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Abstract. CoSMoS is a defined approach for designing, building, and
arguing fit for purpose, a scientifically rigorous simulation of a complex
real world system. The ODD (Overview, Design concepts, Details) pro-
tocol is a standardised way of describing simulation models, defined to
support reproducibility. This paper demonstrates that use of the CoS-
MoS approach to build a simulation supports the presentation of the
simulation results using the ODD protocol. It does so by presenting a
mapping from the various ODD components, to where the required in-
formation for those components is located in a CoSMoS project’s docu-
mentation. All the information is present, but is distributed through the
project documentation. Moreover, a project developed using the CoS-
MoS approach documents additional information, which is necessary not
merely for reproducibility, but for understanding of and confidence in
the simulations.

1 Introduction

Computer-based simulation is a key tool in many fields of scientific research.
In silico experiments can be used to explore and understand complex processes,
to guide and complement in vitro and in vivo experiments, to suggest new hy-
potheses to investigate, and to predict results where experiments are infeasible.
Simulation is an attractive, accessible tool: producing new simulations of simple
systems is relatively easy. But it is also a dangerous tool: simulations are often
complex, buggy, and difficult to relate to the real-world system.

A simulation needs to be both scientifically useful to the researcher, and
scientifically credible to third parties; it needs to have the properties of a well-
designed scientific instrument [4]. The CoSMoS (Complex Systems Modelling
and Simulation infrastructure) project has established an approach to simula-
tion of complex systems that supports principled development of simulations as
scientific instruments. The CoSMoS approach [2,23] is generic: it does not man-
date a particular modelling technique, or particular implementation language.
What it does mandate is the careful and structured use of models and argu-
ments, to ensure that the simulation is both well-engineered, and seen to be
well-engineered. In order to help developers through this careful and structured
approach, we have developed a pattern language [22, 23] to help guide devel-
opment, promote good simulation engineering practice, and warn of potential
pitfalls.



Since CoSMoS is generic, it can work in harmony with various other ap-
proaches that are used for building scientific simulations. For example, there are
well-established third party simulation implementation libraries and frameworks.
NetLogo [26] is a multi-agent programmable modelling environment used for pro-
totyping multi-agent simulations. It provides a programming language and user-
interface widgets to support rapid prototyping of relatively simple agent-based
simulations. It has a large user-base and a large library of example simulations.
Mason [12], from George Mason University, is a discrete-event multi-agent sim-
ulation library, which can be used as the foundation for Java simulations. Flame
(Flexible Large-scale Agent Modelling Environment) [6], from the University of
Sheffield, is an agent-based modelling system. From an extended finite state ma-
chine model, Flame generates a complete agent-based application, which can
be targetted to computing systems ranging from laptops to super computers.
Libraries and frameworks such as these can be exploited as part of a simula-
tion project being developed with the CoSMoS approach. They can be used
as the implementation basis of the CoSMoS Simulation Platform (see later) or
of a Prototype. Their integration into the overall project can be argued fit-for-
purpose using the CoSMoS Argumentation approach [15–17]. Thus a CoSMoS
user can benefit from the existing significant investment in such implementation
platforms.

In addition to specific implementation technologies, researchers have also
developed approaches to making the resulting simulations more scientifically
acceptable. One essential requirement of a scientific result is that it be repro-
ducible [18, §22]. This requires sufficient description of the experimental details
that third parties can replicate the setup, and reproduce the result. If simula-
tion is to be used as a scientific instrument, credible to the scientific community,
then it is necessary for individual simulation experiments to be described in suf-
ficient detail for their reproducibility. Grimm and co-workers have devised the
ODD (Overview, Design concepts, Details) protocol [7, 8] as a standard way of
describing simulations using Agent Based Models (ABMs), with the explicit aim
of making them reproducible: “ODD is expected to lead to more complete model
descriptions, making ABMs easier to replicate and hence less easily dismissed as
unscientific” [8].

The Open ABM Consortium [13] provides support for the ODD protocol. It
has a discussion forum “to allow the ABM community to collaboratively develop
this protocol into a widely useable communication standard for describing ABMs
in the social sciences” [11]. As part of its support, it defines CoMSES (Compu-
tational Modeling for SocioEcological Science) Modeling Standards, which in-
clude (among other things) the requirement to be “fully documented using the
ODD standard for model documentation, or an equivalent documentation pro-
tocol” [14].

