2024 Interservice/Industry Training, Simulation, and Education Conference (I/ITSEC)

Development of closed-loop military simulation software:
Challenges, best practices, and lessons learned

Erkin Cilden, ismail Caglar Cetintas, Denizcan Demirok,
Biisra Toraman, Levent Hakki Senyiirek, Halit Oguztiiziin
Fatih Narman, Merve Caglar Erdemir, Ahmet Sezer

STM Defense Technologies Middle East Technical University,
Engineering and Trade Inc. Department of Computer Engineering
Ankara, Turkiye Ankara, Turkiye
{erkin.cilden, icaglar.cetintas, denizcan.yilmaz, oguztuzn@ceng.metu.edu.tr

busra.yilmaz, Ihakki.senyurek, fatih.narman,
cerdemir, asezer}@stm.com.tr

ABSTRACT

Closed-loop military simulation software, or automated constructive simulations, differ from the more widely known
human-in-the-loop counterparts, namely computer-aided war game simulations, by modeling of human decisions
integrated into the simulation and executing without human stimulation at the run-time. That is, unlike conventional
computer-aided war games, the purpose of closed-loop military simulations is not to train users in the decision-making
role, but to conduct an in-depth investigation of the complex nature of the target phenomenon being simulated. Thus,
there is a critical difference regarding their intended use. This difference brings about unique challenges and needs to
be managed in various aspects during implementation.

In terms of model management and validation, some issues standout such as managing the complexity of the target
phenomenon at the model level, determining and applying the appropriate autonomy level of the models, and aligning
model fidelities with validation methods in accordance with the intended use. In terms of software engineering and
data management, questions should be answered for simulation big data processing, analysis and visualization needs,
alignment of different aspects of software architecture, and flexible capabilities to support these needs by the
simulation core. From a project management perspective, predictability problems may be encountered in both daily
operations and long-term planning. From the user perspective, stakeholder involvement is important in the adaptation
of the tool, which can be considered as an interpreted formal language and is usually not easy to practice without
particular training.

In this paper, distinguishing aspects that the project team should focus on during the development of closed-loop
military simulation software are discussed. Based on the authors' experience of a project carried out over a period of
more than five years, the identification of these problems, alternative and proposed solution methods, and lessons
learned are presented.
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INTRODUCTION

The theory and practice of computer-assisted military exercise technologies have been extensively studied for decades.
Modeling and simulation is an interdisciplinary area that has been studied in detail as an enabling technology.
Although there is widely accepted literature on definitions, terms, and concepts to provide a common ground for
academicians and practitioners, some notions are still being discussed.

In the military context, wargame commonly refers to the simulation of a military operation (Ministry of Defence UK,
2017; NATO, 2019, 2023). However, various definitions emphasize the different aspects of these common definitions,
such as the existence of players of different sides, the existence of rules-data-methods-procedures, and the effects of
decisions to the sequence of events (Hodicky et al., 2020). There seems to be an uncertainty on the boundaries of the
term, especially concerning the constraints on the role of players and the execution of the sequence of events. For the
definition of wargame simulation, the situation is similar. As a common understanding, a computer-assisted wargame
simulation is a multi-user software incorporated in a multi-player game setting, usually equipped with real-time
models with appropriate levels of fidelity and aggregation, tools required to manage the execution, and features to
support the evaluation and improvement of the players’ real-time decision capabilities.

There is a less common category of a similar simulation technology, in which the players are not in-the-loop during
the simulation execution, rather, a predefined scenario script is followed from the beginning to the end without
interruption. A term used for this category is closed-loop simulation (Hodicky et al., 2020; Turnitsa et al., 2022), or
less frequently automated constructive simulation (ACS) (Hodicky et al., 2019; Nohel et al., 2022). In this paper, we
use the term closed-loop simulation to mean that the computerized simulation model executes without user
intervention, and the encapsulated models serve for military decision making in some sense, including but not limited
to training, tactics evaluation, and technical effectiveness analysis.

This paper summarizes challenges, best practices, and lessons learned from our experience on a closed-loop military
simulation development projects, examining the problem from different points of view, namely model engineering,
software engineering, and project management.

