—patents that receive limited attention for
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an extended period before subsequently attracting substantial interest. Whereas previous
research has often emphasized characteristics of individual patents, this study investi-
gates whether broader patterns in technological topics are associated with the delayed
recognition of these patents. Using BERTopic to analyze U.S. patent abstracts, the authors
derive two indicators: Jensen—Shannon Divergence, which captures temporal changes in
topic distributions, and topic entropy, which reflects the breadth of technological explo-
ration across topics. Logistic regression results indicate that Jensen-Shannon Divergence
is negatively associated with sleeping beauty patent awakenings, whereas topic entropy
is positively associated with them.

These findings suggest that patent reemergence is associated with broader techno-
logical exploration across topics alongside relative stability in the overall topic structure.
The study extends the investigation of collective dynamics to technological knowledge
and innovation, illustrating how patterns at the field level can be related to outcomes in-
volving individual technological artifacts. It also offers a methodological example of how
topic modeling and statistical analysis can be used to investigate collective patterns in
large textual datasets.

Ramlall and Roy [12] examine how the integration of auditory and visual sensing
influences collective motion in three-dimensional Vicsek models. Much of the existing re-
search on collective motion has emphasized vision-based sensing, whereas the study in-
vestigates how multiple sensory modalities affect the information available to interacting
entities and the resulting collective behavior. Through numerical simulations, the authors
compare combined auditory and visual sensing with scenarios relying on either modality
alone. Their results indicate that combining sensory inputs allows entities to interact with
more neighbors and acquire more information, facilitating the formation of a single,
aligned group under a narrow sensing region. The findings demonstrate how sensing ca-
pabilities and information acquisition can influence the emergence of collective patterns.

This contribution provides insight into the relationship between information, local
interaction rules, and collective behavior. It also has potential implications for robotic
swarms and other distributed systems in which individual agents must coordinate with-
out relying on comprehensive centralized control. More generally, it highlights the im-
portance of investigating how information availability and sensing limitations shape col-
lective decision-making and the behaviors that emerge from interactions among constitu-
ent entities.

3. A Synthesis of Contributions

Taken together, the five articles illustrate several complementary dimensions of col-
lective dynamics, decision-making, and self-organization. First, they demonstrate the im-
portance of interaction and information. The study of three-dimensional collective motion
shows how sensing modalities influence the information available to interacting agents
and the collective patterns that emerge. The patent study similarly examines how patterns
in the distribution and evolution of technological topics relate to the subsequent recogni-
tion of individual patents.

Second, the articles emphasize the relationship between decision policies and system-
level outcomes. The customer-retention study demonstrates that decision policies must be
evaluated in terms of economic value, stability, and interpretability rather than ranking
performance alone. The organizational resilience study shows how alternative decision-
making structures and crisis-aware Al can influence performance under disruption.

Third, the contributions demonstrate the value of model-based analysis for complex in-
terventions and changing conditions. The social care study uses system dynamics to investi-
gate long-term policy scenarios, while the organizational resilience study uses agent-
based simulation to compare alternative organizational structures and crisis responses.
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These approaches enable researchers to examine interactions and potential consequences
that may be difficult to assess through isolated or static analyses.

Finally, the articles reveal the importance of evaluating outcomes at multiple levels.
A policy that benefits an individual entity may not necessarily improve collective perfor-
mance; a model with strong predictive or causal-ranking results may not yield stable de-
cisions; and a locally effective interaction rule may produce system-level behaviors that
depend on the broader configuration of the system. These observations reinforce the need
to investigate how local decisions, information structures, organizational arrangements,
and environmental conditions interact to shape collective outcomes.

Although the articles address distinct application domains, their combined contribu-
tions establish a useful basis for advancing research on complex systems. They demon-
strate the value of computational and empirical approaches while highlighting the need
to examine the conditions under which observed patterns and model-derived insights re-
main valid.

4. Conclusions and Future Research Directions

The contributions to this Special Issue advance understanding of collective dynamics,
decision-making, and self-organization across organizational, social, biological, and tech-
nological contexts. Collectively, they show that system-level outcomes are shaped not
only by the characteristics of individual entities but also by the interactions among those
entities, the information available to them, the decision policies they employ, and the
structures within which they operate. They further demonstrate the value of computa-
tional modeling, simulation, causal machine learning, system dynamics, and data-driven
analysis for investigating these relationships.

At the same time, the findings point to an enduring challenge: understanding how
complex systems behave when conditions depart from those assumed by conventional
decision models. Real-world sociotechnical systems frequently operate under ambiguity,
uncertainty, emergence, non-ergodicity, and non-monotonicity. These characteristics
challenge assumptions about the availability and interpretation of information, the pre-
dictability of system behavior, the stability of decision policies, and the transferability of
conclusions across contexts. Addressing these challenges should be a central priority for
future research.

