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Abstract
Multiscale modeling of marine and aerial plankton has traditionally been difficult to
address holistically due to the challenge of resolving individual locomotion dynamics
while being carried with larger-scale flows. However, such problems are of paramount
importance, e.g., dispersal of marine larval plankton is critical for the health of coral
reefs, and aerial plankton (tiny arthropods) can be used as effective agricultural bio-
control agents. Here we introduce the open-source, agent-based modeling software
Planktos targeted at 2D and 3D fluid environments in Python. Agents in this modeling
framework are relatively tiny organisms in sufficiently low densities that their effect
on the surrounding fluid motion can be considered negligible. This library can be
used for scientific exploration and quantification of collective and emergent behavior,
including interaction with immersed structures. In this paper, we detail the imple-
mentation and functionality of the library along with some illustrative examples.
Functionality includes arbitrary agent behavior obeying either ordinary differential
equations, stochastic differential equations, or coded movement algorithms, all under
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the influence of time-dependent fluid velocity fields generated by computational fluid
dynamics, experiments, or analytical models in domains with static immersed mesh
structures with sliding or sticky collisions. In addition, data visualization tools provide
images or animations with kernel density estimation and velocity field analysis with
respect to deterministic agent behavior via the finite-time Lyapunov exponent.

Keywords Agent-based models · Multi-scale modeling · Plankton · Fluid–structure
interaction · Computational fluid dynamics

1 Introduction

Marine or aquatic plankton consists of phytoplankton, zooplankton, bacteria, viruses,
as well as the larvae of many marine invertebrates and fish that inhabit open water.
Aerial plankton are tiny arthropods carried by the winds and include agriculturally
important pests and biocontrol agents. Both types of plankton are dispersed by local
flowsbut can also bias their distributions by timing their release and actively controlling
some aspects of their locomotion during settlement. In terms of the ecology of both
marine and aerial plankton, the resulting dispersal patterns can have a significant effect
on the probability of mating, the ability to find adequate nutrient sources, genetic
diversity, and recovery from disturbance (Cowen and Sponaugle 2009; Dingle 2014;
Howe and Miriti 2004; Bohonak and Jenkins 2003; Pepper et al. 2015; Thompson
et al. 2018; Kleypas et al. 2016; McManus et al. 2020).

In the air, predictive models of the dispersal of small insects and other organisms
whose trajectories are significantly determined by both the local airflow and their
own behavior are important for many agricultural applications. High-fidelity dispersal
models of pests such as thrips and spider mites could inform the timing and location
of the application of pesticides or release of biocontrol agents, and models of the
dispersal of the biocontrol agents themselves could allow for more effective release
of these organisms. In the simplest case, biocontrol will be unsuccessful if prey can
escape control by out-dispersing its predator (Taylor 1990). However, high dispersal
alone is not enough to guarantee success (Darrouzet-Nardi et al. 2006). It is recognized
that individual behavioral decision rules (e.g., movement tendency, duration of flight,
and active settlement) have a strong effect on biocontrol efficacy on a local scale
(Potting et al. 2005).

