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Abstract. Agent-Based Modeling and Simulation (ABMS) has become
a widely used approach for analyzing complex systems in multidisci-
plinary fields such as healthcare and hospital Emergency Departments
(EDs). However, the adoption of this methodology is often hampered by
monolithic implementations in which domain knowledge is tightly inter-
twined with computational logic, limiting the long-term reusability and
adaptability of simulation models. Inspired by Leg0®’s modularity, this
paper presents a metasystem based on a modular architecture centered
on an agent metagenerator. The proposed approach conceptually encap-
sulates the definitions of the agents in brick-style agents, decomposing
each agent into six canonical blocks. These blocks are independent of
the target programming language, ensuring a clear separation between
conceptual specifications defined by domain experts and their computa-
tional implementation by engineers and technicians. This separation of
concerns facilitates multidisciplinary collaboration by enabling experts to
explicitly define agent behavior through standardized specifications. Un-
like large-scale data-driven approaches, all agent decisions are explicitly
defined and calibrated using a small, controlled dataset, preserving trans-
parency and traceability between the conceptual model and the resulting
computational behavior. The proposed metasystem is validated through
a proof-of-concept implementation using a simplified ED case study. The
results suggest that the architecture prevents re-monolithization while
enhancing modularity, providing a solid foundation for reusable, trace-
able, and scientifically grounded ABMS.

Keywords: Agent Based Modeling - Software Architecture for Simu-
lation - Complex Systems Simulation - Healthcare Computing - Digital
Twins.
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1 Introduction

Simulation allows the study of complex systems, including heterogeneous and un-
certain systems, and communication between multiple entities answering “what-
if” questions that would be difficult to explore. Agent-Based Modeling and Sim-
ulation (ABMS) represents actors individually, each with its own internal state
and interaction capability, enabling the simulated system to capture emergent
properties arising from individual interactions [3UTT].

It is important to clarify that ABMS is a computation-driven simulation
technique: agent behavior is derived from formally specified computational rules
rather than inferred from large data-driven models. ABMS prioritizes explicit
representation of mechanisms and causal interactions [7], and can work with
limited data to validate system behavior.

ABMS has been successfully applied in numerous studies in various domains,
including social, biophysical, industrial and in the field of health to support
decision making [5l9]. In hospital Emergency Departments (EDs), the presence
of diverse patients with varying needs, medical staff with different roles, shared
resources, and limited decision-making time creates a complex system that can
be represented using ABMS [12]. In this paper, EDs are used as a representative
case study to illustrate the proposed approach.

This modeling approach allows the creation of customized environments
based on the requirements of the system under study and supports the repli-
cation of real-world behavior, separating the conceptual description of the sys-
tem provided by domain experts from its computational implementation while
preserving their correspondence.

However, most ABMS implementations are monolithic, with agent behavior,
interaction logic, and environment configuration tightly coupled within a sin-
gle codebase, making it difficult to reuse and reconfigure components, as noted
by several authors who also explore different modular approaches [II8J612]. For
example, in EDs, phlebotomy certification is required in the United States but
not in Spain, where nurses perform the same task. In monolithic systems, sup-
porting such differences requires changes across multiple interconnected agents,
complicating adaptation to different regulations, workflows, and organizational
structures [6I15].

The concept of a metasystem architecture and the notion of agent bricks as
encapsulated, reusable components, analogous to Lego® pieces, were introduced.
A methodology based on standardized specification tables was formalized to cap-
ture expert knowledge, agent behavior, and interaction logic. A new component
has been incorporated into the architecture: the Metagenerator, the automated
mechanism that transforms specification tables into operational agent bricks.
The term “meta” denotes that this component operates at a higher level of ab-
straction, generating executable agents from formal specifications rather than
directly encoding agent behavior.

This paper introduces the Metagenerator and describes how it completes the
metasystem pipeline. First, it defines a formal six-block model for agent specifi-
cation: State, Inputs, Decision Logic, Actions, Interactions, and Lifecycle, pro-
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viding a complete description of any agent within the metasystem. Second, it for-
malizes the Metagenerator as the component that automates the transformation
of specification tables into agent bricks. Finally, although the proof-of-concept
is illustrated using a NetLogo-based [14] ED model, the architectural issues are
not specific to this platform or domain but are common ABMS challenges.

The remainder of this article is structured as follows: Section [2] analyzes
the limitations of monolithic ABMS using an ED case study and introduces
a metasystem aimed at generating independent agents to achieve modularity.
Section [3] presents the Metagenerator and describes its architecture, as well as
the mechanisms used to prevent re-monolithization. Section [d] details the internal
architecture and operation of an agent brick. Section [5| presents a simplified case
implemented using the proposed metasystem architecture. Finally, Section [0]
summarizes the main contributions and outlines future work.

