
Psymple: A Python package for complex systems
modelling
George Simmons 1¶, David Stern1, Georg Osang 1, Luigi Ponti 2,3,
Andrew Paul Gutierrez 3,4, Chiara Facciolà 1, and Timothy Hosgood 5

1 IDEMS International CIC, United Kingdom 2 Agenzia nazionale per le nuove tecnologie, l’energia e lo
sviluppo economico sostenibile (ENEA), Italy 3 Center for the Analysis of Sustainable Agricultural
Systems (casasglobal.org), USA 4 Division of Ecosystem Science, College of Natural Resources,
University of California, Berkeley, USA 5 Topos Institute, Berkeley, USA ¶ Corresponding author

DOI: 10.21105/joss.07364

Software
• Review
• Repository
• Archive

Editor: Prashant Jha
Reviewers:

• @pitmonticone
• @SunnyXu

Submitted: 13 September 2024
Published: 07 May 2025

License
Authors of papers retain copyright
and release the work under a
Creative Commons Attribution 4.0
International License (CC BY 4.0).

Summary
The modelling of complex systems, which are characterised by high degrees of interdepen-
dence amongst components, is continually evolving in response to developing computing and
visualisation power. Examples such as ecological, economic, and social systems are classically
modelled using statistical or correlative techniques, which have natural shortcomings when
used for predictive modelling outside of the range of their parameterisation data.

Predictive modelling is improved by deterministic models that capture the evolution of a system,
or by hybrid models composed of both deterministic and correlative parts. These models often
feature significantly increased size and complexity, and there has been a growing requirement
for so-called next generation modelling platforms that are built to a specification requiring
modular and data-first implementations that drive clear, adaptable, reusable and accessible
modelling practices.

The psymple platform is designed to facilitate the development of hybrid complex system
models and modelling frameworks. It allows users to link together arbitrary combinations
of modular differential equation systems and functional components to build categorical
diagrams representing a complex system. A compilation process automatically generates
simulatable system equations from these diagrams using the symbolic mathematics package
sympy. Ultimately, this allows users to focus on the components and interactions of models,
rather than their complex equation structure.

Background in ecological systems modelling
The development of psymple emerged from the complex system modelling requirements of
ecological systems. Ecological niche models, also called species distribution models (SDMs),
predict species distributions in response to environmental variables such as geographic and
climatic features (Elith & Franklin, 2017; Elith & Leathwick, 2009). Classically, these models
are formed using correlative or statistical approaches that match observational data to a set of
environmental variables to produce favourability ranges for each species.

An alternative approach is mechanistic modelling, which use physiological data instead of
observational data to capture the underlying mechanisms that drive species distribution, such
as energy balance, population dynamics, or response to climate (Kearney & Porter, 2009). In
contrast to correlative approaches, mechanistic SDMs decouple the physiology of a species
from its native geography or climate, and allow SDMs in new geographic or climatic regimes
to be created in the absence of observational data (Johnston et al., 2019).
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An example mechanistic framework is physiologically-based demographic modelling (PBDM)
(Gutierrez, 1996), which creates holistic ecosystem models based on the weather-driven biology
of component species, allowing for predictive phenology, age- or mass-structured population
dynamics, and geographic distribution assessments (Gutierrez, Ponti, Levi-Mourao, et al., 2025;
Gutierrez & Ponti, 2022a, 2022b). With this approach, PBDM can account for tritrophic
ecosystem interactions (Gutierrez et al., 1999) or model the effects of climate change (Gutierrez
et al., 2023).

While correlative SDMs and mechanistic frameworks such as PBDM are today often regarded
as conceptually distinct and largely unintegrated (Dormann et al., 2012), their development
can be traced back to early common roots (de Wit & Goudrian, 1978; Fitzpatrick & Nix, 1970;
Gutierrez et al., 1974). A component of the PBDM framework is the use of physiological data
to parametrise “biodemographic” functions capturing biophysical or biochemical mechanisms,
such as the development, mortality, and fecundity rates of a species in response to environmental
variables (Ponti & Gutierrez, 2023).

The use of biodemographic functions in PBDM combines the considerable holistic advantages
of mechanistic SDMs, while retaining the comparable ease of parametrisation as status-quo
correlative models. More widely, there has been growing interest and development of ecological
models explicitly composed of both correlative and mechanistic components (Buckley et al.,
2010; Tourinho & Vale, 2023), combining the benefits of both areas. In the wider context
of complex systems modelling, the approach of building composite models out of different
techniques is called hybrid, or spectrum, modelling.

Statement of need
Complex system models, including highly-developed hybrid frameworks such as PBDM, share
the same barriers to widespread adoption and implementation. These barriers include the
lack of available modelling frameworks (Buckley et al., 2018), the lack of flexibility in existing
models (Buckley et al., 2010), and the lack of modelling platforms to implement existing ideas
(Gutierrez, Ponti, Neteler, et al., 2025; Ponti & Gutierrez, 2023). The psymple package is
a general platform designed to facilitate the creation of hybrid complex systems models and
modelling frameworks.

Models in psymple are built from arbitrary combinations of modular mechanistic, dynamic
components, and correlative, functional components that naturally interact with each other.
This structure allows for the systematic implementation of modelling frameworks such as
PBDM, and, more widely, those capturing biological, economic, and social systems, for which
it is not feasible to capture the laws of interaction purely mechanistically. Examples include
agroecological and bioeconomic models (Gutierrez et al., 2020; Gutierrez & Regev, 2005; Regev
et al., 1998), and Earth system models capturing the biogeochemical interactions between
ecosystems, humanity, and the climate (Flato, 2011). The development of of psymple is a
necessary first step in the development and release of accessible and impactful tools in these
areas.