RELATED WORK

Due to their characteristic flow-of-operation, closed-loop military simulation tools enable some interesting features.
Since the execution flow of a single scenario run (sometimes also called: a trial) is not interrupted by the user, real-
time execution is not a requirement. On the contrary, faster-than-real-time, or best-effort execution is usually an
essential property of closed-loop military simulations, since it gives the opportunity to quickly repeat the trials with
varying input parameter values, to observe and analyze how the outcome is affected by them. This gives the user to
apply the Monte-Carlo method (Biggs & Hirsch, 2022), Design of Experiments (DoE) (Law, 2017), or similar
techniques to generate statistically meaningful simulation outputs to make controlled use of stochasticity to understand
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the impact of input factors on the behavior of simulation models. Given a scenario and variable input parameter values
of interest, these techniques provide the user with a simulation output space (response surface) by executing each
variation (trial) one by one, and recording the outputs to the target data repository.

Closed-loop military simulations have various use cases. These tools are a perfect medium to support concept
development and experimentation (CD&E), to capture the best ideas, gaps, and approaches for an existing or future
issue, by using controlled investigation methods (NATO, 2021). They can support training by their inherent capability
for analysis of alternatives. Procurement decisions can make use of data produced by closed-loop military simulation
systems, where the decision maker can compare the performances of two alternate sub-systems by designing and
executing experiments using the critical scenarios of interest.

Development of simulation software has some challenges and difficulties, in addition to commonly agreed software
engineering practices. Some of the distinctive characteristics of simulation software development are, the emphasis
on the design and development of simulation models together with their validation-verification processes, the
criticality of alignment of software requirements with modeling requirements, and the importance of designing the
correct simulation architecture and maintaining it throughout the development with minimal corrosion. These
problems are known and methods to overcome these problems are well-studied in the literature (Gianni et al., 2011;
Smith, 1998).

GEMED PROJECT EXPERIENCE

57 GEMED — O X

Tools File Help

Figure 1 GEMED start screen

Naval Warfare Effectiveness Analysis Model (GEMED) is a closed-loop military simulation with built-in
experimentation and effectiveness analysis features, designed and implemented for Turkish Naval Forces as the end-
user. There are approximately 90 simulation models targeting naval warfare at the tactical/operational level, including
naval and air platforms, RF/IR/acoustic sensors, weapon systems, and missiles. At its core, GEMED is a multi-agent
based simulation, in which both discrete event triggers and variable time advance mechanisms are available for the
agents, which gives the model engineer flexibility to use hybrid approaches if required. There are six main modules
of GEMED (Figure 1): model management, scenario management, DoE-and-execution, reporting, debriefing, and
effectiveness analysis (Ozkan et al., 2019). All modules are independent at the process level but are interdependent at
the data level.

The primary intended use of GEMED is tactical/operational analysis via scientific methods, using the outputs of

simulation batch runs. GEMED was a research and development project with multiple phases developed between
2018-2023, and is currently in its maintenance phase. This paper presents the noteworthy aspects that attracted the
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attention of the GEMED team, based on their experience in the project, during the development of a closed-loop
military simulation software.

MODELING PERSPECTIVE
Model Development and Implementation Aspect

Arguably the most predominant challenge in developing a closed-loop military simulation software is proper modeling
of complex target phenomenon and managing their conceptual integrity, while paying close attention to the required
autonomy of the models to enable closed-loop execution.

Multi-agent based design:

In a closed-loop military simulation, it is not feasible to assume that the model designer or scenario developer is able
to foresee all the alternate futures within a defined simulation scenario. Multi-agent based simulation (MABS) (Abar
etal., 2017) allows the scenario to be inherently built up from the bottom to the top. At the bottom resides the agents,
which are ontologically separated run-time entities with encapsulated domains of interest (i.e. environments), and a
certain level of autonomy. At its core, GEMED incorporates four environments: dynamic environment (Newton
physics), acoustic environment (hydroacoustics), electromagnetic environment (electromagnetic spectrum), C2
environment (tactical/operational picture per agent). Each agent is entitled to at least one of these environments and
interacts only with them (i.e. no two agents directly interact with each other). There are known design and performance
advantages of MABS compared to other design approaches (Cetintas et al., 2020).