2 From Monolithic Simulators to Modular Metasystems

This section analyzes a monolithic simulation system to motivate the need for an
architectural change and the introduction of a Metagenerator. The analysis starts
from a different case study of an existing ABMS. The objective is to highlight the
difficulties that arise when such models must be adapted, extended, or reused in
contexts different from those for which they were originally developed.

2.1 The Monolithic Simulator

Despite the satisfactory results obtained in multiple studies, it remains extremely
difficult to adapt many ABMS to new contexts with different behaviors, regu-
lations, and organizational structures [2J6]. This limitation is widely observed
across ABMS models reported in the literature, many of which operate in a
predominantly monolithic manner [II8/T3]. Such designs introduce significant
constraints in terms of adaptability, extensibility, and reuse.

To illustrate this general limitation, we consider a case study based on a
previously developed ABMS [4]. However, as in many existing ABMS implemen-
tations, adapting the model to different contexts remains costly and complex.
These limitations motivate the modular approach introduced next (the metasys-
tem of agent bricks) and the Metagenerator described in Section

2.2 The Metasystem Concept

To address these limitations, a modular architectural approach is introduced, in-
spired by the composability of Lego® blocks. This approach defines agent-based
models in terms of standardized (i.e., internally consistent and formally defined
within the metasystem), self-contained components called agent bricks, whose
relationships are explicitly specified through formal specification tables. Each
agent brick encapsulates all the elements that define an agent: State, Inputs,
Decision Logic, Actions, Interactions, and Lifecycle as detailed in Section [4]
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3 The Metagenerator: Automated Agent Brick
Generation

The modular architecture proposed in the previous section requires mechanisms
to automate the transformation of high-level definitions into executable specifi-
cations. This is the role of the Agent Metagenerator. This work contributes an
architectural and methodological advance for ABMS, rather than an algorithmic
one, by defining a formally constrained pipeline that prevents implicit dependen-
cies regardless of implementation details. This section describes how information
is introduced through specification tables, transformed into independent agent
bricks, and kept from re-monolithizing.

3.1 Architectural Overview

The Metagenerator bridges the conceptual and computational models by trans-
forming domain-expert specification tables into a canonical agent description
(state variables, admissible inputs, decision rules, actions, interaction channels,
and lifecycle policies) before any simulator-specific code is produced. It then
validates the tables, identifies dependencies, and generates independent modules
materialized as agent bricks. With a communication layer for message exchange
between agents (the message hub), these modules are assembled into a func-
tional simulator; the message hub is an architectural communication abstraction
introduced by the metasystem, independent of NetLogo’s native communication
mechanisms.

3.2 Metagenerator Pipeline

At the core of the metasystem is the Metagenerator, which defines agents in a
platform-agnostic language. For example, a rule describing how a patient reacts
to a triage notification is translated into an explicit decision procedure and
a corresponding message-handling interface in the generated agent brick. The
resulting bricks implement each agent type’s formal specification while remaining
platform-independent.

The construction of canonical agent bricks follows two main processing stages:

Stage 1: Table Parsing and Validation. The Metagenerator processes all the
information from the specification tables and compiles it into canonical JSON
for each agent type. The JSON contains the agent state (internal variables and
attributes), inputs, decision logic, actions, interactions, and lifecycle. At this
stage, consistency is ensured to avoid errors during the specification process.

Stage 2: Dependency Resolution. Interactions between agents create dependen-
cies between agent bricks. The Metagenerator builds a dependency graph to cap-
ture these relationships and determine which interfaces each agent brick must ex-
pose. Dependencies are resolved at the interface level, ensuring that agent bricks
remain independent and interact through well-defined communication channels,
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enabling modular composition and preventing hidden coupling. Conceptually,
the Metagenerator can be seen as analogous to an oracle, in the sense that it has
a global view of all specifications and resolves dependencies prior to execution,
while remaining external to the runtime simulation.

Once dependencies have been resolved at the conceptual level, the canoni-
cal representation is transformed into executable code through backend-specific
generation stages:

Stage 8: Code Generation. For each agent type, the Metagenerator produces
a module consisting of four files, following the naming conventions defined in
previous work [10]. Although this step may differ for other target languages, the
current implementation uses NetLogo.

Stage 4: Assembly. A Python-based assembler script collects all generated mod-
ules, resolves __includes directives, merges global variable declarations, and
produces a single executable main.nlogo file. This step is necessary because
NetLogo does not natively support multi-file project structures [10].

4 Agent Bricks: The Block Architecture

In ABMS, agents are represented by their states, their ability to perceive the
environment, make decisions, and interact. Fig. [I]shows the architecture defined
for the agent brick generated by the Agent Metagenerator. This architecture
provides a formal description of the agent, allowing clean, traceable, and repro-
ducible behavior analysis, and avoiding the black-box approach commonly found
in other systems.

