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Abstract: This study introduces a novel methodology and framework for the verification,
validation, and testing of agent-based simulation models: RatKit. Building on repeatable
automated testing in ABMS, the present contribution significantly extends the foundation by
proposing an integrated metamodel and systematic development methodology that embeds these
activities throughout the simulation lifecycle. The RatKit methodology is both general, in that it
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ABM frameworks. The methodology comes with a dedicated implemented framework. It is
implemented by selecting the Repast ABM development framework. RatKit is demonstrated
through a detailed case study of the Boids model, where the dynamics of alignment, cohesion,
and separation are examined. Results from the case study show that a test-driven approach can
enhance model reliability and ensure that individual agent behaviors coalesce into realistic
emergent phenomena. Experiences and feedback obtained during the case studies show that
developing ABM with a test-driven method based on VV&T facilitates the creation of desired
models.
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1 Introduction

Agent-based simulation (ABS) highlights new opportunities (much closer to reality
concerning other modelling techniques) to model complex systems and complex
adaptive systems [Macal, 09]. ABS is increasingly being used in various application
domains [Epstein, 07; Giircan, 14; Grimm, 05; Niazi, 10]. However, despite their
increasing popularity, ABS models are often criticized in terms of verifiability and
validity of models [Niazi, 11; Naylor 67; Sargent, 91; Law, 03].

Validation and verification (V&V) is an important activity in ABS development as
in other simulation techniques. Although almost all simulation researchers agree that it
is important and mandatory, there is no agreement on how to conduct the V&V in the
development cycle yet. Model verification is the process of determining that the model
meets intended modelling objectives and is correctly implemented concerning the
conceptual model [Law, 07]. In addition, model validation is the process of determining
the degree to which the model is an accurate representation of the real system
concerning the intended modelling objectives (theoretical validation), conceptual
model (conceptual model validation), simulation model, and simulation results
[Sargent, 91; Law, 03, 07; Carley, 96]. Model testing is executing the model, a part of
the model or a model component under specified conditions and comparing their results
against experimental or real system results to evaluate its functionality. Validation,
verification and testing (VV&T) activities are complementary tasks of the development
life cycle [Balci, 94, 95]. These complementary and mandatory activities refer to the
integrative activity of the ABS development life cycle.

A critical question therefore arises: “Is the simulation model an accurate
representation of the real system?” If the model falls short, the insights gained are either
misleading or entirely inappropriate [Troitzcsch, 04]. To address these challenges, we
propose embedding verification, validation, and testing throughout the simulation
lifecycle by introducing a systematic, metamodel-driven methodology. In this paper,
we detail the new technical contributions of our work: a refined metamodel, an
integrated methodology, and a comprehensive framework implemented as RatKit. We
further illustrate this approach through the Boids case study, emphasizing the key
behavioural attributes—alignment, cohesion, and separation—that underpin flocking
behaviour.

VV&T of the simulation model is not a trivial activity. Numerous techniques have
been developed for this purpose [Troitzesch, 04; Sargent, 13; Office USGA, 87; Banks,
10; DoDI, 09; Riedmaier, 21; Olsson, 22; Bakar, 18; Sudeikat, 09; Herd, 14]. Some
approaches involve collaboration with domain experts or reviewers, auditing,
conducting Turing tests, writing comprehensive model documentation, or debugging.
Others focus on face validation, model testing, evaluating assumptions and
components, and comparing model behavior or outputs with the real system or other
models [Hunter, 20; Roungas, 17; Curreli, 21]. These are often referred to as dynamic
techniques [Troitzesch, 04], which require executing the agent-based simulation (ABS)
model, observing its outputs, and comparing the results against reference data. At this
stage, there is a strong need for ABS developers to support the implementation of
various methods through a structured VV&T framework.

There are few frameworks that handle conducting validation, verification and
testing of ABSs [Niazi, 09; Giircan, 13; Wright, 12; Khattak, 15; Drchal, 16]. These
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frameworks are developed to meet specific needs—particularly model testing—but
they fall short when it comes to addressing the broader demands of VV&T automation
and integration, including design, execution, and observation. As system complexity
increases, there is a growing need to equip ABS developers with effective techniques
and automated tools that help produce high-quality (accurate and sufficiently credible)
models. Beyond the urgent need for a dedicated framework, another key gap is the
absence of a comprehensive methodology. Existing techniques in the literature
approach VV&T from differing perspectives, each outlining its own set of application
steps. This inconsistency leaves ABS developers uncertain about how to perform these
activities and how to apply chosen techniques effectively. A unified methodology—
independent of individual techniques—should define the core activities in an ABS
study and systematically connect them with suitable methods. Such integration must be
guided by a metamodel constructed with reference to existing approaches, ensuring that
both technique selection and execution align with developer needs.