Using MABS practices;

e itis easier to manage the modeling complexity of the target domain, both during the model design and at the
closed-loop scenario definition level,

e since the target domain is complex, MABS is an effective approach to understanding the emergent behavior
of the complex phenomenon,

e agent encapsulation makes it easier to isolate agents, so that the model designer can focus on certain aspects
of the model without any regression on its other aspects

On the other hand, MABS;

e requires a certain model design mindset, where each agent should have a level of autonomy, which requires
experience and is a design challenge per se,

e requires a careful design of the “environments” since agents only interact through them. In the model design
point-of-view, an environment is the invisible part of an agent, and it is an art to balance the agent skills with
the environment capabilities, taking into account the possible number of agents, the volume of common
calculation routines, multi-fidelity requirements, and computational constraints (parallel execution, data
distribution, etc.).

e requires the engineering of an acceptable level of agent autonomy, since higher levels of autonomy introduce
the possibility of emerging behavior outcomes that are difficult to interpret analytically.

Multi-fidelity alignment:

In a simulation where there are no human players throughout execution, it is necessary to merge the mimicry of the
physical phenomena with the required repetitive human decision, without loss of generality on the statistical
simulation outputs. This can be achieved by lowering the fidelity of human decision centric models, while keeping
the others as high as required. However, taking the computation efficiency constraint into account, the model
developers have to cope with different levels of fidelities among models, which is not straightforward.

To overcome this difficulty, GEMED team committed to the careful practice of the MABS principles, especially
agent-environment abstraction, which is a disciplined way to isolate each agent and each environment from each other.
Through agent-to-agent isolation, model implementation and testing become independent of another model’s
development progress. Such an approach significantly reduces the development time of every model and increases the
reusability of the model in other simulations. One downside of this approach is that environments are burdened by
volumes of information about model data (positions, RCS, etc.), and model-environment dependency increases.
Additionally, the team identified that multi-fidelity alignment should be addressed in close association with the model

I/ITSEC 2024 Paper No. 24307 Page 5 of 13



2024 Interservice/Industry Training, Simulation, and Education Conference (I/ITSEC)

validation activities, where the end-users, developers, and domain experts should agree on a common understanding
about the model fidelities. It is obvious that the process is not straightforward, and not always completed with an
optimal alignment.

The multi-fidelity alignment;
e  COmes across as a requirement or a constraint for a closed-loop military simulation,
e can be achieved by careful application of MABS principles,
o usually requires the contribution of multiple stakeholders,
o benefits from early integration using mock models.
On the other hand,
e there is no agreed-upon measurement unit on fidelity level, so the alignment process requires careful
consideration of multiple aspects with multiple stakeholders,
e multiple-fidelity modeling has potential adverse effects on consistency, such as repeatability, reliable
emergent behavior, and smooth user experience.

Model Validation and Verification Aspect

The MABS approach provides a natural decomposition (Péchoucek et al., 2012) according to real-life-inspired model
ontology, which supports the validation and verification (V&V) process by mimicking the natural structure of
platforms. However, the sum of the parts does not necessarily add up to the whole. In other words, V&V on individual
agents is not enough to conclude that the whole simulation model is valid and verified. For a closed-loop military
simulation, the validation process is even more difficult, since the process should also consider the impact of complex
emergent behavior, including unpredicted outcomes of the scenario, the meaning of scenario variants (alternate
futures), and the impact of stochastic parameters on the outcomes.

Feature-driven defined process:

For a closed-loop military simulation system, any subtle change in a single model may have a major impact on the
emergent behavior. Therefore, it was obvious that the validation activities would have a repetitive nature. To
understand the impact and to conduct the required follow-up actions, a defined V&V process is required. In order to
define a process and ensure it is sustainable, the building blocks of validation activities should be defined. Inspired by
feature-driven development practices (Palmer & Felsing, 2001) GEMED team focused on descriptive run-time
features of each model as building blocks of the V&V process. As an example, “pop-up maneuver” may or may not
be a required feature of a missile model, depending on its intended use. In GEMED, a simulation scenario-driven
acceptance test procedure was defined for software verification activities, and a separate validation process was
defined and executed for validation of the model space. Both processes were essentially based on the features of the
software and models (Cilden et al., 2023).

In a broad sense, a feature-driven defined V&V process;
facilitates sustainability via the repeatability of the process steps,
e makes it relatively easy to measure the progress of the V&V activities,
o defines a common ground for the whole activities for discussion and negotiation,
e enables automated V&YV at the feature level, leaving more available resources for higher-level (emergent
behavior) analysis.
On the other hand, such a process;
e requires the consensus of all stakeholders at the beginning of the project, which may not be always easy to
achieve,
e makes it essential to use automation tools to keep track of progress, and be able to repeat some steps, which
may require additional license fees, learning effort, and dedicated personnel.