The complex behavior of insects and other aerial plankton motivates the devel-
opment of more detailed models of their movement. Insects use active behaviors to
become entrained in the wind, which can be triggered by either the individual’s inter-
nal state or environmental conditions. Examples of these behaviors include the raised
stance employed by phytoseiid mites to undergo dispersal in response to starvation
and temperature, (Johnson and Croft 1976) and how the flight window used by para-
sitoid wasps depends upon the time of day and the prevailing wind speed (Kristensen
et al. 2013; Strickland et al. 2017). Insects can also modify their windborne flight by
using behaviors that change their aerodynamic shape or by active flying, such as the
selective timing of active flight used by aphids in response to the vertical direction of
air currents (Reynolds and Reynolds 2009).
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In water, predictivemodels of small-scale (tens of meters or less) plankton dispersal
and settlement, filter feeding, and uptake of symbionts (family Symbiodiniaceae) and
sperm can aid in constructing artificial reefs and shed light on the impact of lower
plankton densities on organism fitness. Research on the dispersal of these organisms
increased rapidly in the last decadeof the twentieth centurywith a focus onmechanisms
of transport, mortality rates, larval trajectories, settlement behaviors, and gene flow
(Levin 2006). Interactions of these organisms with a flow are complex, and distances
that larvae are transported candiffer greatly between specieswith different life histories
depending on their duration as plankton (Vance 1973; Treml et al. 2012; Winston
2012). Although currents drive dispersal and connectivity at the scales of a kilometer to
thousands of kilometers (Thompson et al. 2018),within sheltered environments such as
reefs, seagrass beds, and mangroves, behavior can significantly affect local movement
and settlement (Reynolds et al. 2005; Koehl et al. 2007; Grünbaum and Strathmann
2003). The swimming speeds of the larvae of many fish species can dominate the
speed of ambient currents so that their resulting dispersal is different than would have
been predicted by currents alone (Leis 2007). Other common places where behavior
and physical oceanography combine to influence plankton dispersal are aggregations
at long-lived ocean fronts, thin layers in the subsurface, and places where eddies and
internal tidal bores come together (McManus and Woodson 2012).

Settlement is as important as transport in plankton, with at least some plankton
actively choosing settlement sites. For example, larvae of perciform fish often take
into account the presence of resident fish when determining where to settle (Leis
2007). Similarly, larvae of reef-building corals settle in response to biological (adult
conspecifics) (Baird et al. 2003), chemical (crustose coralline algae) (Morse et al.
1988), and physical (light) (Mundy and Babcock 1998) cues on the reef. Daigle et al.
(2014) showed that organismswith similar behavior tended to disperse in similar ways,
while groups that were not functionally similar did not.

As a whole, the dispersal of plankton can be mostly active, mostly passive, or a
mixture of the two. To quantify this effect, one can use the velocity ratio, Vr = ua

U ,
where ua is the organism’s average active swimming or flying velocity and U gives
the typical background flow speed. This dimensionless number describes the ability
of an organism to swim against a flow (McManus andWoodson 2012). For low values
of Vr , passive drifting is the predominant dispersal mechanism. For higher values of
Vr , active movement becomes important. For intermediate-sized organisms, the inter-
action between physical transport mechanisms and behavior is complex (McManus
and Woodson 2012; Villarino et al. 2018). For example, in larval slugs, long-distance
dispersal patterns may be primarily driven by currents, but local settlement on a reef
is determined by a complex interaction of active behavior and small-scale local fluid
dynamics (Koehl et al. 2007; Hata et al. 2017).

Most work on the fluid dynamics of locomotion and dispersal has considered the
cases where either one organism actively locomotes in a quiescent fluid (Hoover and
Miller 2015; Miller and Peskin 2004; Tytell et al. 2014; Santhanakrishnan et al. 2018)
or many organisms passively drift with the fluid (McKenna and Chalupnicki 2011;
O’Brien andWroblewski 1973). Theoretical, computational, and experimental studies
that consider both methods of transport are often either (1) limited to a small number
of organisms across small scales (tens of body lengths) (Ramananarivo et al. 2016;
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Oza et al. 2019) or (2) focus on fluid dynamic interactions between many microscopic
individuals with simplified behavior (Nikora 2010; Gao et al. 2017). Agent-based
simulations reveal complex emergent phenomena and collective behavior (Giardina
2008; Couzin 2009; Carturan et al. 2020), but nearly all studies neglect background
flows. Recent efforts have also focused on the development of software libraries that
will advect particles (e.g., plankton, particles, oil) in a given flow, particularly at the
ocean and atmosphere scale (Dagestad et al. 2018). Although this software offersmuch
flexibility for adding additional modules, it is focused on a different scale. In addi-
tion, it is not straightforward to include more complex agent behavioral models and
interactions. Other studies consider background flows while modeling active locomo-
tion as a simple diffusive process using advection–diffusion models (Broström 2002;
McGillicuddy and Franks 2019). Understanding the complex interactions between
dynamic flows and organism behavior for navigation, settlement, and dispersal has
been a long-standing challenge (Willis (2011)).

