Engineering the Next Generation of Multi-Agent
Systems:
A Community Roadmap from EMAS 2025

Sebastian Rodriguez [0000—0002—0514—9221] Akhlla Balry [0000—0002—8796— 1474]

Matteo Baldoni?[0000—0002—9294-0408] Patrlck Benjamin®[0009—0009—2652— 4957]
Constantin Blessing?[0009—-0005-8516-0269] ' Njcolas
Brandstetter80009—0007-9462—4736] - A it K. Chopra7[0000 0003—4629—-7594]
Thomas Clemen8[0000—0002—8200— 5141]7 Louise A. Dennis?[0000—0003—1426— 1896]
Ahmad Esmaeili10[0000-0003-0612-2351] [ 1y Fepg!1[0000-0002—4651-8441] Angelo
Ferrando!2[0000-0002—8711-4670] ' 7.},1-a Ghorrati3[0000-0003—1396-7248] y7jctor
Guillet4[0009-0006-6758-3425] (Y1) Jer Cijrcan!?0000-0001-6982-5658] Goham
Hans!6[1111-1111-1111-1111] * 751166 Herber!7[0009-0003-6040-5608] Y/iyiana
Mascard;8[0000—0002—2261— 9926] . Marcel Mauri!910000—0002—4135— 1945] , Jorg P.

Miiller20[0000—0001-7533-3852] John Thangarajah! [0000-0002-7699— 6444]7 Rafal
21[0009—0007—0528—2181 : 22[0000—0001—9565—1559
Tyl2 I, and Yi Yang??! ]

! RMIT Universtiy {sebastian.rodriguez,john.thangarajah}@rmit.edu.au
2 Karlsruhe Institute of Technology akhila.bairy@kit.edu
3 University of Torino matteo.baldoni@unito.it
4 University of Oxford patrick.benjamin@cs.ox.ac.uk
5 BEsslingen University constantin.blessing@hs-esslingen.de
6 Universidad de Chile nicolasbrandstetter@ug.uchile.cl
" Lancaster University amit.chopra@lancaster.ac.uk
8 Hamburg University of Applied Sciences thomas.clemen@haw-hamburg.de
9 University of Manchester louise.dennis@manchester.ac.uk
10 Wichita State University ahmad.esmaeili@wichita.edu
' University of Virginia 1u.feng@virginia.edu
2 University of Modena and Reggio Emilia angelo.ferrando@unimore.it
13 Purdue University zghorrat@purdue.edu
!4 ONERA (French aerospace research labs) victor.guillet@onera.fr
!5 NORCE Research AS ongu@norceresearch.no
16 USC Institute for Creative Technologies sohamhan@usc.edu
17 Independent Researcher jimherber@gmail.com
8 University of Genova viviana.mascardi@unige.it
19 Goethe University Frankfurt mauri@cs.uni-frankfurt.de
20 Technische Universitit Clausthal jmue@tu-clausthal.de
21 QGrail, Gentle Viking rafftyl@wp.pl
22 KU Leuven yi.yang@kuleuven.be

Abstract. This paper presents the outcomes of an open-floor session
held at the 13th International Workshop on Engineering Multi-Agent
Systems (EMAS 2025), aimed at co-developing a research roadmap for
the EMAS community. Participants collaboratively identified and priori-
tised challenges in engineering large-scale, adaptive multiagent systems,
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particularly considering the need to engineer systems that can seamlessly
integrate learning and reasoning. Through structured group discussions,
four key challenges emerged: explainability in heterogeneous environ-
ments, environment modeling, handling dynamic contexts, and communi-
cation standardisation. For each of the challenges, participants proposed
and ranked potential solutions based on impact and effort. The resulting
roadmap highlights concrete research directions toward engineering intel-
ligent, explainable, and interoperable multiagent systems that effectively
integrate reasoning and learning in dynamic environments.

1 Introduction

The design, development and deployment of multi-agent systems (MAS) have
evolved significantly over the past two decades, driven by advances in artificial
intelligence, distributed computing, and autonomous decision-making. As MAS
technologies are increasingly embedded in dynamic and uncertain environments,
the need to engineer systems that can seamlessly integrate learning and reasoning
has become a central challenge. This integration raises fundamental questions
about adaptability, explainability, coordination, and assurance—key concerns for
the EMAS community.

In recent years, the rise of large language models (LLMs) [?] and agentic Al
systems [?] has further transformed the landscape of intelligent systems engineer-
ing. LLM-based agents — or “Al agents”, or “Agentic Al agents” — increasingly
demonstrate the ability to make decisions, exchange information, and coordinate
tasks. Google defines LLM-based agents as software systems that use Al to pur-
sue goals and complete tasks on behalf of users. They show reasoning, planning,
and memory and have a level of autonomy to make decisions, learn, and adapt.
Their capabilities are made possible in large part by the multimodal capacity of
generative AI and Al foundation modelﬁ.