In the same way that existing libraries and frameworks can be exploited by
the CoSMoS user for implementation, the existing ODD protocol can be followed
for presenting CoSMoS simulation experiments and results. This provides the
CoSMoS user with a well-established and recognised means to ensure third party
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Fig. 1. Relationship between simulation components; arrows represent flows of infor-
mation. These are all framed by the Research Context.

reproducibility of their scientific simulation results. Contrariwise, it provides the
ODD-compliant simulation developer with the broader CoSMoS approach within
which to develop a scientifically credible simulator.

In order to support such reuse of the ODD protocol within CoSMoS, this
paper presents a mapping from the various ODD components, to where the
required information is located in CoSMoS components.

2 CoSMoS in a nutshell

The CoSMoS approach is documented through a pattern language [22,23]. These
patterns are based on a collection of models (figure 1) [3] and other components.
The patterns referenced in this paper are:

Research Context: the statement of the overall scientific context, goals and
scope of the simulation-based research being conducted, including the Sim-
ulation Purpose, resources, constraints, assumptions, and success criteria.

Domain: the part of the real world that is the system of study, that the simu-
lation project is “about”.

Domain Model: a model encapsulating the scientific understanding of appro-
priate aspects of the Domain. It provides the agreed scientific basis and
assumptions for the development of a Simulation Platform; simulation imple-
mentation details are not considered in this model.

Platform Model: a model providing the high level specification of the Simula-
tion Platform, comprising design and implementation details, incorporating
relevant Domain Model scientific concepts, Research Context experimental
requirements, and implementation constraints and assumptions.

Simulation Platform: the encoding of the Platform Model into a Calibrated soft-
ware and hardware platform with which various Simulation Experiments can
be performed.

Results Model: a model that encapsulates the understanding of outputs and
results from Simulation Experiments, in Domain terms, enabling comparison
with results from domain experiments.

Simulation Purpose: a component of the Research Context. It documents the
scientific purpose for which the Simulation Platform is being built and used.



The purpose of a simulation exercise is the single most important concept.
Without an agreed purpose, it is impossible to scope the research context,
or to arrive at a consensus over fitness for purpose. The purpose of the
simulation constrains the appropriate levels of abstraction for modelling, the
appropriate implementation languages and platform, and the appropriate
analysis and interpretation of results. A simulator that is designed for one
purpose may or may not be modifiable for another purpose.

Modelling Approach: a component of the Domain Model and Platform Model.
The choice of an appropriate modelling approach and notation that can
capture the relevant aspects of the Domain and Simulation Purpose in a form
that can be implemented in the Simulation Platform.

Argumentation: the demonstration that the simulation is fit for purpose (as
defined in the Simulation Purpose). The fitness-for-purpose argument exposes
the rationale for scientific and engineering credibility of the simulator, the
assumptions made, the limitations in the purpose and scope of the simulator,
and in the potential use of its results. While CoSMoS’s rigorous model-
based approach ensures that the simulator is fit for purpose as a scientific
instrument, the accompanying argumentation ensures that the simulator is
seen to be fit for purpose.

Simulation Experiment: a specific experiment executed on the Simulation Plat-
form. This should be designed and documented by analogy to a domain
experiment, including the hypothesis to be tested, initial conditions and pa-
rameter values, experimental process, and results analysis.

Data Dictionary: a component of the Domain Model, Platform Model, Results
Model, and Simulation Experiment. It provides a common definition of the
modelling data (parameter values such as sizes, scales, rates) used to build
the Simulation Platform, calibration data, and the experimental data (initial
values and results) both from Domain experiments and the corresponding
Simulation Experiments.

Calibration: tuning the Simulation Platform parameter values so that simula-
tion results match the experimental calibration data provided in the Data
Dictionary [1, 20].

There are many more patterns that make up the CoSMoS approach. The ones
summarised here are those that are relevant to mapping the ODD protocol.