To tackle problems concerning organisms that actively locomote in complex flows
at intermediate values of Vr , we have developed the Planktos agent-based modeling
software. Agent-based models (or individual-based models) are models in which indi-
viduals are described as autonomous entities which can then interact with each other
and/or their environment. They have adaptive behavior, which can include contin-
ual adjustments to changes in their environment, the presence and behavior of other
agents, or their internal states (Railsback and Grimm (2012)). These models are typ-
ically stochastic in nature and are particularly well suited to exploring how simple,
single-organism dynamics can give rise to population-level, aggregate phenomena.

Agent-based models (ABMs) have seen widespread use across a variety of ecologi-
cal contexts with varying levels of complexity (e.g., Huth et al. 2004; D’Orsogna et al.
2006; Liedloff and Cook 2007; Schulze et al. 2017 or see Netlogo references 2018
https://ccl.northwestern.edu/netlogo/references.shtml for a long list of citations). Par-
simony is critical in forming an ABM that can inform theory from a mathematical
perspective. When properly formulated in the context of laboratory or field observa-
tions, they can be powerful tools for forging a connection between key individual-level
behaviors and macroscopic group properties (Topaz et al. 2008; Nilsen et al. 2013).
This understanding can then be used to form robust mathematical characterizations of
population movement.

While various software packages providing comprehensive simulation environ-
ments for agent-based modeling exist (Railsback et al. 2006), they tend to be for
high-level, general use and not easily adaptable to specific challenges of incorporating
fluid–structure interaction data for swimmers in continuous 2D or 3D environments.
This is partially due to the packages being written for complex agent behavior and
interactions without the infrastructure to read in large 2D and 3D stationary or time-
varying flow fields and structures. Planktos is an ABM framework with the unique
capability to conduct 2D or 3D simulations in spatially and temporally heterogeneous
fluid environments which contain static immersed boundaries. It is organized as an
object-oriented Python library that can be called as part of any Python script or Jupyter
notebook (Kluyver et al. 2016). Planktos leverages the high-performance numerical
routines of NumPy, SciPy, and Matplotlib (Harris et al. 2020; Virtanen et al. 2020;
Hunter 2007) to provide a complete package to conduct and visualize simulations.
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Planktos is both open-source and features online documentation (hosted at https://
planktos.readthedocs.io) with tutorial-style working examples (Strickland 2018).

2 Agent-BasedModeling Framework

Planktos models individual organisms, or agents, in a rectangular, two- or three-
dimensional fluid environment. A fundamental assumption of Planktos is that these
organisms are small enough to have a negligible effect on the fluid environment around
them. This assumption allows the fluid velocity field to be constructed ahead of time
and completely independent of the agents’ movement. Without this assumption, it
would be necessary to calculate a complex fluid–structure interaction problem with
possibly hundreds of organisms. Even single-organism problems of this nature are
often highly complex and the subject ofmany studies and dedicated, high-performance
software (Jones et al. 2016; Li et al. 2018; Samson et al. 2019; Hossain and Staples
2020; Borazjani 2020; Hoover et al. 2021; Battista et al. 2017a; Griffith 2019).

Planktos is capable of loading any fluid velocity field specified on a regular, rect-
angular grid, including time-varying fluid velocity fields. Supported data formats
currently include ASCII VTK (Schroeder et al. 2006), ASCII VTU and NetCDF files,
with others likely to be added as demand requires.