Whether LLM-based agents show planning and reasoning capabilities is still
open to discussion, with strong claims from some LLMs developers and vendors
mitigated by skepticism by some scientists [?,?,7?].

Whatever the individual point of view, the EMAS community is discussing
about the relationships between agentic Al systems and more traditional ap-
proaches in many Venue@ There is general agreement in recognizing that LLM-
based agents may play a role in addressing tasks that are properly coped with by

28 Google definition of Al agent, https://cloud.google.com/discover/
what-are-ai-agents, accessed on March 25, 2026.

“For example, the Agents vs. LLMs panel at the 26th Workshop From Objects
to Agents in July 2025, https://sites.google.com/view/woa2025; the Agent
Toolkits 2025 Community Session at the 22nd European Conference on Multi-
Agent Systems in early September 2025, https://interactions.ics.unisg.ch/
agent-toolkits-2025/|[?]; the Rethinking Multi-Agent Systems in the Era of LLMs
Workshop in Oxford in mid September 2025, https://sites.google.com/view/
rethinking-mas/home.
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neither traditional symbolic agents nor data-driven learning architectures, and
that a synthesis is needed [?,7,7].

This shift opens unprecedented opportunities for building open, adaptive,
and human-aligned MAS—but it also introduces new challenges related to con-
trollability, accountability, transparency, and safety. These developments call for
a renewed examination of the principles, methods, and tools that underpin the
engineering of multi-agent systems.

The 13" International Workshop on Engineering Multi-Agent Systems
(EMAS 2025) provided an ideal forum to reflect on these emerging challenges
and to chart a shared vision for the next decade of MAS research. In addition
to the traditional paper presentations and discussions, the workshop featured
an open-floor, hands-on session aimed at collaboratively developing a research
roadmap for the EMAS community. This initiative sought to capture the collec-
tive insight of researchers and practitioners and to identify priorities that can
guide future work in the field.

The roadmap session adopted a participatory and exploratory format. Partic-
ipants worked together to articulate key challenges, opportunities, and research
questions that arise when engineering MAS capable of combining symbolic rea-
soning, data-driven learning, and emergent capabilities of LLM-powered agents.
To ground the discussion, a search and rescue scenario was used as a concrete
example, providing a shared context that illustrated the complex interaction be-
tween autonomous agents, humans, and uncertain environments. Through struc-
tured dialogue and synthesis, participants proposed conceptual frameworks and
technical pathways toward addressing these challenges.

This paper summarizes the outcomes of that collaborative exercise. It consol-
idates the insights generated during the session into a coherent research roadmap
that reflects the current consensus and diversity of perspectives within the EMAS
community. The roadmap identifies short-, medium-, and long-term priorities for
advancing the top four challenges identified by participants in the engineering
of intelligent, adaptive, and trustworthy multi-agent systems.

Beyond documenting the outcomes, this paper also reflects on the process of
collective roadmap creation as a community-building and knowledge-integration
activity. By fostering open dialogue across methodological traditions and appli-
cation domains, the workshop demonstrated how participatory approaches can
support the co-evolution of the EMAS research agenda and practice that we
hope will influence future editions of EMAS.

The remainder of the paper is structured as follows. Section [2] situates this
work in the broader landscape of research roadmap initiatives in agent-oriented
software engineering and related fields. Section [3| describes the design and facil-
itation of the workshop, including participant composition and methodological
approach. Section [] presents the main findings derived from the session discus-
sions. Section [f] introduces the resulting research roadmap, outlining the envi-
sioned directions and milestones. Section [0] offers a discussion of cross-cutting
insights and reflections, and Section [7] concludes with next steps for sustaining
the roadmap as a living artifact of the EMAS community.
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2 Background and Related Work

This section summarises the trajectory of previous MAS roadmap and frame-
works and defines the key conceptual framing surrounding the challenge.

2.1 Foundational challenges in MAS

The EMAS community has been active in defining shared views and identifying
key challenges to overcome when engineering multi-agent systems. A significant
prior endeavor was reported following the 6th International Workshop on En-
gineering Multi-Agent Systems (EMAS 2018)[20]. That initiative centered on
identifying the challenges in three areas: Cognitive Agent Architectures, Agent
programming and Machine Learning & MAS. Many of these core challenges are
still present today as this work shows.