In this paper, we introduce the RatKit methodology and demonstrate its application
through a supporting framework. We also define a metamodel for VV&T of ABS,
based on existing studies and a range of established techniques. Furthermore, we
elaborate on the methodology by detailing the fundamental activities derived from the
metamodel. These activities represent the core tasks of the quality assurance process
and are designed to help ABS developers carry out model validation, verification, and
testing more easily and systematically.

RatKit’s key advantages center around its modular design and extensibility. Its
architecture is built from distinct components—such as the scheduler, logging,
observation, and visualization modules—that can be independently updated or replaced
to accommodate different agent-based modeling (ABM) platforms. This modularity not
only simplifies maintenance but also facilitates integration with a variety of simulation
environments. Additionally, RatKit’s comprehensive metamodel framework rigorously
encapsulates the essential evaluation concepts, enabling a systematic, test-driven
development lifecycle. This systematic approach allows developers to embed
evaluation tasks throughout the simulation process, thereby promoting early error
detection, enhanced model reliability, and iterative refinement of both individual
components and emergent system behaviours. Despite these significant strengths, there
are several limitations associated with the current implementation of RatKit. First, the
framework currently relies on the Repast simulation platform, which may restrict its
seamless adoption in environments where other ABM frameworks predominate.
Secondly, while RatKit is designed to support extensive evaluation activities,
scalability constraints may emerge when handling extremely large-scale models or
simulations with thousands of agents, potentially impacting performance. Furthermore,
although many evaluation tasks are automated, automating more complex evaluation
processes—particularly those requiring real-time adaptation or handling ambiguous
behavioural outputs—remains challenging. These limitations point to areas for future
improvement, including broadening support for additional simulation platforms,
optimizing performance for large-scale implementations, and enhancing the automation
of evaluation procedures.

The rest of the paper is organized as follows. The next section reviews existing
frameworks in the domain. Section 3 outlines the essential requirements for such
frameworks, from both architectural and user perspectives. Section 4 introduces the
proposed VV&T metamodel. Section 5 presents the RatKit methodology, highlighting
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its guidance for evaluating ABS models. Section 6 describes the RatKit framework in
detail. Section 7 demonstrates the methodology’s applicability through a well-known
case study: Boids. Finally, Section 8 concludes the paper.

2 Related Work

VV&T is often treated as external or final steps in the development of agent-based
simulations (ABS). The studies discussed in this section offer limited and specific
capabilities, generally treating these quality assurance activities as separate from the
core development process. While there is some work on supporting frameworks, it is
relatively scarce—and the focus is more on toolkits and infrastructure than on
underlying techniques. These efforts can be broadly classified into two categories:
monitoring frameworks and model-based testing frameworks.

The testing framework for ABS models is MASTER which is integrated into the
MASON framework. The framework handles the testing activities as the last activity
of the ABS development. The main focus is testing completed ABS models. The user
defines normal situations, facts, constraints and abnormal situations for the overall
model. The framework executes the model and evaluates the execution according to the
user-defined assertions. It focuses on the completed simulation models and only
performs external validation [Wright, 12].

VOMAS is another monitoring-based framework for ABSs. VOMAS proposes
using a group of specialized monitoring agents over an overlay network, to perform
VV&T tasks. Each agent in the overlay network monitors the ABS model agents
execution to detect unusual behaviours and reports these violations (in the same cases,
creates logs). The VOMAS approach is based on monitoring and logging [Niazi, 09].
However, VOMAS aims to perform only external validation. Moreover, it’s not clear
how the constraints are defined for the ABS models, the overlay agents monitor the
model execution and perform VV&T tasks.

Monitoring-based approaches carry out quality assurance through observation and
logging, detecting suspicious or unexpected behaviours during simulation runs.
Although monitoring and logging are essential for ensuring model integrity, the manner
in which constraints and assertions are defined plays a critical role. These elements help
establish boundaries for model evaluation. Importantly, monitoring should be non-
intrusive; frameworks must observe ABS execution as it naturally occurs, without
altering agent behaviours or event scheduling. Intervening in this way risks invalidating
the model’s behaviour and diverging from the intended simulation logic. Therefore,
such frameworks should operate as a separate layer above the simulation development
environment, keeping the validation and verification processes isolated from model
execution.