Description
The workings of psymple are based on the ideas of the dynamic systems modelling package
AlgebraicJulia.jl (Libkind et al., 2024), in which modular objects, called resource sharers,
containing ordinary differential equations (ODEs), are linked by wires representing the sharing
of state variables across the dynamics equations of the system. In applied category theory, the
objects and wires form a formal diagram that can be interpreted as an algebra over the operad
of undirected wiring diagrams (Libkind et al., 2022). A compilation process maps this diagram
to a system of ODEs by adding the right-hand side of all states connected to the same wiring
system.
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For example, a resource sharer 𝐴 containing the ODE 𝑑𝑥1
𝑑𝑡 = 𝑓 (𝑥1, 𝑡), is connected to another

resource sharer 𝐵 containing the ODE 𝑑𝑥2
𝑑𝑡 = 𝑔 (𝑥2, 𝑡, 𝑖1), where 𝑖1 is a constant, by a wire

identifying the states 𝑥1 and 𝑥2. On compilation, the resulting system contains the ODE
𝑑𝑧
𝑑𝑡 = 𝑓 (𝑧, 𝑡) + 𝑔 (𝑧, 𝑡, 𝑖1), where 𝑧 is a common renaming of 𝑥1 and 𝑥2.

In psymple, these ideas are extended to realise multivariate functions as ported objects, called
functional ported objects (FPOs), alongside resource sharers, which in psymple are called
variable ported objects (VPOs). A second type of wiring, directed wiring, is introduced, which
formally represents partial functional substitution. Directed wires can read both the state
variables of VPOs and the output calculations of FPOs, and pass this information to inputs of
other FPOs.

For example, consider a FPO 𝐶 containing the functional calculation 𝑜1 = ℎ (𝑥1, 𝑡, 𝑖2) using a
system state 𝑥1 and external input 𝑖2. Viewing 𝐴 and 𝐵 as VPOs, connecting directed wires
from the state 𝑥1 of 𝐴 to the input 𝑥1 of 𝐶, and from the output 𝑜1 of 𝐶 to the input 𝑖1 of
𝐵 produces another formal diagram. Together with the variable connection between 𝐴 and 𝐵,
this diagram is compiled by psymple to the single ODE

𝑑𝑧
𝑑𝑡

= 𝑓 (𝑧, 𝑡) + 𝑔 (𝑧, 𝑡, ℎ (𝑧, 𝑡, 𝑖2))

which can then be simulated. Underneath, the equation manipulation and substitution is
handled by the Python symbolic mathematics package sympy (Meurer et al., 2017).

In psymple, arbitrary nesting of these base objects happens inside a third object type called a
composite ported object (CPO), which stores the information of the wiring between its child
objects. CPOs can also be nested to obtain a system hierarchy that represents the modelled
structure. Details of how to build VPO, FPO, and CPO instances, and compile them to
simulatable systems is extensively covered in the package documentation.

With these structures, psymple satisfies a specification shared by “next-generation” dynamical
systems modelling frameworks (Baez et al., 2023), including being faceted, where models can
be considered one piece at a time; modular, where components naturally compose together;
and functorial, where the data describing the model (its syntax) is systematically and reliably
transformed into system behaviour (its semantics). These ideas allow for legible modelling
of highly complex, specialised systems, and drive clear, adaptable, and accessible modelling
practices in line with those promoted by the Open Modeling Foundation.

Related software
Many software solutions exist to capture climate-driven behaviour within parts of agricultural
ecosystems. For example, sophisticated climate-sensitive physiological crop models can be
produced using APSIM (Holzworth et al., 2014) or DSSAT (Jones et al., 2003). These systems
implement approaches that can be traced back to common roots in the Dutch school of
modelling (de Wit & Goudrian, 1978), but are not demographic in construct. For insects,
ILCYM (Sporleder et al., 2009) enables the creation of climate-driven pest insect phenology
models for distribution and risk assessments.

The goal of psymple and its framework is not to stand apart from this existing software, but
instead to enable the creation of software that can link between existing tools: in this context,
to enable assessments across ecosystems, including the plant, herbivore, and natural enemy
trophic levels and their interactions.
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Related research
The development of psymple emerged as part of a collaborative effort between IDEMS
International and CASAS Global to increase the uptake, accessibility, and impact of the
physiologically-based demographic modelling (PBDM) framework. The development of psymple
is a necessary first step to capture PBDM in sufficient generality to enable modular and flexible
implementations of existing and new models into the framework to drive future research and
impact potential.

The specification of psymple was created from the “collaborative modelling” approach headed
up by the Topos Institute, which uses the mathematical field of applied category theory to
capture the mechanisms required to create modelling frameworks collaboratively, accounting
for diversity in technical language, data availability, and subject expertise. This specification,
coupled with the generality and flexibility of psymple, enables frameworks beyond PBDM to
be developed or implemented, and pushed towards new research and subsequent impacts.

For example, research is currently active in bioeconomic modelling, which extends the supply-
demand and mass-structured mechanisms of PBDM to understand the economic interaction
that humans have with agroecological systems (Gutierrez et al., 2020; Regev et al., 1998).
More widely, ideas are being conceived around applications in Earth system modelling (Flato,
2011), multi-layer modelling incorporating feedback loops to modelling techniques such as
collaborative agent-based modelling, and data management techniques such as source control
and versioning across collaborative practices.
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