A crucial implication derived from the persistence of these foundational con-
cerns is that the mere introduction of systems with more powerful capabilities,
such as those enabled by Large Language Models (LLMs), does not inherently
resolve the underlying engineering deficits. Instead, integrating advanced learn-
ing and reasoning must be accomplished on top of robust, verifiable engineering
frameworks. Without this foundational rigor, new cognitive capabilities risk in-
heriting and potentially amplifying existing systemic problems, particularly in
areas like complexity, unpredictability, and maintenance overhead.

As noted by Dix et al. [T4] over a decade ago, several open challenges per-
sist in the EMAS field. While foundational research remains vital, there is an
urgent need to strengthen the engineering dimension, particularly in developing
and maintaining large-scale multi-agent systems with clear standards of quality
and practice. Technological barriers further limit deployment, underscoring the
need for novel engineering techniques and the sharing of empirical lessons from
real-world applications using authentic agent technologies rather than general-
purpose programming languages [14].

Research of the EMAS community has been tackling these foundational chal-
lenges for almost 30 years [35].

2.2 Challenges in related areas

The engineering challenges are mirrored and amplified across other key MAS
research communities. Challenges that the EMAS community should seek to
embrace and provided appropriate methodological support.

The Coordination, Organization, Institutions, Norms, and Ethics in Agent
Systems (COINE) community focuses on the scientific and technological aspects
of social coordination, organizational theory, normative MAS, and ethics. The
close interests of the EMAS and COINE communities were evident in this year’s
joint panel and discussionﬂ

5 https://emas.in.tu-clausthal.de/2025 /programme
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The challenge is the governance of open systems, where agents, their inter-
actions, or the system’s purpose may dynamically change over time. Although
extensive work has been done in this area on topics such as norms [I/12] still a
number of open challenges remain [I0].

Furthermore, ensuring the system is designed responsibly is crucial to trusting
its behaviour. Developing a Responsible Al requires more than some "add-on"
features [I3], that poses its own set of challenges [3]. The role of the EMAS
community to provide the appropriate frameworks is critical in this domain.

The scalability imperative was recognized as a major requirement for MAS
applications. Roadmaps, such as the EAMAS community’s work [33], focused
heavily on techniques for developing Large-Scale Multi-Agent Systems (LSMAS).
This research established that achieving efficiency at scale relies on decentralized
loci of control, moving beyond monolithic architectures. A crucial architectural
realization was that the agent environment—the structure defining how agents
perceive, act, and interact—is the primary mechanism for solving scaling issues
and managing coordination complexity. That concern is still present in the com-
munity today (see section .

3 Workshop Design and Methodology

The roadmap session took place during the EMAS workshop, co-located with
AAMAS in Detroit, USA. Participants included EMAS authors and general at-
tendees from the broader AAMAS community. They represented a wide range
of backgrounds across agent-oriented software engineering, artificial intelligence,
distributed systems, and human—agent interaction, united by a shared interest
in advancing the engineering principles and methodologies underpinning multi-
agent systems. The diversity of perspectives provided a rich foundation for iden-
tifying both enduring and emerging research priorities within the field.

3.1 Overview

The hands-on roadmap session was designed as an interactive, collaborative ex-
ercise. This format emphasises structured, time-boxed activities that move from
problem identification to collective prioritisation and solution design. The work-
shop spanned an entire afternoon and combined individual reflection with group
discussion to maximise participation and synthesis.

Participants were introduced to the session goals and briefly reviewed fram-
ing materials that summarised current challenges in engineering multi-agent sys-
tems, with a particular emphasis on integrating reasoning and learning. In small
groups, participants shared their initial thoughts, identified key challenges, and
highlighted promising research directions. This ensured a shared understanding
of the context and stimulated creative thinking.

In order to co-create a research roadmap for Engineering Multi-Agent Sys-
tems, participants then engaged in a sequence of structured collaborative ac-
tivities. Participants engaged in a silent brainstorming phase to identify key



6 Rodriguez et al.

opportunities and problems related to engineering multi-agent systems. Each
idea was captured on sticky notes, ensuring that all voices and perspectives were
represented. Groups then moved to voting and prioritisation, using dot stickers
or stars to highlight the most pressing and impactful challenges. These priori-
tised items were subsequently reframed into standardized research challenges,
enabling a common structure for later analysis.

Once the core challenges had been articulated, participants proposed po-
tential solutions and research pathways, again using sticky notes to encourage
breadth and diversity of ideas. After group discussion and voting, the most
promising solutions were retained and mapped within an impact—effort matrix.
This visual exercise helped distinguish initiatives that could yield immediate
results from those requiring more substantial long-term investment.