Model-based testing frameworks are model-driven development environments to
ensure model-based testing for simulations [Schieferdecker, 12]. To spread ABS
development in the various application domains and to simplify model development,
ABS frameworks aim to support model-driven development (MDD) [Ozik, 08].
VeriTAS is the only MDD framework for modelling simulation tests [Djanatliev, 11].
This support not only contains designing simulation tests visually but also contains the
execution of simulation tests corresponding to the defined test models. VeriTAS aims
to define UML models for both simulation development and test models. Test cases are
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generated according to the defined test models. However, it’s not clear how the
constraints and assertions are defined. And also, it’s not clarified how the framework
monitors, and tests the execution of the simulation model. On the other hand, VeriTAS
claims to apply simulation model testing (it also covers verification and validation)
iteratively and systematically during the development cycle. This proposal is similar to
the RatKit methodology.

Despite various tools and techniques, there remains a significant gap: the absence
of a clear methodology that outlines how to integrate quality assurance activities
throughout the ABS development lifecycle [Niazi, 09; Wright, 12; Djanatliev, 11;
Giircan, 13]. A robust framework must be paired with a methodology that not only
supports all stages of development—ifrom design to implementation—but also helps
developers ensure that the resulting model aligns with their original intent. Most
existing solutions focus on specific needs, such as external validation [Carley, 96], and
thus fail to meet the broader requirements of integration and automation. What’s still
missing is a comprehensive, systematic framework that enables structured, consistent,
and reliable verification, validation, and testing across all stages of ABS development.

3 Requirements of VV&T Frameworks

The essential requirements of VV&T frameworks are defined in related studies
[Giircan, 13; Dikenelli, 14; Troitzsch, 96]. In this section, architectural and user points
of view are presented by evaluating different perspectives.

3.1  Architectural Requirements

These requirements are functional requirements that state essential functionalities of
VV&T frameworks.

e Interoperability & Compatibility: VV&T tasks are integral and interdependent
components of ABS development process. Rather than being standalone tasks,
they must be tightly coupled with the simulation environment to ensure
correctness and coherence throughout model development. Therefore, a VV&T
framework must be seamlessly integrated with the simulation platform, enabling
bidirectional information exchange for output evaluation and interpretation based
on defined rules.

e Composability: Composability refers to assembling components or elements to be
combined or connected in various ways to satisfy user requirements [Harkrider,
99]. Modularity is a key principle in model design. Components should be
independently developed and assessed, while interacting with the rest of the model
solely through well-defined interfaces. VV&T processes must support this
modularity by operating at multiple levels of abstraction. The model can be
developed, verified, tested and validated systematically. Composability is the
ability to combine an ABS model with well-defined and VV&T applied sub
models or entities.

e Autonomy: Autonomy is one of the mandatory attributes of agents. The autonomy
of an agent is operating on its behalf in the environment individually without any
interference. The autonomy of agents must be preserved. Agents act
independently within the environment, and any framework must avoid interfering
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with their execution or scheduling. Interventions can compromise the fidelity of
the simulation and reduce the trustworthiness of the results.

Monitorability: The main task is monitoring the simulation model executions:
output of agent behaviours, or occurrence of special or unexpected cases, etc. The
main functionality of this requirement is gathering and providing useful evidence
to the ABS developers about the simulation model execution to evaluate models.
The monitoring results here are named as observations in the simulation literature
[Balci, 95].

Traceability: Traceability is the ability to keep track of the history of an ABS
model execution. The ABS model consists of autonomous agents. The autonomy
of an agent makes ABS model results unpredictable. Therefore, tracing model
executions in a controlled way make ABS developer’s life much easier.
Traceability can be achieved by the logging support by the developers. Logging
should be optional and should support different log levels to avoid confusion.

User Requirements

User requirements are shaped by growing adoption and are directly derived from
practical needs in ABMS domain. These frameworks should be comprehensive,
incorporating a wide range of existing VV&T techniques to support diverse use cases.
User requirements define the essential capabilities needed to make quality assurance
tasks more accessible and efficient.

e Usability: Performing VV&T in the early steps in the ABS development lifecycle

makes both the development and design decisions much easier and realistic. It
should be identical to the model development to address all users especially, non-
computer scientists. Thus, users do not need to any extra effort to perform VV&T.

e Automation: Automation is the capability of executing model verifications,

validations, and tests together and individually without any manual effort.
Therefore, automated VV&T is an essential requirement for monitoring the
impact of the new model component or behaviour without any extra effort. As a
result of an automated execution of all tasks, the user can trace the effect and
easily notice the underlying cause of any change in model behaviours.

e Presentation of Observations: Presenting observation is the reflection of the

monitoring results. From the user’s point of view, the data that is generated by the
simulation model during the execution should be easily accessible to evaluate
models. Evaluation of the model observations against the real data is subject to
verification, validation and testing [Balci, 95]. Model observations relate the
model’s parameters to observations based on data captured at any time during
model execution.