First, future research should investigate decision-making under ambiguity and uncertainty.
Existing approaches can compare alternatives when objectives, available information, and
evaluation criteria are sufficiently specified. However, complex systems often involve
competing interpretations of events, incomplete knowledge, and changing perceptions of
risk. Research should examine how individuals, organizations, and autonomous agents
interpret ambiguous signals, revise their beliefs, and adapt their decision policies as new
information becomes available. Particular attention should be given to the consequences
of disagreement among decision-makers, the distribution of information across system
boundaries, and the mechanisms through which local interpretations influence collective
action. Such research could clarify when decentralized decision-making supports adapt-
ability and when it amplifies inconsistent or counterproductive responses.

Second, research should examine emergence and the relationship between local interactions
and system-level behavior. The contributions on collective motion and organizational resili-
ence demonstrate the importance of interaction rules, sensing capabilities, and organiza-
tional structures. Nevertheless, predicting how changes in these elements will influence
collective outcomes remains difficult. Future studies should investigate the conditions un-
der which local interactions produce desirable patterns, unintended consequences, or cas-
cading failures. This includes examining the formation and dissolution of coalitions, the
propagation of information and behavioral changes, and the emergence of coordination
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or fragmentation across organizational and technological networks. Multi-level modeling
and simulation, supported where possible by empirical observations, could help establish
more robust explanations of how micro-level decisions generate macro-level outcomes.

Third, non-ergodicity warrants greater attention in the evaluation of decision policies and
system performance. When system behavior changes over time or depends on its evolving
history, aggregate averages may conceal important differences among trajectories, oper-
ating conditions, and affected entities. A policy that performs well on average may pro-
duce unacceptable outcomes in particular circumstances or may become ineffective as the
system evolves. Future research should therefore distinguish between population-level
averages and trajectory-dependent outcomes, evaluate the persistence of policy effects
over time, and examine how learning, adaptation, and historical dependencies influence
subsequent behavior. Repeated-run validation, longitudinal analysis, and scenario-based
evaluation can contribute to this effort, provided that the selected methods are appropri-
ate to the underlying system and its temporal dynamics.

Fourth, future research should address non-monotonicity and the possibility that interven-
tions produce unexpected or changing effects. In complex systems, increasing resources,
strengthening control, introducing additional information, or optimizing an individual
performance measure does not necessarily improve overall system outcomes. Interven-
tions can create feedback effects, shift incentives, alter interaction patterns, or generate
new constraints. Research should investigate these relationships explicitly rather than as-
suming that improvements in individual components translate directly into improve-
ments in the whole. This priority is particularly relevant to Al-supported decision-making,
organizational restructuring, preventive public policy, and resilience engineering. Studies
should examine trade-offs among efficiency, stability, adaptability, fairness, and recovery,
while identifying the conditions under which an intervention produces benefits, dimin-
ishing returns, or adverse consequences.

Fifth, future research should integrate self-organization with governance and resilience. Self-
organized systems can adapt to changing conditions through local coordination, but the
absence of comprehensive centralized control does not automatically guarantee effective
collective outcomes. Future studies should investigate how decentralized decision-mak-
ing can be combined with appropriate governance mechanisms, information sharing, ac-
countability, and constraints on harmful behavior. Research should also distinguish be-
tween resilience as the ability to maintain performance during disruption and resilience
as the capacity to adapt or transform when existing operating arrangements are no longer
viable. This distinction is important for critical infrastructures and other sociotechnical
systems whose continued operation depends on coordination across organizational, tech-
nological, and institutional boundaries.

Sixth, the integration of Al with collective decision-making requires further investigation.
The organizational resilience study demonstrates the potential of crisis-aware learning,
while the customer-retention study highlights the importance of policy stability and in-
terpretability. Future research should bring these concerns together by examining how
Al-supported policies behave when data distributions shift, causal relationships change,
and operating conditions differ from those represented in training or simulation. Re-
searchers should evaluate not only predictive accuracy or immediate performance but
also decision stability, transparency, robustness, and the consequences of interactions be-
tween human and artificial agents. The objective should be to establish when Al enhances
collective adaptability and when its use introduces additional sources of uncertainty or
systemic vulnerability.

Finally, future research should strengthen empirical validation and cross-domain comparison.
The diversity of applications represented in this Special Issue offers opportunities to iden-
tify common mechanisms across biological collectives, organizations, public services,
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manufacturing systems, and technological innovation. However, similarities in observed
patterns should not be taken as evidence that the same mechanisms operate identically
across domains. Future studies should test whether findings obtained through simulation
or analysis of particular datasets hold under alternative assumptions, different operating
conditions, and real-world interventions. Comparative research could help distinguish
general principles of collective dynamics from domain-specific relationships and clarify
the limits within which particular models and decision strategies remain applicable.