The session concluded with a plenary sharing and discussion, where each
group presented their roadmap and reflected on common patterns, differences,
and cross-cutting themes. This final exchange fostered convergence around
shared priorities and revealed complementary approaches across the participat-
ing groups.

Throughout the workshop, participants used post-it notes, stickers, and hand-
written notes to capture challenges, ideas, and proposed solutions. These phys-
ical artefacts were collected by the session chairs at the end of the workshop.
The materials were later digitised, clustered, and analysed to identify recurrent
themes, underlying challenges, and relationships among proposed research di-
rections. The synthesis process informed the thematic structure and roadmap
presented in this paper.

3.2 Methodological Reflection and Limitations

The open-floor, participatory workshop format proved effective in stimulating
discussion and capturing diverse perspectives from the EMAS community. By
framing challenges as research questions and ranking potential solutions by im-
pact and effort, participants were encouraged to move beyond abstract debate
toward actionable priorities. This interactive structure fostered inclusivity and
creativity, enabling a collective articulation of the field’s research roadmap.

However, some limitations must be acknowledged. The outcomes reflect the
views of a self-selected group of workshop participants, who—while representa-
tive of active researchers in engineering multi-agent systems—may not encom-
pass the full diversity of perspectives within the broader AI and systems engi-
neering communities. Time constraints restricted deeper exploration of interde-
pendencies among challenges and cross-cutting themes such as ethics, scalability,
or sustainability.

Future iterations of this roadmap process could benefit from complementary
methods to validate and refine the identified priorities.

Then participants were provided with a case study description to ground the
discussions. The domain of Coordinated Drone Swarm €& AlI-Supported Com-
mand for Disaster was chosen for this purpose. Appendix [A] contains the guiding
material and case study text.
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4 Key Challenges and Opportunities

4.1 Opportunities and Advancements

The first phase of the workshop focused on identifying positive aspects and op-
portunities within the EMAS research community, particularly regarding the
integration of learning and reasoning in the design and implementation of au-
tonomous multi-agent systems. Participants highlighted a number of well-estab-
lished strengths that position EMAS as a mature yet continuously evolving re-
search domain.

Established Engineering Foundations Participants emphasized that the
EMAS community has developed a solid foundation of engineering principles
and abstractions that continue to enable the systematic design of complex
autonomous systems [929/35]. Core multi-agent concepts—such as centralized
and decentralised architectures, coordination mechanisms, and communication
protocols—provide proven building blocks for scalable agent-based solutions.
Simple yet effective interaction models remain relevant due to their robustness
and modest computational requirements.

The community has also achieved significant progress in human—-autonomy
teaming, multi-level and hierarchical architectures, and normative systems.
These efforts have yielded frameworks capable of managing goals, actions, and
roles at varying levels of abstraction, exemplified by holonic and hierarchical
multi-agent systems [8I22]26]. Extensive work on multi-agent planning and
coordination has produced models that support autonomy while maintaining
coherence at the system level [32]. Participants also highlighted EMAS’s en-
during strength in formal methods and safety verification, providing tools for
rigorous design assurance even in dynamic and uncertain domains [2/TT].

Furthermore, the development of dedicated programming languages and de-
velopment environments for multi-agent systems continues to distinguish EMAS
from broader Al research communities [45/T7)24]. These languages encapsulate
decades of accumulated knowledge about agent-oriented abstractions, decision
processes, and interaction patterns—assets that can inform emerging paradigms
in agentic Al

Integration with Learning and Data-Driven Approaches While tradi-
tionally grounded in symbolic and model-based reasoning, the EMAS community
has increasingly explored data-driven and hybrid approaches. Participants ob-
served that deductive models remain essential where data availability is limited,
such as in time-critical or safety-sensitive environments (e.g., disaster response).
At the same time, data-driven decision-making mechanisms have matured to
support adaptive command-and-control capabilities and to bridge the gap be-
tween autonomous systems and human operators.

Participants noted the opportunity to leverage lightweight cognitive archi-
tectures, such as BDI-based agents, in contexts where deploying large language
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models or deep neural architectures is impractical. The ability to convert raw
data into human-readable formats also emerged as a strength, highlighting the
community’s commitment to interpretability and human-centered design.

Applied Domains and Case Studies With regards to the provided sce-
nario, participants highlighted the community’s ongoing engagement with ap-
plied multi-agent domains, such as swarm robotics and collective coordination,
and was identified as another area of advancement. Significant progress in swarm
MAS algorithms and robotic testbeds has provided both empirical validation and
reusable experimental infrastructure. These advances offer a concrete foundation
for testing hybrid reasoning and learning approaches in realistic, high-stakes en-
vironments such as search and rescue—the scenario anchoring this workshop.

