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Abstract System of Systems Engineering (SoSE) studies how independent constituent sys-
tems interact to generate emergent capabilities. However, it is challenging linking the study
operations and SoSE to software implementation and agent-based simulations. This paper
considers communication as the primary architectural concern and examines how software
architectures can improve SoS modelling and simulation. In particular, by relating soft-
ware architectures to Observe—Orient—Decide-Act (OODA) loops, which are a promising
structure for aligning communication, decision logic, and agent interactions with modular
and traceable agent architectures. The goal of this work is to explore how communication
within SoS architectures can be better structured, represented, and analysed through soft-
ware engineering and agent-based modelling frameworks in the context of hierarchical and
cooperative operational environments, where information exchange directly influences sys-
tem performance and emergent outcomes.

Background

System of Systems Engineering (SoSE) studies the methodologies for developing assemblies
of systems in such a way that the collective brings new capabilities [1]. These systems oper-
ate independently but also as a part of an overarching System of Systems (SoS) architecture
designed to form a collaborative and communicative network. The communication and in-
teraction between systems are what makes the new capabilities emerge [1]. It is difficult,
however, to provide an architecture for the SoS without being aware of the emergent ca-
pabilities beforehand, for that reason, modelling and simulation is used for finding these
unforeseen capabilities. However, when using software for implementing a simulation tool



for the SoS, not knowing the overall architecture represents a challenge that could make
the models diverge from reality. The present work proposes the use of communication as
the starting point for proposing a software architecture that could be easily relatable when
considering options for the SoS architecture. By considering communication early on in the
process, issues related to communication in the form of delays, scalability, traceability, or
interoperability can be addressed so they do not become an issue later on.

Systems Engineering as Starting Point

There have been attempts to connect the Systems Engineering (SE) Vee Model to SoSE
2], but SE design and analysis assumptions are not always suitable for every SoS case [1].
There are accepted heuristics for architecting an SoS that can be found in the literature [3],
being considered the correct modelling of interactions as the most critical one for capturing
emergence. A very interesting approach for defining system architectures is heuristic extrap-
olation [4]. This method is particularly relevant as it is context sensitive and abstraction is
removed iteratively in the design representation. The heuristic extrapolation method takes
a general descriptive heuristic to derive domain-specific heuristics and rationale for decisions.

Adopting Software Engineering
The process of modelling and analysis of SoS architectures is inherently iterative. For
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Figure 1: Incident Command Structure for Wildfire Suppression. Adapted from [10].
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SoSE studies, the development of a simulation model is going to depend on the software
architecture chosen for representing interactions during an operation. However, the goal of
implementing such model to be used during SoSE processes is to be able to make decisions
for defining the SoS architecture and interactions. Moreover, for a proper analysis, if the
decided software architecture is representative of the SoS architecture, obvious parallelisms
between them will rise, and engineers should be able to extrapolate from one another more
easily and intuitively. This coupling usually requires an iterative process with numerous
trade-off discussions. For parallelisms, considering similar architectures that are already in
use simplifies the process. Shown in Fig. 1 is a simplified hierarchy for wildfire suppres-



sion operations, and by using these established structures, it is possible to choose amongst
the already defined software architectures. Many of them are well-known [5] and provide
guidance for implementing the models required for SoS analysis. Moreover, many of these
software architectures have well-defined layers, a clear structure of how the information is
propagated, and whether a layer can access resources from other layers. Using these software
architectures as a starting point for discussing SoS architectures is considered optimal, as
they are well defined and they can be used directly for the implementation of models while
keeping traceability of the reasoning behind the decisions taken. To improve the process,
one of the most recent methods proposed combines mathematical formulations with model
theory, which has been validated and used for system and software design bringing numerous
advantages [6].

In terms of modelling and simulation for SoSE, agent-based models are usually used [1].
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Figure 2: High-level agent architecture.

They focus on the interactions of agents, both between them and with their environment,
for finding emergent behaviours or missing capabilities that could define requirements for
designing new constituent systems. A traditional high-level software architecture of an agent
separates the functions for observation of the environment and the functions for acting upon
the environment [7], as shown in Fig. 2. However, this architecture is insufficient when trying
to represent agents with more advanced interaction capabilities, such as an incident com-
mander agent in a wildfire suppression operation whose interactions are roughly represented
in Fig. 3. The goal behind these agent architectures and agent-oriented programming is to
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Figure 3: Incident commander agent interactions.

perform all the coding considerations as if they were mental states [9], being the difference
with object-oriented programming that agents can choose whether to perform a task, and
objects cannot. The agent could also be implemented with beliefs and commitment rules.



Agents then could be defined in terms of being communicative or not [7]. For the specific
case of SoS, an interesting option for implementing agents would be to adopt an architecture
based on Observe-Orient-Decide-Act (OODA) loops, which would allow to compartmentalise
the implementation of the agents’ behaviour in each part of the loop, define clear flows of
information and how it is shared, and include interactions in the Decide and Act steps of the
loop. This architecture could include forms of artificial intelligence and even be extended
with agent intentions [§].

Conclusion

Despite the ongoing research about SoSE and software architectures, there seems to be
no method considered standard for linking SoS architectures and software implementation,
especially through communication logic. The method of extrapolating heuristics and the
consideration of software structures do not fully relate to how information flows, transforms,
and supports decisions during an SoS operation. Software architectures have well-defined
communication layers, but those layers do not fully represent SoS decision dynamics. To
address this disconnection, this paper has proposed communication-centred architectures as
the starting point, considering OODA loops particularly relevant, as they can relate system
behaviour during real operations directly to agent implementations in simulation models.
The OODA loops have structured information flow and a traceable and modular separation
of concerns, which maps in a straightforward manner to both software implementation and
SoS interactions, and how information evolves into decisions. These reasons make the loop
valuable for SoSE applications where coordination and communication fidelity are neces-
sary to find any emergent system performance. While OODA loops alone do not solve all
SoSE challenges, their simplicity, modularity, and operational clarity provide a framework
for agent-based models.

Future work should therefore focus on implementation and verification of an OODA-based
framework with special attention to the communication layer for SoS simulation. Particu-
larly relevant topics for future research are the definition of messaging (to represent human
communication), evaluate the scalability and interoperability in a model with heterogeneous
agents, and verify that the OODA loops do indeed improve traceability between SoS archi-
tecture decisions and software implementations.
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