Others Inputs Decision Logic «— State

I |
: Mﬁzzge 4>  Interactions ‘ Actions Lifecycle

Fig. 1. Internal architecture of an Agent Brick

At the core of the agent is the Lifecycle, which controls when agents exist,
whether they are created dynamically or remain fixed, and the conditions under
which they are activated or change roles (for example, an experienced doctor
reasoning differently from an inexperienced one).

Once agents are created, their State captures all conditions at a given time,
including state variables, their attributes, and internal memory. The state reflects
the sequence of events that has led to the current situation and can, in turn,
trigger reactions through the decision logic.

Decision Logic contains the complete agent logic, including rules, finite-
state machines, and constraints defined in the specification tables. At each sim-
ulation step, the agent determines whether to act reactively or proactively.
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Once a decision is selected, its effects are realized through the actions block.
Actions constitute the only mechanism through which an agent can affect the
system and include movement, resource requests, and mediated updates to other
agents. The Metagenerator generates a dedicated procedure for each declared
action, ensuring that all effects on the simulation remain explicit and auditable.

Communication between agents is handled through the Interactions block,
which specifies communication partners and channels, referred to in this article as
the message hub. For example, in a waiting room scenario, a message broadcast
through loudspeakers may be perceived by multiple agents, even if it is only
relevant to one, allowing others to ignore it or react differently.

Finally, agents only have access to the information defined in the Input
block, which determines what they can perceive and interpret. A message hub-
based communication mechanism is used to deliver events to the agent, ensuring
that it only receives input that it is allowed to observe.

Together, these six blocks define everything an agent requires to function
independently. This structure also enables the creation of controlled test envi-
ronments in which inputs and outputs can be simulated using an oracle that in-
jects predefined messages. Individual agents can then be executed and validated
in isolation, ensuring that they correctly process messages and make decisions,
while accounting for the stochastic nature of the system.

5 Methodology and Proof-of-Concept Validation

The metasystem is validated through a proof of concept that targets the agent
blocks. Accordingly, the case study should be interpreted as a structural valida-
tion of the architecture. Three aspects are analyzed: whether the model effec-
tively supports agent specification, whether the separation between the concep-
tual and computational layers is maintained in practice, and whether execution
can occur without hidden monolithic dependencies.

The scenario used is an ED. A simplified state machine is implemented for a
patient, and all interactions are handled through message centers, enabling full
traceability. Each simulation cycle represents one minute. Patient arrivals are
generated from a real dataset fitted to a Poisson distribution. The simulation
runs for 6400 cycles, with adjustable initial conditions. The patient transitions
through four states: waiting, queuing, being seen, and discharged. State tran-
sitions occur either due to internal changes or incoming messages. The inputs
include the environmental context, the current simulation time, and received
messages. Interactions are intentionally kept to a minimum.

The same six-block logic is also applied to resources. The simplest resources
are represented as part of the environmental state, while more complex ones,
those requiring their own decision logic, are modeled as service agents. This
provides a practical solution that avoids making the abstraction overly rigid.

Although code generation is intended to be automatic, the proof-of-concept
implements the final step manually to validate the abstraction; artifacts and
datasets will be released in future work.
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6 Conclusions

The difficulty of reusing ABMS-based simulators with monolithic structures has
increased over time. Based on both the literature and the accumulated experi-
ence with the ED model, a metasystem is proposed that formally separates the
conceptual model from the computational model, preventing implementations
that diverge from the underlying conceptual specification.

Six blocks have been introduced to describe the behavior of the agent. This
structure helps to formalize expert knowledge and facilitates traceability between
conceptual and computational models. All agent-independent decisions are made
explicit, distinguishing this approach from others based on large volumes of
data and untraceable models. The approach relies on calibration using a small,
controlled dataset, positioning itself at the intersection of computation and data
as a driver of scientific progress, while avoiding methods in which the decision
logic cannot be traced back to the conceptual level of the model.

The Metagenerator enforces this architecture throughout the analysis pro-
cess, from formal data collection in specification tables to the final simulator.
It validates definitions, resolves dependencies, and generates reusable, encapsu-
lated modules. This reduces the risk of reintroducing monolithic behavior by
maintaining a clear separation between agents. This is particularly important
in distributed decision domains such as EDs, where regulations can change and
significantly affect agents and, consequently, the model.

The results suggest that the proposed six-block agent abstraction is sufficient
to support executable simulations in the investigated scenario. At this stage, the
translation of specifications into code is performed manually to avoid dependence
on tooling, reinforcing the idea that each agent is an independent entity with
a communication mechanism (message hub) and maintains a contract between
the conceptual model and the simulation. Further validation across domains and
platforms remains future work.

Future work involves implementing automatic generation from the specifi-
cation tables of the already developed digital twin model and extending the
metasystem to other platforms and simulation languages. This opens the door
to create digital twins and performing new analyzes in other domains such as
urban planning and public transportation systems.
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