Continuous regression management:

Possibly the most exhausting validation activity of a closed-loop simulation model is to cope with the notion so called
the butterfly effect. Out of its mathematical context in chaos theory, the butterfly effect is popularly used to describe
a phenomenon where a tiny change in start conditions can lead to vastly different outcomes. Developers of closed-
loop simulations frequently observe this effect, even within a simple simulation scenario (Tang et al., 2021). In fact,
this is directly related to the emergent behavior of MABS approach, since one of the aims of MABS is to observe the
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emergent behavior, which is expected to give insight into the target complex phenomenon by observing those —
possibly unexpected- outcomes. Every subtle change in models is a potential butterfly effect, and may cause regression
on the overall simulation model. A continuous regression management strategy is required to keep an eye on this
problem.

Continuous regression management;
e ensures that the earlier achievements of the validation activities are still intact,
o significantly elevates stakeholder confidence.
Additionally, continuous regression management;
e should be supported by automation tools (such as GUI testing tools, project specific scripts)
e would better be practiced by dedicated personnel,
e isawork package for which the amount of resources is difficult to predict and plan in advance.

USER AND ANALYSIS PERSPECTIVE

Data Management and Simulation Output Analysis Aspect

Closed-loop military simulation systems can be seen as generators of synthetic data. In a very broad sense, a trial is a
function of input model and scenario parameters (variables) and returns a set of output data. The analysis contexts of
closed-loop simulations are usually complex phenomena, otherwise, it would be possible to incorporate analytical
methods to solve the target problem. Therefore, both input and output sets are expectedly extremely large, and difficult
to construct, maintain, and process.

Simulation big data:

Multiple executions of scenario variants; which is a powerful potential of closed-loop military simulations, produce a
huge amount of output data, i.e. simulation logs. When the number of trials reaches to hundreds/thousands, massive
log data is required to be processed. During run-time, there are mainly commit-intensive data repository operations.
Since a closed-loop simulation usually executes in best-effort mode, meaning there is no real-time constraint on the
models, it is highly probable that write operations of simulation execution become a computational bottleneck for the
overall performance of the batch executions, which requires proper handling. After the completion of the executions,
on the other hand, the data repository operations are rather fetch-intensive, usually requiring fast reading of bulk data,
so that required analysis can be rapidly processed.

GEMED team tried to produce an answer where a balanced system response could be obtained for both cases. A
NoSQL database solution with a file system level event-log mechanism is devised, using MongoDB with Logstash.
MongoDB collection mechanism is well suited to store different simulation log typed data, but big collections require
extra indexing workload, which should be calibrated for various database use cases within the project (Cekinel et al.,
2019).

Simulation big data problem;
e can be relaxed using recent advances in database management, such as NoSQL databases,
e may benefit from ontology-driven design best practices (Hofmann et al., 2011),
e may require the user to select a subset of the simulation outputs to reduce the data repository workload.
However,
e it is not straightforward to calibrate the data management solution for conflicting database operation
requirements,
o database indexing for optimal performance may require significant effort, and possibly can not be finalized
until the late stages of development.

Inspection of simulation outputs:

After the execution of the closed-loop scenario variants, a simulation big data resides in the data repository ready for
processing. Although the contents of these inspections may vary, practices of simulation software architecture usually
incorporate 3" party software tools for this purpose. All the aforementioned data inspection forms have their own
software solutions and related communities, with a crowded set of popular tools and libraries; such as R, PyCharm,
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OpenRefine, PowerBI, SIMDIS, Unity to name a few. To use the power of 3" party tools, it should be possible to
convert inputs and outputs of the closed-loop simulation software into the appropriate data format, so that they can be
processed by the tools of choice. For example, GEMED software can export simulation outputs into SIMDIS
animation file format (*.asi) so that the SIMDIS player can animate the resulting scenario instance. GEMED also
makes use of R scripts for descriptive statistics over the row output data.

For closed-loop simulations;

e it might be a good idea to make extensive use of 3" party data inspection software,

e putting some planned effort into the selection of target tools and development of export libraries will probably
pay back,

e no single 3 party tool is a silver bullet for data inspection, so it might be a good idea to support at least a
few popular/required software.

On the other hand,

o care should be taken regarding the license terms of the 3" party software to be used,

o especially for advanced analysis, a meta-data derivation layer might be required before export.

e output data for graphical analysis is a near-must when it comes much-needed user understanding of complex
phenomena. Data for graphs such as run-by-run comparable attribute value change rate, hypothesis analysis
on select model attributes, time series, etc. is generated during a simulation run even though that data itself
is not necessary from an analysis perspective.