Community Culture and Emerging Opportunities Beyond technical con-
tributions, participants recognized several cultural and strategic strengths of the
EMAS community. There is a shared understanding that meaningful progress
requires interdisciplinary collaboration, integrating insights from A, cognitive
science, robotics, human—computer interaction, and software engineering. The
community also demonstrates a consistent openness to emerging technologies
and paradigms, rapidly engaging with new trends such as generative Al and
LLM-based agents to explore their potential for agent programming and coordi-
nation.

Looking ahead, participants identified promising opportunities to create
shared testbeds and evaluation infrastructures that could foster collaboration
and cumulative progress across institutions. Integrating sensing systems and
infrastructure into these testbeds, and experimenting with generative Al for
agent programming, were noted as particularly fruitful directions for collective
exploration.

4.2 Open Challenges

The community identified a wide range of challenges that were grouped into
major thematic areas, each reflecting ongoing technical, methodological, and
social barriers in the engineering of multi-agent systems.

The most prominent themes were modeling the environment (8 votes), ex-
plainability (7 votes), and communication support (6 votes). These highlight the
need for more accurate and adaptable representations of complex, changing en-
vironments; mechanisms to make agent behaviors interpretable and transparent
to humans; and robust communication frameworks that ensure coordination and
understanding among heterogeneous agents and between agents and humans.

Other significant areas included dynamic environments (5 votes), empha-
sising the need for agents capable of adapting to rapidly changing conditions;
acceptance of agents (5 votes), pointing to the social and psychological challenges
of integrating autonomous systems into human-centered contexts; and natural



Title Suppressed Due to Excessive Length 9

language to formal representation (3 votes), addressing the gap between intuitive
human inputs and formal computational models.

Additional concerns, though receiving fewer votes, remain critical for sys-
tem robustness and long-term adoption: human—agent autonomy balance, testing
and verification (including real-time validation), standards, interoperability, and
data fusion. These touch on the reliability, safety, and governance of multi-agent
systems—essential factors for scaling and deploying them beyond controlled en-
vironments.

Several specialised topics—such as stakeholder engagement, safety and risk
management, sensor conflict integration, model representation, scalability, pro-
gramming abstractions, and hardware restrictions—were also recognized. Al-
though not perceived as the most urgent, they underline the interdisciplinary
and practical dimensions of agent-based system design.

Finally, the discussion acknowledged the potential for collaboration with
other AAMAS research domains, particularly in areas like multi-agent based
simulation to complement real-world testing, multi-agent simultaneous localiza-
tion and mapping (SLAM) in robotics, and commercialization support. These
intersections suggest pathways for advancing both foundational research and
applied innovation in multi-agent systems engineering.

5 Roadmap: Solutions for the Top Four Challenges

Following the collective identification of key research challenges, participants
were divided into groups to address the four most urgent issues for the EMAS
community: Explainability, Modeling the Environment, Dynamic Environments,
and Interoperable Communication Platforms. Each challenge was reframed as a
research question to sharpen its focus and align it with the community’s vision.
For each question, participants proposed candidate solutions, then voted on the
most promising ones based on two dimensions:

Impact the potential transformative effect on the field if achieved.
Effort the estimated complexity and resources required.

This created a four-quadrant prioritisation (High Impact / Low Effort; High
Impact / High Effort; Low Impact / Low Effort; Low Impact / High Effort)
that helped identify “quick wins” as well as longer-term strategic objectives. The
roadmap below integrates these insights into coherent research pathways for each
of the four key challenges.

5.1 Explainability

Research question: How can we create explainable systems in heterogeneous en-
vironments?

Participants agreed that explainability must support heterogeneous ecosys-
tems that include symbolic agents, learning-based components, and human col-
laborators. They envisioned explainability mechanisms that are not just post-
hoc, but integrated into communication and reasoning processes.
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Most promising solutions (in order of community votes):

Text-based communication that can be summarized: Encourage agents
to exchange information in structured language formats that can later be
summarized for different stakeholders. This approach offers immediate ben-
efits for transparency and debugging.

Formalize reasoning for any action: Develop frameworks that allow agents
to produce explicit justifications for their actions—using logical or causal
reasoning traces—to enable rigorous inspection of decision processes.

Transparency and trust mechanisms: Embed explainability and trans-
parency into design by providing traceability of decisions and provenance of
data, forming a basis for measurable trust.

Stakeholder-tailored explanations: Generate explanations adapted to the
audience—whether human operators, other agents, or machines—using
context-aware templates or modality switches.

Multimodal explanations: Combine text, visualization, and symbolic traces
for richer human—agent interaction, particularly in control and mission set-
tings.