TheVisualizationToolkit (VTK) is anopen-source, object-oriented software system
for computer graphics, visualization and image processing (Moreland 2021; Schroeder
et al. 2000). The VTK file type is commonly used with the open-source CFD software
library OpenFOAM (Weller et al. 1998) and the associated post-processing library
paraFoam. Furthermore, COMSOL Multiphysics (www.comsol.com) and the open-
source visualization libraries Paraview (Ahrens et al. 2005) and Visit (Childs et al.
2012) can read and export flow data to this file type. For the VTK format, special
attention is paid to importing data that corresponds to the typical output of our two-
dimensional immersed boundary software library (IB2D) (Battista et al. 2017b, a).
Note flow field data readable by VisIt or Paraview, such as the Immersed Boundary
Method with Adaptive Mesh Refinement (IBAMR Griffith 2019; Griffith et al. 2007),
may also be exported to VTK format.

Planktos is capable of generating a selection of 1D, analytical fluid velocity fields
out of the box which are then translated into 2D or 3D. These models include flow
through a uniform porous layer of fixed height described by the Brinkman equations
(Brinkman 1949) (see Strickland et al. 2017 for details) and wide-channel flow with
a vegetation layer according to the two-layer model described by Defina and Bixio
(2005). For terrestrial applications that consider flow within and above a uniform,
homogenous canopy, we have added the model described by Finnigan and Belcher
(2004). After generating the velocity fields for any of these models, the fluid data
may be subsequently exported from Planktos in VTK format, with or without agent
simulation.

Static immersedmesh structuresmay also be imported as either vertex points for line
mesh boundaries (two spatial dimensions) or STL (Standard Tessellation Language)
(Grimm 2004) formatted triangular meshes in three dimensions. Note that the STL is a
file format commonly used for 3D printing and computer-aided design, and many 3D
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repositories provide complex 3D biological objects in STL format (of Health 2022;
Boyer et al. 2014; Digitalmorphology 2019). Agents respect these immersed meshes,
undergoing sliding collisions (velocity vector projection onto the boundary and beyond
it) upon contact.

Simulations within Planktos use an object-oriented programming (OOP) paradigm
which aims to be both Pythonic and to follow the OOP principle of encapsulation,
resulting in as little scripting by the end user as possible. To this end, Planktos is
built around two main classes, the environment class (which collects and handles all
information related to the domain, fluid and immersed structures) and the swarm class
(a collection of individual agents that share amovement model), alongwith a library of
supporting functions that aid the user in specifying motion models. The environment
class holds all information about the fluid velocity field and simulation time while
supplying a number of methods for loading, viewing and performing calculations
and interpolations on the fluid. Agents with a similar motion model are then grouped
together into an instance of the swarm class, which holds all information about its
member agents and their motion model and provides methods for plotting and saving
agent data. Every instance of the swarm class belongs to an environment object, and
an environment object may hold several swarms.

2.1 Environment Class

Every instance of the environment class (an environment object) can be conceptualized
as a rectangular, spatial domain in either two or three dimensions. The lower-left corner
is located at the Euclidean origin. Boundary conditions are specified with respect to
the agents on each side of the domain, with the options being to mask any agents
exiting the domain from that side, periodic boundary conditions, or to have the agents
undergo a sliding collision upon contact with the boundary (no flux). Unless the fluid
velocity is everywhere zero within the environment, a fluid velocity field is specified
on a regular mesh of grid points which always includes the domain boundaries. These
data may vary in time, in which case they are specified at a given set of time points, but
the spatial mesh on which they are specified must remain constant. Analytical fluid
velocity fields are also available, as described before, and they are also specified on a
mesh for consistency.

As an added feature, Planktos includes automation for tiling periodic fluid velocity
fields in either the x- or y-directions to obtain a larger domain. This tiling automatically
includes any immersed boundaries that have been loaded into the environment object.
Extending the domain in a particular direction is also an option, in which casePlanktos
copies the fluid velocity at the previous boundary onto all-new grid points, resulting in
spatially homogeneous flow in the direction of the extension. While this is not always
appropriate, it can occasionally be of use to extend the domain away from the main
fluid dynamics.