e Parameter Tuning: While developing a simulation model, it’s important to select

appropriate values for model parameters. Model parameters are important to
provide the system’s behaviour. A dedicated testing framework should the
potential to provide parameter tuning find optimum parameter values, show the
domino effect between parameters, test the variety of parameter values, draw the
boundaries for the parameter value set, test the parameter sensitivity, etc. To find
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the appropriate values, the different initial values run multiple times to perform
parameter tuning [Dikenelli, 14].

e Visualization: VV&T tasks do not only focus on quantitative techniques [Niazi,
09]. Graphically showing observation history helps developers review simulation
execution or the behaviours of the agents. A VV&T framework offering
visualization support provides a broader perspective for evaluating ABS models
from various aspects. In this way, users can visually monitor the behaviours of
agents with different conditions without any extra effort [Dikenelli, 14].

4 VV&T Metamodel for Agent-Based Simulations

VV&T metamodel is an extension of the UML testing profile (UTP) [Baker, 08]. UTP
aims to capture all information that would be needed by different test processes. UTP
is based on UML 2.0. Thus, it aims to enable test definition and test generation based
on UML models. Despite this, UTP is not enough for ABSs. Based on the evaluation
of various VV&T techniques, we enrich the UTP according to the requirements of ABS
[Troitzcsch, 04; Sargent, 13; Office USGA, 87; Banks, 10; DoDI, 09].

The VV&T metamodel aims to capture all information that would be needed by
different processes and provides a set of VV&T related concepts in the definition of
tasks for ABS models. It is independent of ABS platforms and technologies and can be
applied in a variety of domains of ABS. The concepts are gathered to define analysis,
design, and implementation in the ABS. VV&T metamodel is shown in Figure 1.
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Figure 1: VV&T metamodel for agent-based simulations

VV&T context (VV&T Context) is the outmost concept of the metamodel. This
context includes requirements, cases, and data. According to the application domain
and requirement complexity, VV&T context consists of a set of cases. For each
requirement, a context that contains a set of cases that will be verified, validated or
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tested against the provided VV&T data is defined. Most of the development
requirements of the ABS model should be converted into a set of requirements.

The VV&T data (VV&T Data) can be organized as a data pool, data generator or
wildcard. The data pool expresses the data gathered from the real system under study.
Data Pool can be a database or a file according to the data type and application domain.
The data generator expresses the data generator part of the data side. In some domains,
VV&T data can be generated according to the predefined rules, functions or statistical
distributions. Wildcards are used in the loose specification of data values. In some
application domains it’s helpful not to force users to specify each possible test data
value [Bakar, 18]. Wildcards are user-defined data specialized for an application
domain.

VV&T case (VV&T Case) which is designed corresponding to a VV&T objective
(VV&T Objective), consists of VV&T scenario, VV&T actions and VV&T
configurations. VV&T objective expresses the main objective of the actions and forms
the content of the scenario. In a VV&T scenario, ABS model elements to be verified
validated, or tested (VV&T Element), simulated environments (or a part of the
simulated environment) are defined. VV&T Element expresses an ABS model element
or a part of ABS model elements according to the context. In some cases, VV&T
elements can be defined as fake elements [Niazi, 09]. Fake elements are model elements
that behave like real elements in VV&T scenarios for VV&T purposes [Feathers, 04].
Another important part of the VV&T case is the configuration (VV&T Configuration).

A configuration element defines the configuration of a specific VV&T scenario
and the environmental resources. In this configuration, model and environment
parameters, and environmental resources are defined to configure the scenario.
Configuration is used to define the system under verification, validation or test
(SUV/SUT). SUV/SUT contains whole system or subsystem elements to create/define
a specific scenario for VV&T purposes. Another important part of the configuration is
the definition of observation points (ObservationPoint). Observation points are
information-gathering definitions that provide required actual data for VV&T actions.
VV&T Actions (ValidationAction) express the VV&T tasks, especially assertions and
visual results to evaluate behaviours or outputs of the VV&T elements.

VV&T environment (VV&T Environment) expresses the execution environment.
The VV&T environment contains SUV/SUT, scheduler, observation history and
VV&T logs. SUV/SUT expresses the active VV&T scenario that is created by the
scheduler according to the configuration of the VV&T case. The scheduler (Scheduler)
is responsible for managing the life cycle of the SUV/SUT in the VV&T environment.
Observation history is a collection of data that is gathered during the whole lifecycle of
the SUV/SUT from observation points. Observation history is used by the VV&T
actions (VV&T Action).