Ranked Solutions:

Solution Votes|Impact|Effort
Text-based communication that can be summarized| 5 High | Low
Formalize reasoning for any action 4 High | High
Transparency and trust mechanisms 3 High | High
Stakeholder-tailored explanations 2 High | Low
Multimodal explanations 3 High | High

Roadmap direction: Short-term work should prototype text-based, summaris-
able communication within existing MAS frameworks. Mid-term research will in-
tegrate formal reasoning traces with stakeholder-aware explanation generation.
Long-term, the community should pursue explainability-by-design standards,
enabling explainable behavior to be an intrinsic feature of agent architectures
rather than an add-on.

Relevant work: [13J16],7,? 252728/36]

5.2 Modeling the Environment

Research question: How might we model the environment?

Participants discussed what should be modeled, how consistent centralised or
distributed representations should be, and how evolving models can be validated.
The consensus was that environment modeling is both foundational and multi-
layered, requiring trade-offs between abstraction, accuracy, and computational
cost.

Most promising solutions (in order of community votes):
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Define what and how to model, and at which level of abstraction:
Propose partitioned spatial and conceptual scaffolds with variable granular-
ity, linked by annotation ontologies for attaching new data, local strategies,
and situational knowledge.

Maintain consistency in centralized or consolidated models: Construct
multi-level MAS structures where agents operate at different abstraction
levels with specific roles and authorities, ensuring coherence across layers.

Validation of evolving models: Employ simulation-based validation, run-
time monitoring, and agile experimentation loops to continuously evaluate
environmental representations.

Integrate agents into the model itself: (digital twin paradigm) Treat
agents as both participants and components of the model, enabling co-
evolution between the MAS and its digital twin.

Ranked Solutions:

Solution Votes|Impact| Effort
Define what and how to model, and level of abstraction 7 High High
Maintain consistency in centralized or consolidated models| 7 High Low
Validation of evolving models 6 High |[Medium
Integrate agents into the model itself 3 High Low

Roadmap direction: Early stages should define hybrid modeling templates
and corresponding ontologies. Mid-term actions include developing simulation-
based validation pipelines and model-fusion methods. Long-term efforts should
produce standardised hybrid environment representations and open testbeds for
benchmarking. This efforts are closely related to Digital Twins required in mul-
tiple domains.

Relevant work: [1523I33134]

5.3 Dynamic Environments

Research question: How might we handle dynamic environments?

This group explored strategies to manage rapid change, uncertainty, and
adaptation under resource and time constraints. The core idea was to embed
adaptivity within the environment itself, moving from passive to active environ-
ments.

Most promising solutions (in order of community votes):

Create an “active environment’: Develop environments capable of morph-
ing in response to their own internal processes (e.g., earthquakes, floods).
The approach requires a library of pre-built models and situations that can
dynamically match sensor input and reconfigure accordingly.

Integrate geotagged data from multiple scouts: Use dynamic, layered
maps that evolve over time based on spatially distributed sensor input,
enabling situational awareness and faster adaptation.
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Combine accountability, human annotation, and task reporting:
Encourage hybrid systems where agents and humans cooperatively main-
tain environmental awareness through periodic status reports and manual

updates.
Ranked Solutions:

Solution Votes|Impact| Effort
Create an “active environment” 9 High High

Use geotagged sensor data from multiple scouts 8 High [Medium
Combine accountability, human annotations, and task reporting| 7 |Medium|Medium

Roadmap direction: The short-term goal is to prototype layered environ-
ment maps integrating real-time sensor data. Mid-term research should focus on
constructing and testing active environment frameworks that dynamically fuse
situational models. Long-term efforts should aim for self-adaptive digital twins
capable of autonomously reshaping mission models and task allocations.

Relevant work: [21I31]

5.4 Interoperable Communication Platforms

Research question: How might we standardize interoperable communication plat-
forms?

Interoperability was recognized as a critical enabler for collaboration between
heterogeneous agents, LLM-powered modules, and human users. Participants
highlighted the need for standardization across multiple communication layers.

Most promising solutions (in order of community votes):

Standardized communication protocols: Develop and publish standard-
ized protocol languages and wire encodings to ensure compatibility across
platforms and domains, along with extensions for message forwarding and
adaptation.

Select and consolidate a shared protocol standard: Reach community
consensus on one or a few widely adopted standards, complemented by
reference implementations and middleware adapters.

Identify communication layers and semantics: Establish a clear separa-
tion of communication layers—(1) Network, (2) Communication, (3) Inter-
action, (4) Organization, and (5) Coordination—and define their associated
semantics.