In order to provide the fluid velocity at an arbitrary location within the domain,
the environment class is capable of interpolating the fluid velocity field using first a
cubic spline in time (as implemented by the SciPy function CubicSpline in the
interpolate package). A linear interpolation in space is implemented by the SciPy
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function interpn in the same package (Virtanen et al. 2020). Tricubic interpolation
in space is not currently available inSciPy and is planned as a future feature ofPlanktos.
As stated previously, the environment class contains several methods for importing
VTK, VTU and NetCDF fluid velocity data, particularly from VisIt, ParaView, IB2d
and COMSOL, with more import functions likely to be added in the future.

In 2D, immersed mesh structures may be imported to the environment object from
a list of vertex points corresponding to the format used in IB2d (Battista et al. 2017b).
These vertices are then converted into a line mesh using one of several available
algorithms within the environment class. The first option is to create a convex hull
from the vertex data using the ConvexHull function in SciPy (Virtanen et al. 2020).
This algorithm is highly efficient, leveraging the Qhull library (2020, www.qhull.
org) under the hood, and this method of the environment class is also capable of
transforming 3D vertex meshes, such as those used in IBAMR, Griffith et al. (2007) to
convex triangular meshes. The second option, available for 2D vertex points only, is
to associate nearby vertex points as endpoints of a line and then potentially add vertex
points wherever lines cross away from an established vertex. With careful tuning, this
algorithm is capable of recreating immersed mesh structures with significant concave
features, such as the lobes of a leaf (see Fig. 1).

In 3D, the preferred way of importing mesh structures is via STL file, as this format
is both ubiquitous and removes any ambiguity as to how themesh should be configured.
In either case, only static meshes are currently supported in Planktos; moving meshes
represent a significant increase in complexity with respect to interaction with agents
and are planned as a future feature of this software. Once an environment object is
created, a fluid velocity field is loaded, and optionally an immersed mesh structure is
loaded, the environment class provides for basic plotting of the domain without extra
simulation elements to ensure that everything has loaded correctly.

The environment class contains several methods for calculating fluid field data that
may be useful either in specifying agent behavior or for visualization and analysis.
Examples include calculating the vorticity of the fluid velocity field (which can be
exported from Planktos as a series of VTK files) or finding the temporally interpolated
time derivative of the fluid velocity. Through the swarm class (discussed below), the
gradient of the fluid speed (given as the magnitude of the fluid velocity) can also
easily be interpolated at all agent positions. Planktos is also capable of calculating
finite-time Lyapunov exponents for an unusually large number of motion models, an
exciting functionality that is not duplicated in any other software package that we are
aware of.

Finite-time Lyapunov exponent (FTLE) fields are a powerful tool for studying time-
dependent, nonhomogeneous dynamical systems such as those frequently encountered
in the context of fluid flow. In a similar fashion to the Lyapunov exponent of homoge-
nous, time-independent dynamical systems, the FTLE provides a measure of how
sensitive the spatial–temporal orbit is to its initial conditions. In this setting, an initial
time for the analysis is chosen and initial spatial conditions are specified on a regularly
spaced grid. The FTLE field is then calculated by integrating forward in time and using
a finite-difference approximation for the gradient at each point, taking advantage of the
grid geometry to define a stencil. The actual FTLE is based on the largest eigenvalue
of a finite-time version of the Cauchy-Green deformation tensor and is sometimes
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Fig. 1 Planktos simulation of tracer particles with constant diffusive noise in fluid flow around an immersed
leaf structure. Fluid vorticity is shown in the background, along with Gaussian kernel density estimations
for agent position in the x- and y-directions. Agents that reach any of the four edges of the environmental
domain are no longer simulated; in this image, 46% of the original 100 agents remain. The leaf structure
was loaded as a set of vertex points with nearby points associated on the mesh. Due to the geometry of the
leaf, some mesh elements overlapped and vertices were added at these intersections

referred to as the largest FTLE for this reason; full details are provided in a number
of sources that describe the mathematics in full detail (Haller and Yuan 2000; Haller
2002; Shadden 2005).