The scheduler schedules the VV&T actions which are responsible for evaluating
expected behaviours of SUV/SUT according to the actual observations. As a result of
the evaluation, VV&T logs which define the VV&T results correspond to the user-
defined assertions and visualizations. VV&T action is used to set/calculate the verdict
of the VV&T case. The verdict is an enumeration data type for the possible results of
the VV&T actions and suggests how VV&T case execution is carried out. Pass value
expresses the validation case was successful and SUV/SUT responded as expected. Fail
expressed that the SUV/SUT did not act by the case specification and violated the
assertions. Inconclusive is used to de- fine that VV&T execution cannot determine



Calarlar I, Emek S., Bora §., Dikenelli O.: RatKit: A Novel Methodology for ... 141

whether the SUV/SUT is successful or failed. And, the error expresses the VV&T
environment itself is has failed, not the SUV/SUT.

5 RatKit Methodology: How to Verify, Validate or Test an ABS
Model?

There are various techniques suggested for the verification, validation, and testing of
simulation models [Sargent, 91, 13; Office USGA, 87; Banks, 10; DoDI, 09]. However,
it’s still unclear for simulation developers how to conduct VV&T in their actual studies.
In many ABS studies, even when suitable validation and verification techniques are
applied, the absence of a clear methodology remains the main barrier to obtaining
reliable results. Each technique recommends specific objectives and activities from its
own viewpoint. However, factors such as the nature of the simulation domain, its goals,
the availability of real data, and knowledge about the actual system influence both ABS
development and the quality of validation efforts. Thus, simulation developers need a
methodology to conduct these activities systematically. This methodology should be
technique-independent and provide a general framework that supports the application
of various approaches. The RatKit methodology was developed with this purpose in
mind, aiming to make the process more systematic, accessible, and adaptable across
different techniques and domains [Dikenelli, 14; Cakirlar, 15]. Figure 2 illustrates the
steps of the RatKit methodology.

For each VV&T requirement SR> R
Identify  VV&T
Requirements » Briis » Dethe - VV&T Actions
VV&T Context VV&T Cases »

WaTscenaric | [ Parameters Assosicate OP\
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l VV&T Case - W&T Objective T |

T

Figure 2: RatKit methodology

A

The first activity of the methodology is the identification of VV&T requirements
based on the objectives of the ABS model and the model requirements. The following
activities of the RatKit depend on the definition of the requirements. The requirement
derives the rest of the remaining activities like the selection of the VV&T technique
and the definition of the VV&T context. However, the direct transformation of a user
requirement to the requirement is not suggested. According to the metamodel, each
VV&T requirement corresponds to the context. Thus, the requirement should be
defined based on data, technique and model objectives.
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6 A comprehensive VV&T Framework: RatKit

RatKit (Repeatable Agent Testing Toolkit) is an open-source VV&T framework that
provides a feature set to perform verification, validation, and testing of ABS models
[36]. RatKit focuses on providing features to the ABS developers in order to perform
various verification, validation and testing tasks from a broader perspective. RatKit is
licensed under the GNU GPL license. All of the implementations discussed in this
article, including the source code, are available directly from the website [Cakirlar, 25].

Figure 3 illustrates the high-level architecture of the RatKit. There are five main
components in the RatKit framework. Each component has a dedicated functionality.
The framework design is revised and extended according to the metamodel and
previous experiences [Dikenelli, 14; Cakirlar, 15]. RatKit v1.0 is integrated into the
Repast 2.032 [Repast Simphony, 24]. But, the RatKit is designed as a generic
framework for all ABMS platforms. The architecture of the RatKit is suitable for
integrating another ABMS framework easily. RatKit uses the Junit testing structure to
use evaluation mechanisms for ABS models and also to support unit testing
functionality.

The scheduler component is responsible for the schedule management of cases in
the VV&T lifecycle. The scheduler is the concrete implementation of the metamodel
scheduler element. The scheduler creates SUT/SUV instances and initiates the VV&T
lifecycle of the VV&T cases. The logging component is responsible for logging the
SUT/SUV execution according to the configuration of the case.

The observation component is responsible for the monitoring of the SUV/SUT in
the VV&T environment. The observation point definitions in the VV&T configuration
are used by the observation component. The observation component creates
observations according to these configurations and these results are presented to the
VV&T actions and also to the visualization component. The visualization component
is responsible for the visualization of the observations as a result of execution to the
user. The configuration has a definition to indicate the visualization request of the user.
When the visualization is requested as a visual action, observations are visualized to
the user and the user decides whether the current results are valid or not.
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Figure 3: RatKit architecture

The RatKit engine is the core component of the framework. The engine component
reflects the innovative and abstract features of the framework. The engine performs its
tasks by using other components. The engine component initiates the environment
instance, according to the underlying ABMS framework. The observation of the
execution is handled by using the observation component and also logging is achieved
by using the logging component. The visual VV&T is provided by the visualization
component.