Ranked Solutions:

Solution Votes|Impact| Effort
Standardize communication protocols 11 High |[Medium
Select and consolidate a shared protocol standard| 7 High High
Identify communication layers and semantics 6 High High

Roadmap direction: Initial steps involve defining canonical message schemas
and minimal interoperable protocols. Medium-term actions will establish
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translation adapters between MAS frameworks. Long-term, EMAS can lead
a community-wide standardization initiative defining interoperable stacks for
communication, coordination, and organization layers.

Relevant work: |?,?,?[6/7,? 181917301 ?]

5.5 Cross-Cutting Takeaways

The workshop’s participatory roadmap development demonstrated that high-
impact, low-effort opportunities—such as text-based explainability and ontology-
driven environment models—can deliver early wins for EMAS, while ambitious
long-term objectives—such as active environments and protocol standardization
across communication layers—offer transformative potential.

By structuring research pathways around clear research questions, measur-
able milestones, and community-shared evaluation artifacts, EMAS is well-posi-
tioned to bridge reasoning and learning paradigms, support agentic Al systems,
and maintain leadership in the design and engineering of next-generation multi-
agent systems.

6 Discussion

The outcomes of this workshop reveal a vibrant and forward-looking EMAS
community that is actively redefining the boundaries of multi-agent systems en-
gineering in the era of agentic Al and large language models. The discussions and
roadmap activities underscored both the maturity of EMAS as an engineering
discipline and the need for renewed integration with recent advances in machine
learning, natural language interaction, and human—autonomy teaming.

6.1 Converging Foundations and Emerging Directions

Participants agreed that the EMAS community has built a strong foundation
in formal methods, coordination mechanisms, normative reasoning, and archi-
tectural design. These provide stable and reusable engineering abstractions—
distinct from the more ad hoc nature of current LLM-based agent systems.
However, the emergence of LLMs opens an opportunity to revisit long-standing
MAS principles through a new lens. The roadmap discussions reflected a shared
understanding that the next phase of EMAS research will involve reconciling
symbolic, model-driven reasoning with data-driven adaptivity, enabling agents
that can both learn and reason in dynamic, human-centered contexts.

6.2 Key Research Priorities

Across the four prioritized challenges—Explainability, Modeling the Environ-
ment, Dynamic Environments, and Interoperability—participants consistently
emphasized the importance of trust, transparency, and adaptability. These
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themes are deeply interconnected: explainable reasoning depends on meaning-
ful models of the environment; adaptability in dynamic situations relies on
communication and coordination standards; and interoperability serves as the
foundation for integrating diverse agent architectures, learning systems, and
human interfaces.

The high-impact, low-effort solutions identified—such as ontology-based
modeling—represent practical starting points that can yield early community
benefits. Conversely, high-impact, high-effort directions, including the develop-
ment of active environments and standardized communication layers, point to
longer-term collective goals requiring shared infrastructures and collaboration
across institutions.

6.3 The Role of EMAS in the LLM and Agentic AI Era

One of the most notable outcomes of the workshop is the recognition that EMAS
research provides essential engineering principles for the growing landscape of
agentic Al systems powered by LLMs. While LLMs offer powerful capabilities,
they lack the explicit organizational, normative, and verification structures that
EMAS research has refined over decades. The community therefore has a pivotal
role in bringing rigor, safety, and accountability to the emerging generation of
generative and autonomous agents.

Several groups highlighted that future EMAS research could focus on LLM-
augmented agent architectures, where learning-based modules are embedded
within well-defined multi-agent frameworks. Such systems would combine adap-
tive intelligence with verifiable coordination, providing a clear pathway toward
explainable, trustworthy, and human-aligned multi-agent ecosystems.

6.4 Toward a Collaborative Research Agenda

The participatory approach used in this workshop, i.e. combining structured
brainstorming, collective prioritization, and impact—effort mapping, proved
effective in aligning diverse perspectives from across the EMAS and AAMAS
community. The resulting roadmap offers both short-term research actions (e.g.,
communication templates for explainability, hybrid simulation environments)
and strategic long-term goals (e.g., standardization efforts, community-wide
testbeds).

Beyond the specific challenges discussed, the workshop reinforced the iden-
tity of EMAS as a collaborative, engineering-oriented community—one capable
of addressing the complexity of modern autonomous systems through rigorous
design, interdisciplinary integration, and open research infrastructure.

7 Conclusion and Next Steps

This paper has presented the outcomes of the EMAS 2025 Roadmapping Work-
shop, which brought together researchers and practitioners from across the AA-
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MAS community to collaboratively identify key challenges and promising direc-
tions for the engineering of multiagent systems in the era of LLMs and agentic Al.
Through a structured and participatory process inspired by the Lightning Deci-
sion Jam methodology, participants jointly explored, categorized, and prioritized
issues ranging from explainability and environmental modeling to communica-
tion support and system adaptability.