This process aims to identify separatrices (distinguished invariant manifolds) of the
system, referred to as Lagrangian Coherent Structures (LCS), which divide regions
of the fluid environment into areas of dynamically distinct activity with respect to a
particular immersed particle motion model. When examining the fluid velocity field
or collective particle motion, these regions may not be immediately apparent. Two
basic types of regions (with respect to a time interval, t ∈ [t0, t]) are referred to as
attracting LCS and repelling LCS, which are material surfaces that attract or repel
nearby trajectories, respectively, at the locally highest rate. While potential repelling
LCS may be identified using forward-time integration (from t0 to t) and the largest
FTLEasdescribed above, following the approachof (Haller andSapsis 2011), potential
attracting LCS at time t may be identified using the smallest FTLE which Planktos
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calculates as well (Haller and Yuan (2000); Haller (2001, 2002); Haller and Sapsis
(2011); Shadden (2005)).

Several programs exist with the capability of calculating FTLE fields in either 2D or
3D environments (Childs et al. 2012; Dabiri 2021; Liu 2017; Haller 2021). However,
to our knowledge, all of these implementations are limited tomodels of tracer particles
(i.e., with no active movement) or inertial particles. On the other hand, software that
targets general ODE dynamical systems models may not be robust to nonautonomous
systems or experimental data and does not encompass algorithmic models of motion
and immersed 2D or 3D boundary collisions (Nave 2018).

2.2 Swarm Class

The swarm class acts as a collection of agents that share a similar motion model. All
agents must be grouped into a swarm, a convention within Planktos that achieves two
purposes: (1) computational efficiency, in that swarm methods can be implemented as
vectorized operations on NumPy arrays (Harris et al. 2020), and (2) the convenience
of quickly and easily performing operations and visualizations over a group of similar
agents by default. Every swarm must also have an associated environment object,
which atminimumdefines the domain size, spatial dimension and boundary conditions
while holding information about the current time and previous time points in the
simulation (Fig. 2).

Swarms may be of arbitrary size, and agent positions may be initialized at arbitrary
locations within the environment domain. A few convenient methods exist for initial-
izing agents at a single point or randomly throughout the domain, but positions can
also be supplied on an individual basis. Swarm objects may also carry an integer value
that is used to seed a random number generator associated with the swarm object at
the time of initialization. This provides a method for generating reproducible results
even if the swarm’s movement model is stochastic in nature.

Internally, information about agent locations, velocities and accelerations within
the swarm is stored as masked NumPy arrays where each row is an agent and each
column is a spatial dimension (Harris et al. 2020). The mask refers to whether or not
the agent has left the spatial domain; if so, its data are typically no longer updated
for computational efficiency. The mask provides an automatic way of excluding the
agent from plots. Agent locations in previous time steps are stored similarly within a
Python list for efficient appending. Past velocity and acceleration data are not stored
to save on memory resources.

Any agent ormotionmodel properties that do not vary from agent to agent are stored
within a swarm attribute implemented as a Python dictionary. However, a key part of
agent-based modeling is the ability for agents to possess individually varying states
or properties. In some cases, individual agent states may update within the model in
response to other agents or the environment (e.g., in a model of infectious disease, an
agent may change state to represent the stage or compartment of the disease that the
agent currently belongs to), and in other cases the agents may possess static proper-
ties which provide for individual variation in a way that roughly captures individual
differences seen in nature.
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Planktos Python script
Subclass Planktos swarm
• Override get_posi�ons method
• Implement mo�on model

Create environment object
• Specify boundary condi�ons
• Load fluid velocity & immersed boundary data

Create swarm object
• Specify parameters

� Call move method of swarm object in a 
simula�on loop

� Save and visualize data

Planktos library

Run in iPython or 
Jupyter notebook for 
further introspec�on

Further sta�s�cal 
analysis/visualiza�on 

in R, Pandas, Visit, 
Paraview, etc.