The innovative feature of the framework is using a specialized agent (VV&T
Agent). When the scheduler initiates the SUT/SUV, according to the VV&T
configuration, the VV&T agent is also scheduled to the environment. All actions are
executed by the agent in the environment. The results of the actions are generated by
the VV&T agent as a VV&T log in the environment. These results are visualized by
the engine to provide the user with an execution history. Errors and failures inside the
actions are also presented to the user. The next section explains the details of the RatKit
in detail based on the case study.

7 Case Study — Boids Model

In this section, we demonstrate the effectiveness of the Ratkit and its applicability in a
well-known case study: the Boids model.

This model is an example of a complex system that exhibits emerging behaviour
as a result of simple rules. The Boids model aims to model the steering behaviour of
flocking birds. Agents of the model are called Boid (Bird + Android = Boid). Each boid
follows simple rules and as a result of interactions according to these rules, flocks
emerge naturally. There is one assumption defined in the model: “Each boid has the
information of its neighbours in a predefined viewpoint.”. The model is based on three
simple rules [Reynolds, 87]:
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*Separation: Each boid steers itself to avoid crowding in its viewpoint.
*Alignment: Each boid steers itself to align its heading as an average of its
neighbours.
*Cohesion: Each boid steers itself to align itself to the average position of its
neighbours.
Even, boids model is a simple model that contains three rules and one assumption; it’s
really hard to implement the model without performing VV&T. The main objective of
the model is generating flocking behaviour which is an emerging behaviour. So, the
model developers need a VV&T method to develop an ABS model that exhibits the
real system steering behaviour. According to the model definition, an ABS developer
should perform activities for each separate agent behaviour rule (alignment, cohesion,
and separation) and for the whole model (flocking) during the ABS model
development. Each requirement defines a separate context with meaningful VV&T
data. The VV&T data expresses the real system data. In this case study, we used a data
generator that is produced concerning the statistical approach [Bialek, 12]. Each context
has its own data set to verify, validate and test the current ABS model properly.

7.1 Creation of Meta data
7.1.1 VV&T Context

Each VV&T context handles VV&T tasks from the perspective of specific objectives.
Previously, we defined four different requirements: alignment, cohesion, separation,
flocking. In the context, a model developer shall focus on the only alignment behaviour
of the boids. For the VV&T data, we only need alignment behaviour-related data, if
possible. The data is only useful when a model developer trying to validate boid’s
alignment. The movement of a boid is defined as “Each boid has a location (X, Y) at a
time (7). At ¢ + [ time the location of the boid is updated”.

Corresponding to the design decision, a model developer needs to perform some
activities for verification, testing, and validation.

7.1.2  VV&T Objectives

Each case is designed to achieve a specific VV&T objective. However, the selection of
verification, validation, and testing depends on the approach of the model developer,
existing information about the system, existing data and preferences. For the boids
model, we define one example for verification, testing, and validation. To perform
verification, it needs to verify the movement behaviour of the boid concerning the
modelling requirements. As a result of this, a model developer defines a case. Another
example is chosen for model testing: testing of boid alignment. In a VV&T scenario
that contains a set of boids, each boid has a random heading value at the time t and the
heading values of boids in a given viewpoint based on more neighbourhoods. Lastly,
for model validation, the scenario that is constructed with a set of boid agents whose
location and heading values are assigned according to the data generator can be used.
As a result of this step, the following VV&T objectives are defined;

* Verify the change of boid’s location changes between ¢ and ¢ + / time.

* Test the alignment of a boid in a given range with random values.
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* Validate the alignment of boids in a given range with generated values according
to the real bird alignments.

7.1.3 VV&T Scenarios

After the definition of objectives, it’s easy to design a VV&T scenario. The scenario is
a generic definition of a specific ABS model or submodel to perform VV&T as a result
of model execution. For each case following scenarios should be defined;
* A boid that has predefined or parametric location information.
* A setof boid (a parameter can express the numbers of the boids in the scenario)
with random location and heading information.
* A set of boid with real location and heading information.

714 VV&T Actions

VV&T actions contain comparison, assertion and evaluation definitions to perform
VV&T depending on the case, application domain, etc. The definition of the actions is
one of the most important steps of the VV&T method. Each action should be capable
of handling the observation results in the correct way. In the previous three cases we
defined the following actions:
* Verify the change of boid location between ¢ and ¢ + 1.
* Test the change of boids’ location properly and test the heading values of boids’
are updated as the average heading value between ¢ and ¢ + 1.
* Validate change of boids’ location properly and validate the heading values of
boids’ are updated as the generated heading value.