The resulting roadmap highlights a collective vision for the future of mul-
tiagent systems engineering—one that emphasizes integrating data-driven and
symbolic reasoning, enhancing human—agent collaboration through explainable
and trustworthy interfaces, and developing robust methodologies for deployment
in dynamic and uncertain environments. The identified challenges and corre-
sponding research directions not only reflect long-standing concerns within the
EMAS community but also illustrate its evolving engagement with emerging
paradigms in Al

Beyond the immediate outcomes, the workshop demonstrates the value
of community-driven approaches for defining shared research agendas. The
roadmap is intended as a living document that can inform future EMAS
editions and inspire collaborative efforts across disciplines such as robotics, sim-
ulation, and human—AT interaction. Continuing this dialogue will be essential to
ensure that the engineering of multiagent systems remains rigorous, transparent,
and responsive to the rapidly changing landscape of agentic Al.

‘We hope that the outcomes of this workshop will serve as the foundation for
a living roadmap, to be refined and extended through subsequent EMAS edi-
tions and related community initiatives. Continued dialogue among researchers,
practitioners, and stakeholders will be essential to ensure that the roadmap re-
mains dynamic, inclusive, and responsive to the rapid evolution of agent and Al
technologies.
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A Case Study Notes

Coordinated Drone Swarm & AI-Supported Command for Disaster

A powerful earthquake has devastated a densely populated urban area. Many
streets are blocked by rubble or fire, and communications infrastructure is de-
graded. Emergency services must act fast to locate survivors, assess structural
damage, and coordinate rescue.

To support this, the response team deploys:

— Robot swarms to search for survivors, map hazards, and relay information.
Semi-autonomous robots with perception (e.g., thermal cameras), capable
of local decision-making, path planning, and ad-hoc communication with
swarm peers.

— An Al-enhanced Command & Control (C2) system to help human
operators analyse data, prioritize responses, and coordinate ground units
and air assets in real time. A centralized or distributed system that:

e Aggregates drone and responder data,

e Identifies high-priority zones,

e Recommends mission plans to human operators,

e Monitors team status and suggests role reassignments.

— First Responders to assist survivors and contain hazards. Ground units
(e.g., firefighter bots or human-agent teams) that receive guidance from the
C2 system and may themselves be semi-autonomous.

Consider the following points:

— How to engineer the coordination logic for a robot swarm under uncertainty.

— How to design interaction protocols between drones, the C2 Al system, and
human operators and first responders.

— How to integrate machine learning for perception and data summarization,
and symbolic reasoning for mission planning and role allocation.

— How to ensure trust, transparency, ethics and accountability in a human-Al
team operating in a high-stakes environment.

— How to define the engineering process to develop and deploy the system.

Engineering Questions:

— What kind of agent architecture suits the drones, the C2 system, and human
interfaces.

— How to handle distributed task allocation and resilience to partial observ-
ability.

— How can LLMs or data-driven models assist in reporting or coordination,
without compromising latency or reliability.

— How can we validate decisions and ensure safety in the face of ambiguous
data.

Main Components to consider
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1. System Architecture.
— Define a modular architecture showing how drone agents, the AI C2
system, and first responder agents interact.
— Consider modules for Perception; Planning (deliberative agent logic);
Communication; Human-AI Interface; Coordination & Data Fusion.
2. Key Specifications for Each Module.
— Specify whether each module is a single agent or multi-agent subsystem.
— Clarify which modules will use (non-exhaustive list):
e ML / Data-driven approaches.
e BDI (Belief-Desire/Intentions) or Goal oriented; Automated Plan-
ning.
e Rule-based logic for constraints and fallback behaviour.
— Identify ethics and accountability constraints:.
e Explainable decision.
e Human oversight on actions and fail-safes.
3. Interaction Support.
— Define communication protocols and technologies (e.g., FIPA ACL,
BSPL, MQTT, ROS2).
— Use or design a shared ontology for status, location, health, mission type,
ete.
— Consider bandwidth constraints and dynamic network topologies (ad hoc
mesh).
4. Engineering Process.
— Outline how the system will be:
e Tested (e.g., unit testing, BDD) and validated (e.g., in simulation,
emulated disaster zones).
e Monitored during operation for faults and accountability.
e Development and Deployment, including formal methods, agent pro-
gramming languages, edge-agent deployment etc.
— Discuss deployment constraints:
e Energy and hardware limits on drones.
e Offline fallback behaviour for disconnected agents.
e Real-time guarantees and failover protocols.
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