User Experience and User Interface (UX/UI) Design Aspect

Every software tool has its own way of interacting with the user. Both user experience (UX) and user interface (Ul)
design are specialties that have been gaining increasing attention for a couple of decades, including simulation
technologies (McArdle & Hilmer, 2022). In coherence with the increasing computation capacity, realism and scientific
rigor within military simulation systems have been scaling up, demanding more effort from the developers to optimize
UX/UI for the end-user to cope with the increasing complexity.

Closed-loop scenario definition challenge:
For closed-loop military - .
simulations, designing the Ul for L e s e
scenario definition is a challenge.
For multi-player simulations, a
scenario mostly consists of the
initialization set of simulation
entities (i.e. the initial positions and
orientations, starting values of
running parameters) and a
relatively small set of possible
planned injections. After the start
of the execution, the players shape
what happens next through time.
For closed-loop simulations, on the
other hand, a form of scenario
script is required to guide the Figure 2 BPM based visual programming environment
simulation execution flow

(Seymour, 2014), informing the simulation engine what to do under alternate circumstances, which may also be some
unforeseen situations unless the scenario is executed at least once. This requirement gives rise to a script interpreter
implementation task, together with a UX/UI design problem to make things easier for the user.

GEMED implements a visual scenario scripting tool, inspired by business process modeling (BPM) practices (Garcia-
Holgado et al., 2015), together with a 3D mapping area for the visual creation of scenarios. The tool enables the user
to define sequential and concurrent tasks to be executed by agents with conditional transitions or synchronizations in
between, and also to compose temporal plans based on structures similar to swimlane activity diagrams. While this
approach allows scenarios that are essentially reducible to executable scenario scripts, it is also human readable, and
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easier to alter (Figure 2). A pre-run capability is also available to quickly run the scenario and see that it executes in
the desired fashion.

Closed-loop military scenario definition solution;
e requires supporting tools for the user to easily define a set of rules that would cover the whole automated
scenario flow,
o would better allow pre-runs, meaning the user can speed-run the target scenario to properly build up a “happy
path” scenario, suitable to use as a base for further altered executions (trials),
e can make use of the widely accepted model and process definition standards and languages, such as BPML,
UML, SysML,
On the other hand;
e scenario definition tools for closed-loop simulation may require close negotiations with the end-user to
understand their needs, where frequent interim releases of the tool might help,
e the proposed solution may be tightly coupled with the underlying model design; therefore, it can be important
to set an appropriate model abstraction level to build it on.

Scenario variations management:

If there is the need for closed-loop simulation, then there is in fact the need for repeated execution of a target scenario
upon some intended variations, possibly to generate synthetic data. Once a base scenario is available in a specific
format (i.e. XML, JSON, custom script, etc.), there are alternative ways to define alterations of the scenario, depending
on the intended analysis, such as random walks, Monte Carlo simulations, and DoE. It is of course possible to generate
variations of the base scenario manually and execute them one-by-one using the operating system tools. However,
from the user’s point of view, a systematic batch run via software Uls helps a lot. Additionally, the data management
tools are expected to support this simulation variety, for a smooth post-execution analysis.

GEMED is equipped with a DoE software tool that guides the user to build an experiment on top of a base scenario.
Step-by-step, the user defines the levels, factors, and stochastic parameters of a statistical experiment design, then the
software takes care of the rest. It generates all variants of the base scenario according to the defined experiment,
automatically dispatches to computation units (CPU threads), and displays the progress during execution. An
experiment in GEMED is defined as an aggregation encapsulating a base scenario, definitions of the variation around
the base scenario, and execution outputs of the experiment.

Scenario variations management;
e should include tools to easily alter the scenario (such as DoE, random variables, replaced entities, etc.), and
to manage the scenario variations,
e s closely dependent on the ontology, meaning that careful ontology management can enable smooth batch
management at the data layer,
e can be coupled with scenario execution management, which may allow a fluent control flow of simulation
software, and can be practical for the user.
However,
o the user should be informed and/or trained about the meaning of the batch run methods presented by the tool,
since they would have a statistical impact on the expected output, which may require additional interpretation,
e the batch executions can block much of the computing resources for a long time, therefore, it is a good
practice to design the simulation software non-blocking for other processes of the host computer.