3 ODD and CoSMoS

The ODD (Overview, Design concepts, Details) protocol was introduced in [7]
and refined in [8] as a standard way of describing simulation models (particularly
in the ecological domain), specifically to aid reproducibility of implementation
of such models. By 2010 the original formulation had been used in more that 50
publications [8]; experience gained from this use led to its update.

ODD is more narrowly focussed than CoSMoS: it is concerned with repro-
ducibility of simulation models from their given descriptions (although a noted



side-effect of its use is “a more rigorous formulation of models” [8]). Hence the
ODD protocol information is only part of the entire CoSMoS model: it is mostly
contained in the Platform Model, and some of the Research Context. ODD explic-
itly does not cover any Results Model features of experimentation and sensitivity
analysis (it considers these to be the “methods” part of a description; the ODD
protocol covers only the “materials” part of a standard scientific article [7]).
Also, it is more concerned with the implemented model, so it has only a little
that correspond to Domain Model elements.

In addition to the explicit material noted in the summary below, the ODD
protocol also recommends making the source code available (that is, the Simula-
tion Platform and Simulation Experiment), and using code comments to highlight
the various parts of the protocol information [7].

The CoSMoS approach has places for all the information needed to give
an ODD protocol description. This section describes the various components
of the updated ODD protocol (as defined in [8, §3]), and explains where the
corresponding material can be found in a CoSMoS-based simulation.

ODD quotations in this section are taken from [8].

3.1 ODD: purpose

ODD component: “a concise summary of the overall objectives(s) for which the
model was developed”

CoSMoS location: this maps naturally onto the Simulation Purpose.
Simulation purpose is closely tied to criticality (for example, will the results

be applied directly, or be used to generate hypotheses that can be tested by other
means) and impact (for example, will the results affect small-scale research, or
large scale policy decisions) [15]. If the purpose is to provide critical evidence
for high-impact research, then the approach to simulation development should
access state-of-the-art software engineering methods, argumentation, and docu-
mentation approaches; the simulator and its fitness-for-purpose must be capable
of international expert scrutiny. However, if the purpose is to provide a test-bed
for hunches and a generator of hypotheses, all of which will then be subject to
conventional laboratory analysis and confirmation before publication, then the
development and argumentation need to be just good enough: internal consensus
and internal documentation are sufficient.

3.2 ODD: entities, state variables and scales

This part of the ODD protocol specifies the structure of the modelled world in
terms of its components. Like CoSMoS, ODD claims not to be wedded to any
one implementation approach: “Although the protocol was designed for [Agent
Based Model]s, it can help with documenting any large, complex model” [8].
Nevertheless, the terminology in this part of the ODD protocol is ABM-specific.
The Modelling Approach is assumed to be Agent Based from now on; UML is a
notation that may be used to capture aspects of ABMs [5].



Entities

ODD component: “An entity is a distinct or separate object or actor that be-
haves as a unit and may interact with other entities or be affected by external
environmental factors.”

[8] distinguishes the following types of entities: (i) agents/individuals; (ii)
spatial units (grid cells); (iii) environment; (iv) collectives (groups of agents that
can have their own group-level identity and behaviours)

CoSMoS location: the implemented entities are captured as part of the Platform
Model; if UML is the notation used, then the entities could be partially captured
as the classes in a class diagram.

Most Platform Model entities are derived from, but may differ from, those
in the Domain Model. For example, simplifications may be made; platform en-
tities may be surrogates for more complex domain entities. In particular, the
Domain Model may include emergent entities that are not explicitly included in
the Platform Model, since determining their (hypothesised) emergence may be
part of the Simulation Purpose. Non-implemented emergent entities are distinct
from ODD “collectives”, which are explicitly modelled and implemented hierar-
chical entities. It is important to distinguish these cases in order to ensure that
the desired emergent answer is not hard-coded into the simulation. This is one
reason why CoSMoS makes a careful distinction between the Domain Model and
Platform Model [3].

There may be additional entities in the Platform Model, such as implement-
ation-specific entities (such as instrumentation and interface entities needed to
support Simulation Experiments, or proxy entities needed to implement a large-
scale distributed simulator). Again, this is a reason to separate the Domain Model
and Platform Model: the scientific Domain Model is not polluted with implemen-
tation details, and may be an appropriate basis for diverse implementations.