Fig. 2 Flowchart for a typical workflow in Planktos. Running a Planktos script within either iPython or
a Jupyter notebook (Kluyver et al. 2016) allows for further object introspection after the simulation is
finished (including continuation of the simulation), and data can be exported to a variety of formats for
further analysis outside of Python

In order to provide this functionality in a way that is both self-contained and allows
for easy inspection and statistical analysis on the part of the user, swarm objects
store all individually varying properties as a pandas DataFrame (Wes McKinney
2010; pandas development team 2020). The DataFrame data structure is similar to
the dataframe structure in R R Core Team (2017), but it is built on top of NumPy
and intended to integrate well with the Python scientific computing environment.
Additionally, the pandas library (like R) has many built-in tools for practical, real-
world data analysis and robust IO methods for loading and saving to CSV, Excel files,
HDF5 and many other formats which users of Planktos can take advantage of (Harris
et al. 2020; Wes McKinney 2010; pandas development team 2020).

Position data for the agents are readily plotted in either 2D or 3D using built-in
methods of the swarm class (see Figs. 1, 4, 7 and 8). Plotsmay be a static plot showing a
single time step or an animation showingmultiple time steps in sequence. Both images
and animations can easily be saved to disk with options for still images, including
both raster and vector graphics. In addition to showing the agents’ location within
the domain, all plots and animations include two or three additional plots showing
a kernel-density estimate for agent positions in each spatial dimension. Options for
these density estimates include a histogram (agents are spatially binned in 26 equally
spaced intervals along each spatial dimension) or a Gaussian kernel estimation, where
the user determines the estimator bandwidth, the amount of agent “jitter,” or using
Scott’s rule (Scott 1992) as implemented in the SciPy stats library (Virtanen et al.
2020). In the case of 2D plots, fluid data can also be automatically plotted in the
background, either as a quiver plot of velocity or as a pseudocolor plot of vorticity
where vorticity is calculated within Planktos on-the-fly using the environment class
(for example, see Figs. 1 and 4).

All plotting and saving of images and animations leverage the Python Matplotlib
library, which also supports interaction with still images (e.g., panning and zooming)
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(Hunter 2007). In 2D, environments whose length and width do not differ by a large
amount will be plotted in Planktos with the proper aspect ratio; however, Matplotlib
only supports 3D plotting to a limited degree, and therefore all 3D environments
are plotted as a cube (the axes are labeled appropriately). 3D data visualization is a
complex problem, and there exist several software solutions dedicated specifically to
visualizing such data. VTK, VisIt and ParaView in particular have Python scripting
interfaces (Schroeder et al. 2006; Childs et al. 2012; Ahrens et al. 2005). Alternatively,
Planktos can save position data for all agents within the swarm either in CSV or ASCII
VTK format for external visualization and analysis.

2.2.1 Collisions with Static Immersed Mesh Structures

While the details of specifying agent motion and interaction (both with each other
and the environment) will be discussed below in Sect. 2.3, the process by which the
swarm class detects and handles agent collisions with immersed mesh boundaries
should be mentioned first, since it is automatically carried out by Planktos whenever
an immersed boundary is present in the environment class, unless it is specifically
turned off by the user.

First, collisions with immersed boundary mesh elements must be detected and any
intersection points recorded. During a given time step of length �t starting at a time t ,
an agent’s trajectory may be approximated by the line segment connecting its position
at time t with its position at time t + �t . All mesh elements within a certain radius of
the agent’s starting position (the exact radius is calculated on a per-agent basis based
on the distance the agent traveled) are then checked for potential intersection with the
agent’s line segment of travel, with only the intersection closest to the agent’s start
point being ultimately considered with respect to boundary conditions.