ENGINEERING AND MANAGEMENT PERSPECTIVE
Software Engineering Aspect

A closed-loop military simulation is a complex and large software and needs rigorous application of appropriate
software engineering practices to achieve a successful completion. Besides the body of knowledge on developing
simulation models and tools (Andreas Tolk, 2012; Nutaro, 2011), there are few issues that can arise when engineering
for closed-loop military simulation software.
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The simulation engine:

Orchestration of all models in the simulation loop is at the core of all simulation software. The initial drive of the
orchestration method is the modeling approach, for which there are well-founded mainstream methods, such as
discrete event, incremental time progression, system dynamics, and multi-agent based simulation (Law, 2013). This
taxonomy does not impose an orthogonal solution space, but rather offers a set of tools to fulfill the simulation
requirements. Development of a closed-loop simulation may require a hybrid solution depending on the existence of
restrictive requirements, such as computational performance envelopes, the existence of multiple-fidelities, the
distribution of models, and so on.

GEMED, being a closed-loop military simulation software, benefits from variable time, discrete event, and multi-
agent based simulation approaches. This hybrid modeling approach stemmed from model integration and performance
requirements of the project and constrained the software architecture to fuse these methods in harmony. Although
there were COTS tools and libraries that were eligible for this purpose, the team chose to develop its own in-house
simulation engine that harmonizes the approaches to satisfy the project’s target criteria. At this point, if performance
requirements are the most important bounding frames on the design of the simulation engine, modeling fidelity
requirements are probably the second critical ones to consider.

For a closed-loop simulation, selection or design of the simulation engine;
o usually tightly depends on performance and model fidelity requirements,
e ison the critical technical path of the software development plan,
e itis possible to fuse multiple modeling approaches to achieve targeted software quality attributes, depending
on the intended use,
However, it should be noted that;
o the design of the simulation engine has the impact to shaping the design and development practices for models
and, therefore may require careful planning and incremental prototyping,
o there is a trade-off between decentralization of the simulation engine (or distribution of simulation models,
including interoperability) with repeatability and overall execution performance,
o the selection or design of the engine should take into account the autonomous execution principles of the
intended simulation models, since they determine the techniques (events, time advance functions, state
transitions, etc.) required to serve the models throughout their execution.

Utilizing computational resources:

A batch run is greedy on computational resources, and the obvious solution is to implement the utilization of multiple
processing resources for faster execution. A closed-loop simulation software makes use of batch runs, so some viable
parallel execution solutions should be addressed. Depending on the available hardware resources, parallel processing,
distributed computing and grid computing techniques are all possible to achieve this utilization (Fujimoto, 2015).

GEMED is a desktop application that utilizes the available CPUs of the host computer. A trial is chosen as a
sequentially indivisible (atomic) computation chunk, to assure repeatability and controlled stochasticity. By default,
it uses all available CPU threads provided by the operating system.

For a closed-loop military simulation, computing resource utilization;

o would be necessary most of the time, which differentiates it from most other simulation systems,

e can be achieved simply by distribution or parallelization of each trial,

e is essentially a trade-off problem where several factors should be considered, including computation
complexities of trials, inter-process communication or network connection latencies, network topology, and
hardware specifications.

On the other hand,

o distributing simulation models/entities over computing resources would not be straightforward to implement,
while trying to maintain common target attributes of a closed-loop simulation such as repeatability, faster
than real-time execution, etc.; instead, distribution of trials may be a more practical design choice,

e addressing pseudo-randomness may require special handling in case of parallel/distributed executions,

e sophisticated utilization problems may require specific expertise.
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Project Management Aspect

A closed-loop military simulation is a comprehensive software project, with all the hassles of every step of the software
development lifecycle, with some additional concerns due to all the other aspects previously mentioned. Therefore,
there are a couple of points to mention, that we believe are specific issues to be handled throughout a closed-loop
military simulation development project, summarized as follows.

Significant difficulty in effort estimations:

One of the most obstructive challenges that can be faced while managing a closed-loop simulation development project
is perhaps the significant difficulty in effort estimations The authors believe that this issue primarily stems from
various difficulties in the development of the simulation models, including additional layers of model autonomy,
frequent necessity for emergent behavior calibration, unpredictable effort required by model fidelity alignment tasks,
and relatively high coupling of models at the conceptual level.