State variables

ODD component: “A state variable or attribute is a variable that distinguishes
an entity from other entities of the same type or category, or traces how the
entity changes over time. . . . [they] can contain both numerical variables and
references to behavioural strategies. . . . If state variables have units, they should
be provided.”

CoSMoS location: the implemented state variables are captured as part of the
Platform Model. If UML is the notation used, these would be captured, for ex-
ample, as the instance variables (for “numerical variables”) and methods (for
“behavioural strategies”) in a class diagram. The CoSMoS Data Dictionary com-
ponent pattern contains some of the detail, including the units.

Scales



ODD component: “spatial and temporal scales and extents (the amount of space
and time represented in a simulation), . . . what the model’s units represent in
reality.”

CoSMoS location: this information is documented in the Data Dictionary, both
the Domain Model part for physical scales, and the Platform Model part for any
surrogates and abstractions of these scales. Tuning these and other experimental
parameter values, particularly where experimental values refer to Domain entities
and the corresponding Platform Model entities are surrogates, is part of Calibra-
tion. The validation of the mapping from real world units to simulation units,
and of the appropriateness of the spatial and temporal discretisation (including
spatial grid size and time-step size) is part of the Argumentation process.

3.3 ODD: process overview and scheduling

ODD component: this covers the dynamical behaviour of the model: what the
agents do, in what order (the order in which state variables are updated, syn-
chronous or asynchronous, concurrency); the behaviour of any controller object;
how time is modelled (discrete, continuous, or hybrid).

“one should use pseudo-code to describe the schedule in every detail, so that
the model can be re-implemented from this code.”

CoSMoS location: the Platform Model contains this information, at various levels
of detail. If UML is the notation used, the highest level model might be expressed
as activity diagrams and state diagrams. Lower level models, developed on the
way to implementation, might be expressed in pseudo-code.

3.4 ODD: design concepts

The final part of the ODD protocol is a list of specific concepts that need to be
defined for reproducibility. See also [9, ch.5], [19] for further discussion. These
concepts are particularly important for ecological models where the agents have
complex behaviours, where the agents may change their behaviours, and where
emergent properties are prominent. Not all these concepts are important in every
CoSMoS simulation, but when they are, there is a place for them to be captured
in the approach, listed below.

ODD: basic principles

ODD component: the general concepts, theories, hypotheses and modelling ap-
proaches underlying the model’s design.

CoSMoS location: these are variously captured in the Research Context and the
Domain (general concepts), the Domain Model (theories and hypotheses), and the
Modelling Approach. The various components may be brought together during
Argumentation.



ODD: emergence

ODD component: the system level phenomena that emerge from the individual
behaviours, rather than being built in to the model

CoSMoS location: emergent properties are captured in the Domain Model, and
removed from Platform Model. In general, given a hypothesis under consideration,
components in the Domain Model that are outcomes of hypothesised mechanisms,
whether emergent or not, should not appear in the Platform Model, to ensure
that the answer is not be explicitly coded into the Simulation Platform [3]. The
Results Model is used to capture emergent properties of Simulation Experiments;
the simulated properties captured in the results model can be compared to the
real-world properties in the Domain Model.

ODD: adaptation, objectives, learning, prediction

ODD component: the rules the entities have for making decisions and changing
behaviour in response to changes in themselves or the environment; measures
of an entity’s adaptive success (such as fitness, utility), and the criteria used to
measure this success; how entities change their adaptive traits; how an entity
predicts future consequences in order to make decisions.

CoSMoS location: the real world versions of these can all be captured in the
Domain Model as a specific kind of entity behaviour or property. The appropriate
abstractions and surrogates are then all captured in the Platform Model. If UML
is the notation used, then a stereotype can be used to highlight the specific kinds
of behaviours and properties of interest.

ODD: sensing, interaction

ODD component: what state variable values (of itself, and of the environment)
an entity has access to, that it can exploit to guide or influence its behaviour;
any direct and indirect interactions between agents; representation of communi-
cations

CoSMoS location: setting the scope of entity interactions, in terms of sensing
capabilities and levels of detail, is part of the Domain Model. The information
access across entities required for simulation is captured in the Platform Model.
If UML is the notation used, then the relationships between entities (including
the environment entity) a class diagram can document the information they can
sense about each other.