7.1.5 VV&T Configurations

The VV&T configuration consists of model parameters, observation points and model
schedule definitions. According to the designed scenario elements and actions, the
corresponding VV&T configuration needs change. For our scenarios that are designed
in the previous step, the needs of the actions specify the content of VV&T
configurations. In this scenario, the value assignment to the location of the boid, as an
observation point boid’s location attribute should be defined and the schedule of the
scenario can be defined as one tick (simulation time). Location and heading values are
assigned as random values. The only need is to define simple observation points for the
location and the heading values of each boid in the scenario. And for average heading
calculation, it’s needed to define an aggregate observation point to calculate the average
value in each tick.

The sub-steps should also be followed for each defined VV&T context. After the
design of cases, actions, and configurations the responsibility of a comprehensive
framework starts immediately. The whole ABS model is developed concerning the
defined VV&T method iteratively. The implementation details of the case study and
more information about the framework are accessible on the RatKit [Cakirlar, 25].
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7.2 Verification of a boid movement in the environment

In Section 5, we define a VV&T case in order to verify the movement behaviour of a
boid in the environment. Figure 3 illustrates a visual representation of the VV&T case
in the life cycle of the RatKit framework. According to the scenario, we only need to
create a boid instance (namely boid1) in the Boids environment. The boids environment
represents the virtual environment of the model that expresses the simulated
environment of the real system. In the scenario definition, we only define an
observation point that monitors the location value of boid agents. The RatKit monitors
the boid agent instances (boidl) in the environment according to the observation
definitions and creates observations in the environment. As shown in the Figure 4, as
an example of observation history the location observations are listed. The agent uses
these observation results in order to execute the actions defined by the developers.

et - boidl
“boid1
vy
-colocauon 5 .
Boids Environment
—
tick - agent- obsv. point- value:
0 - boid1 - location- 2,1 VIY&T
o = 3 <. use 0
1 - boidl - location- 3,2 i Ghssrvation | (S omc . _generate ... 9
: History [

VV&T Agent
VV&T Environment

Figure 4: Verification scenario execution for the Boid movement

In the verification case, the location of the boidl is expected to change in
consecutive simulation runs. In this case study, the action focuses on the evaluation of
location data in Oth and 1th ticks. According to the observation history that is provided
to the agent, the agent creates a new VV&T log for the cases using pass verdict in the
environment. Because our assertion is correct according to the given observation
values.

7.3  Test of Boid’s Alignment Behaviour

The role of the RatKit in execution, evaluation and application is illustrated in Figure
5. In the boids environment (Figure 5), four boids instances (namely boidl, boid2,
boid3, and boid4) are created using the scenario. According to the configuration, the
RatKit monitors two observations; the location and the heading attributes of the agent
instances in each simulation period (tick). As defined in the scenario, the location and
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heading values are assigned random values. Thus, the aim is to focus on the testing of
the alignment behaviour exhibited.
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Figure 5: Testing of Boid’s alignment behaviour

A sample list of observation history recorded by the VV&T environment is listed
on the left side of Figure 5. The table summarizes the role of RatKit in the testing of
ABS models. Previously defined VV&T actions are executed by the VV&T agent in
the VV&T environment using the observation history. The responsibility of the VV&T
agent in the VV&T life cycle is as follows: 1) Reach observation history, (2) Execute
actions according to the observation results, (3) Create a new VV&T log as a result of
corresponding to the action executions.

According to VV&T design for the testing of boid’s alignment and actual
observation result the following evaluations can be achieved. In the initial state of the
SUT (tick = 0), we have a list of observations for the location, the heading and the
average heading value. Also, we have the same values for the first tick (tick =1). As a
result of these values, it’s possible to test the alignment behaviour. According to the
alignment behaviour definition, we need to test the alignment as an update of the
heading to the average heading value inside the viewpoint. In the model
implementation, we define the viewpoint as the Moore neighbourhood. So, we can
select the boid2 as the main actor of the SUT. We can calculate the average heading
value according to the instance heading values. So, in the VV&T action, it’s possible
to evaluate the average calculation result as changed in the neighbour boid instances.