These priorities suggest the need for research frameworks that connect individual
decision policies, interactions among constituent entities, system-level outcomes, and the
changing environments in which complex systems operate. Such frameworks should
combine theoretical explanation with empirical evidence and should evaluate not only
whether a strategy performs well under specified conditions but also how robustly it per-
forms when those conditions change. Particular emphasis should be placed on the rela-
tionships among ambiguity, uncertainty, emergence, non-ergodicity, and non-monotonic-
ity, since these characteristics can interact and compound the difficulties of prediction,
coordination, and control.

Ultimately, advancing the study of collective dynamics, decision-making, and self-
organization requires moving beyond the assumption that complex systems can be un-
derstood or managed solely by optimizing their individual components. Their behavior
depends on interactions, feedback, adaptation, and the conditions under which local de-
cisions become collective outcomes. The research presented in this Special Issue provides
a foundation for examining these relationships across diverse application domains. Future
work should build on this foundation to develop and validate approaches that explain
emergent behavior, support defensible decision-making, and strengthen the adaptability
and resilience of complex sociotechnical systems operating in environments characterized
by ambiguity, uncertainty, emergence, non-ergodicity, and non-monotonicity.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflicts of interest.

References

1. Giardina, I. Collective behavior in animal groups: Theoretical models and empirical studies. HFSP ]. 2008, 2, 205-219.
https://doi.org/10.2976/1.2961038.

2. Rainey, L.B.; Jamshidi, M. (Eds.) Engineering Emergence: A Modeling and Simulation Approach, 1st ed.; CRC Press: Boca Raton, FL,
USA, 2018.

3.  Bunge, M. Emergence and the Mind. Neuroscience 1977, 2, 501-509. https://doi.org/10.1016/0306-4522(77)90047-1.

4. Katina, P.F. Individual and Societal Risk (RiskIS): Beyond Probability and Consequence During Hurricane Katrina. In Disaster
Forensics: Understanding Root Cause and Complex Causality; Masys, A.]., Ed.; Springer International Publishing: Cham, Switzer-
land, 2016; pp. 1-23. https://doi.org/10.1007/978-3-319-41849-0_1.

5. Ashby, W.R. Principles of the self-organizing dynamic system. J. Gen. Psychol. 1947, 37, 125-128.
https://doi.org/10.1080/00221309.1947.9918144.

6. Kovacic, S.F.; Sousa-Poza, A. (Eds.) Managing and Engineering in Complex Situations; Springer: Dordrecht, The Netherlands; New
York, NY, USA, 2013.

7.  Gheorghe, A;; Vamanu, D.V; Katina, P.; Pulfer, R. Critical Infrastructures, Key Resources, Key Assets: Risk, Vulnerability, Resilience,
Fragility, and Perception Governance; Springer International Publishing: Cham, Switzerland, 2018. Available online:
https://www.springer.com/us/book/9783319692234 (accessed on 2 November 2026).

8.  Pacella, M.; Papadia, G.; Giliberti, V. Stability-Aware Uplift Policy Selection for Customer Retention: From Predictive Scores to

Actionable Segments. Appl. Sci. 2026, 16, 4918. https://doi.org/10.3390/app16104918.

https://doi.org/10.3390/app162111020


https://doi.org/10.3390/app162111020

Appl. Sci. 2026, 16, 11020 8 of 8

9.  Crouch, S.; Walton, G.; Chambers, M.; Badrinath, P.; Ramesh, A.; Vaughan, O.; Bhavsar, A.; Lacey, P.; Hooper, A.; George, A.
Modelling Prevention Policy Impacts on Local Authority-Funded Social Care Services in England: A System Dynamics Model-
ling Approach. Appl. Sci. 2026, 16, 4436. https://doi.org/10.3390/app16094436.

10.  Bucovetchi, O.; Voipan, A.E.; Voipan, D.; Georgescu, A.; Dobrescu, R.M. Modeling Organizational Resilience in Human-Cyber-
Physical Systems (Industry 5.0) Through Collective Dynamics, Decision Scenarios and Crisis-Aware Al: A Mul-ti-Method Sim-
ulation Approach. Appl. Sci. 2026, 16, 292. https://doi.org/10.3390/app16010292.

11. Mun, HJ,; Lee, S. Collective Dynamics in the Awakening of Sleeping Beauty Patents: A BERTopic Approach. Appl. Sci. 2025, 15,
10395. https://doi.org/10.3390/app151910395.

12.  Ramlall, P.; Roy, S. The Role of Sensory Cues in Collective Dynamics: A Study of Three-Dimensional Vicsek Models. Appl. Sci.
2025, 15, 1556. https://doi.org/10.3390/app15031556.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/app162111020


https://doi.org/10.3390/app162111020

	1. Introduction
	2. An Overview of Published Articles
	3. A Synthesis of Contributions
	4. Conclusions and Future Research Directions
	References