ODD: stochasticity



ODD component: how and where randomness is used to model real world vari-
ability that is unimportant to model in detail

CoSMoS location: the Domain Model captures the real world variability at some
level of abstraction; the Platform Model implements this as randomness; the
Argumentation of the appropriateness of this particular form of implementation
demonstrates that the approximation is fit for purpose.

ODD: collectives

ODD component: collections of agents that behave as entities in their own right;
which are emergent, and which are explicitly modelled

CoSMoS location: the Platform Model captures explicitly-modelled collectives;
emergent collective entities are in the Domain Model but removed from the Plat-
form Model (see the discussion under the emergence heading earlier in this sec-
tion).

ODD: observation

ODD component: a definition of the data samples collected from the ABM for
testing, understanding, and analysing it.

CoSMoS location: the Platform Model includes specification of the instrumenta-
tion used to produce the output data; the Data Dictionary (Results Model compo-
nent) includes the specification of the output data and its analysis; the Simulation
Experiment includes experiment-specific details.

3.5 ODD: initialisation

ODD component: the initial state of simulation, the number and state of agents
and the environment, at time t = 0.

CoSMoS location: state variable values, and other parameter values, for specific
Simulation Experiments are held in the Data Dictionary.

3.6 ODD: input data

ODD component: the data that drives environmental variables (such as rainfall
or harvesting regimes) [7], imported from external files or models.

CoSMoS location: raw data for specific Simulation Experiments is held in the Data
Dictionary. If the data is produced on the fly by an external model, that model
and its interfaces will be captured, at some level of abstraction, in the Platform
Model. Initialisation data for that model is also held in the Data Dictionary.



3.7 ODD: submodels

ODD component: the detailed sub-models, mathematical equations, rules, and
parameters that define the processes (§3.3).

CoSMoS location: the Platform Model contains this information, at various levels
of detail. For components such as mathematical equations, the Platform Model
may contain a reference to where the equation appears in the Domain Model, plus
the extra definitions necessary to implement the equation under the prevailing
model assumptions such as the implementation of time and space. Parameters
are stored in the Data Dictionary.

4 Summary and Conclusions

As demonstrated, the documentation resulting from a simulation project de-
veloped under the CoSMoS approach contains places for all the information
needed to document an ABM using the ODD protocol. Hence CoSMoS can be
used to develop ODD-compliant simulations. However, the material is scattered
through several CoSMoS artefacts: the Platform Model and its Data Dictionary;
the Research Context and Simulation Purpose; the Domain Model; the Argumen-
tation; and more. If the ODD protocol is to be used to present the results of a
CoSMoS-developed Simulation Experiment, then it would be sensible to devise
some project standards that specifically tag the ODD-relevant information in
each of the CoSMoS artefacts.

A CoSMoS project’s artefacts contain much more than the information re-
quired by the ODD protocol. Specifically, much of the ODD information is found
in the CoSMoS Platform Model, yet much of the information in the Platform
Model is itself derived from the Domain Model. Additionally, there is information
in the Domain Model explicitly not carried over to the Platform Model: the emer-
gent properties and other hypothesised outputs of the Simulation Experiments.
This extra, crucial, information has a formal home in the CoSMoS approach.

Furthermore, a key part of the CoSMoS approach is Argumentation: the ex-
plicit demonstration that the simulation is fit for purpose [15–17]. This exposes
a difference in the goals of ODD and CoSMoS: use of the ODD protocol makes
simulation experiments more reproducible; use of the CoSMoS approach addi-
tionally helps to ensure that the simulated world has a clear link to the real
world (the experiments make domain sense), and that the simulator as a scien-
tific instrument is fit for purpose (the experimental results are credible).

The developers of ODD are not trying to capture everything in their protocol:
in particular, ODD covers only the “materials” part of a standard scientific
article, and not the “methods” part [7]. The ODD researchers are developing
TRACE (Transparent and Comprehensive Ecological Documentation) [10, 21]
for more fully documenting models and their analyses. The OpenABM CoMSES
Modeling Standards requires that a model “Correctly simulates the processes it
claims to simulate” [14]. Future work for the CoSMoS approach is to demonstrate
how it is compliant with the requirements of TRACE and CoMSES.
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