RatKit also calculates the average heading value. Using another action, we can also
test the same value concerning the calculated value. The execution of the actions is
handled by the agent and a new VV&T log that refers to the pass is created in the
environment. Because the average heading value and the heading values of the selected
agent instance’s values make our assertion valid.
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7.4  Validation of Boids Alignment Behaviour

In the previous section, we define case, scenario, configuration and actions needed to
perform validation of boid’s alignment behaviour. The role of the RatKit in execution,
evaluation and VV&T data usage is illustrated in Figure 6.
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Figure 6: Validation of Boid’s alignment

In the boids environment, four boids instances (namely boid1, boid2, boid3, and boid4)
are created using the scenario. According to the configuration, the RatKit monitors two
observations; the location and the heading attributes of the agent instances in each
simulation period (tick). As we defined in the scenario, we decided to assign the
location and heading values using a data generator. Thus, to perform validation the
initial conditions are initialized based on the experimental data.

As shown in Figure 6, the execution of validation activities is different from other
activities. The evaluation of action needs one more extra input; the VV&T data. In this
case, the aim is a validation of alignment behavior based on the experimental data. The
average heading value which is computed by the environment is evaluated according
to the VV&T data. By the way, the alignment behavior output is evaluated according
to the real system outputs and the result is generated.

7.5  Completion of the Case Study

In the context of the Boids case study, we present a series of evaluation activities
designed to demonstrate the applicability and benefits of RatKit. The predefined
evaluation contexts are developed according to a structured schedule, reinforcing that
embedding evaluation tasks during ABS model development can yield a more robust
and reliable output than traditional development alone. For example, once a developer
has completed and validated the alignment behaviour using our methodology, all tasks
required to ensure the correct implementation of alignment are finalized. When the
developer transitions to the cohesion behaviour context, any necessary changes in the
movement implementation are immediately visible through the persistence of
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alignment evaluation results. This continued evaluation guarantees that earlier
implemented behaviours remain valid and deviations are promptly identified.

Moreover, after all evaluation contexts—encompassing alignment, cohesion, and
separation—are implemented, the resulting model outputs become increasingly reliable
and valuable for developers, as they closely mirror both the modelling objectives and
the real-world system characteristics. Even in a relatively simple agent-based model
such as Boids, distinguishing and monitoring emergent behaviours can be extremely
challenging. Therefore, the comprehensive evaluation framework provided by RatKit
is crucial for achieving accurate and consistent model development.

To further enhance the analysis, developers can incorporate quantitative measures
and statistical error metrics that compare the Boids model’s behaviour with real system
data. Specifically, graphs, tables, and formal tests to provide a deeper analytical
perspective on how closely the simulation replicates critical phenomena such as
alignment, cohesion, and separation. However, it is important to note that some
emergent behaviours are inherently difficult to express in a repeatable, test-driven
development framework. For instance, formulating repeatable test data and establishing
clear measurement criteria for outputs like cohesion or separation often require explicit
assumptions regarding agent influence ranges, interaction thresholds, or inter-agent
distances. These assumptions, which are critical for the formulation of repeatable tests,
are explicitly detailed as part of our methodology. While many aspects of model
behaviour can be rigorously coded and tested, certain emergent phenomena remain
challenging to capture fully via automated coding techniques alone.

This enhanced evaluation approach, which combines quantitative metrics with the
necessary qualitative assumptions, aligns with earlier work on visual agent-based
model development and underscores the practical utility of the RatKit framework
[North, 07]. By integrating these strategies, our methodology provides both a rigorous
analytical basis and a realistic account of the constraints inherent in automated
evaluation of complex behaviours.

8 Conclusions

In this study, we present the evaluation of the RatKit from a testing framework to a
VV&T framework. The VV&T metamodel and VV&T method are discussed in detail
and described with an example case study. VV&T method is applied on the boids
model. It is important for the Boids model to realize the three basic behaviours
(alignment, cohesion and separation). Therefore, the focus throughout the study is on
the coordination of the three basic behaviours of the model. In terms of the VV&T
method, the targets of simulation provide the most important input for each stage of the
method. In this study, the determination of targets and situations, verification, testing
and validation situations are discussed for the Boids model, respectively.

For Boids models, when a simulation model consisting of thousands of individuals
is operated, it is quite difficult to decide whether the alignment, separation or cohesion
targets are really realized as defined in the simulation targets by looking only at the
visual outputs of the model. When the validation and verification process is assumed to
be carried out only according to the outputs of the simulation model, it is important to
define the produced output correctly and to operate the parameters and behaviours that
affect the behaviour correctly.
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As the simulation model behaviours become more complex, it becomes quite
difficult to interpret the simulation model outputs (both observed and produced
outputs). The boids model is one of the basic models used for modelling complex
systems with ABM. However, even when preparing such a simple simulation model, it
is quite difficult to decide whether the three different behaviours are actually described
as they should be by looking at the visual operation of the model. In models where the
scale of the model and the behaviours are difficult to capture, or even dependent on
many constraints or rules, it is quite difficult to perform VV&T at the final stage.
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