GEMED team experienced and realized these problems within the first quarter of the project time span. Tailored
applications of existing interpretations of agile practices, namely Kanban and Scrum, helped the team to devise
project-specific mechanisms (Alqudah & Razali, 2017). At the early stages of the project, the team proceeded with
the Kanban practices because each newly developed model exhibited unpredictable emergent behaviors interacting
with other models, requiring short but frequent interventions in multiple models to alter or correct them. In this phase,
the team focused on limiting the number of work items in progress, instead of limiting the effort reserved for each
task. The activities mainly aimed at overcoming technical uncertainties, advancing research-based efforts as much as
possible, and developing the first working prototype of the software, to mitigate technical ambiguities. After a certain
confidence in the coherent execution of critical models is achieved, the team preferred to switch to a tailored Scrum
practice, a more disciplined and systematic way of iterative software development, with more accurate plans based on
historical data-oriented estimates.

To properly manage effort estimations of closed-loop simulation projects:

e itis useful to practice iterative and incremental development (such as Agile methods), which makes it easier
to collect the effort history of the team and update future estimations accordingly,

e early integration and frequent delivery practices can facilitate a quicker reduction in errors within effort
estimations, since early integration helps in the earlier identification of unpredictable emergent behavior
issues, while frequent delivery aids in the rapid clarification of user expectations,

o it would be useful to initiate model validation activities starting from the requirements analysis phase, at the
conceptual level.

Additionally;

e there is no generic solution for accurate effort estimation for the development of complex simulation

software, so additional effort may be required to find tailored solutions specific to the project,

Adverse effects of multiple intended uses:

For simulation software, all requirements are shaped based on a commonly agreed intended use (Balci, 2011),
especially within the modeling context. If, however, there are multiple intended uses, it is a technical challenge to
design a software and/or conceptual model space, in such a way that it covers every intended use of the resulting
software. In the case of conflicting intended uses, the solution may even result in implementation of different modes
of simulation software, especially for closed-loop simulations. Missile-target engagements (with a reference
simulation-time resolution of hundreds of seconds), compared to a force-on-force analysis of combatant platforms
(with a reference simulation-time resolution of days or weeks) might be an example of conflicting intended uses.

To cope with multiple indented uses;
e requirements elicitation phase should be carefully handled, frequently reviewing the intended use(s) until the
early prototypes,
o ahigher-level authority may be responsible for aligning the stakeholders around a single intended use.
On the other hand,;
o frequent delivery or early prototyping may fail to demonstrate the conflicting intended uses since they
focus more on lower-level software and model features compared to a conceptual intended use, which may
delay the identification of the problem.
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CONCLUSIONS AND DISCUSSION

This paper summarizes potential pitfalls that can be faced throughout the development of a closed-loop military
simulation software and suggests ways to avoid or overcome these problems. We try to avoid cross-context overlaps,
such as problems that can be encountered in any simulation development process, and focus on the ones that we
believe are specific to closed-loop simulation. The paper defines the issues, summarizes our experience —including
the causes and solutions-, and recommends further items that we foresee that can either help or harm on that issue.

Closed-loop military simulation software presents unique challenges due to factors such as limited user intervention,
model emergent behavior, the butterfly effect, and the inevitable autonomy of models. Our experience with the
GEMED project highlights three critical areas that require attention. First, simulation models pose challenges in terms
of design, development, and credibility. From the user’s perspective, there may be a need for unique solutions in areas
such as big data management, output analysis, and user interface design. Lastly, from a software engineering and
project management perspective, there is the challenge of carefully balancing a number of trade-off decisions.

This paper is based on experiences, thus, a possible future work would be to systematically analyze the issues
identified here and explore the impacts of the proposed solutions through collected data. For instance, a unified
analysis of project management metrics, software development process metrics, and measurements collected during
the model V&V process may yield informative results. As another example, the contribution of GUI test automation
tools within the scope of continuous model regression management could be analyzed through comparative
measurements.

Another future work is that we currently explore methods to fully automate the closed-loop simulation experience, i.e.
to achieve fully-automated wargame simulation capability. This work primarily aims to develop ontology-driven end-
to-end closed-loop simulation software and is in the early research phase.

A possible research direction is the development of common design frameworks that all stakeholders can work on
together, particularly addressing the two most challenging concepts of closed-loop military simulations: intended use
and model fidelity. These frameworks will likely involve disciplines such as requirements management and simulation
ontology.
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