Intersections are detected using parametric equations for the line segment of the
agent’s travel and the current mesh element under consideration. Since mesh elements
are either line segments (in 2D) or triangular portions of a plane (in 3D), this task
amounts to finding the intersection of two lines (2D) or a line and a plane (3D) if it
exists, followed by determining whether that intersection falls within both the agent’s
start and endpoints and the mesh element boundaries. This approach is well docu-
mented and has the benefit of being both general in its approach and computationally
efficient (Sunday 2021).

Immersed boundary conditions in Planktos can be specified as either “sticky,” in
which case agents simply stop at the point of intersection until the next time step,
or “sliding.” In either case, a swarm property (ib_collision) is set to True for
any agent that collided with an immersed boundary during that time step (False oth-
erwise) to report to the user that a collision occurred. This information can be used to
accomplish certain behaviors, e.g., halting all subsequent agent movement after that
agent comes in contact with an immersed boundary, for instance in organism capture
applications.

In the case of a sticky boundary condition, the actual intersection point used by
Planktos is a perturbation of 10−7 from the mathematically determined point of inter-
section, taken in the direction opposite that of the agent’s movement. This perturbation
is for numerical stability: roundoff error will commonly result in the numerically cal-
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Fig. 3 3D projection example onto an immersed, triangular mesh structure with sliding collision. The
original trajectory of the agent (before collisions are accounted for) is given by the green arrow, starting
from the black dot. Using vector projection, the agent slides along the mesh element it intersected until an
edge is reached, at which point it would normally continue along its original heading for a proportional
distance (yellow path). If an adjoining mesh element is intersected, this is detected recursively, and the
agent slides along this element as well (purple path). The black star gives the final location in this case.

culated point of intersection being found on the far side of the mathematically precise
location of the immersed boundary element, with the resulting effect of the agent pass-
ing through the boundary. As a result, all calculations in Planktos involving immersed
boundaries should be taken to have precision no greater than 10−6, regardless of spatial
scale.

In the case of sliding collisions, the portion of the agent’s movement left over after
the point of intersection is projected as a vector onto the corresponding mesh element
perturbed a distance of 10−7 in a direction normal to the actual mesh element and
toward the starting point of the agent’s movement. The intersection of the projected
segment with (perturbed) mesh element boundaries is then detected. If such an inter-
section occurs, the remaining portion of the agent’s movement vector after the new
intersection is projected back on its original heading. The algorithm then undergoes
recursion to look for additional intersections, with care taken to avoid pathological
cases at concave intersections of mesh elements. More specifically, intersecting the
same mesh element more than once can result in the agent halting at a shared ver-
tex of two adjacent mesh elements in 2D or being projected along the shared line of
two adjacent mesh elements in 3D in order to avoid an infinite or computationally
expensive loop (see Fig. 3).

2.3 MotionModels

Agent behavior is specified by subclassing the swarm class and then overriding the
get_positions method of the class. This method takes in a positive time step
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and returns the new agent positions after that time step has elapsed but before any
boundary conditions have been applied. Subclassing get_positions is extremely
straightforward: a full example with tutorial-style explanation is available both as an
executable script within the examples folder of the source code and in the online
documentation for Planktos. More importantly, this approach allows the user to write
any type of algorithm for updating agent positions and states, with all attributes of the
swarm object and the associated environment object (which is itself an attribute of the
swarm) available for reading and writing.

Within this framework, Planktos provides a number of tools to aid in the specifi-
cation of motion models based on ordinary or stochastic differential equations. These
are located within the motion module of Planktos. Differential equations will typi-
cally need access to the fluid velocity field and other properties of the swarm and its
associated environment object; for this reason, the Planktos documentation provides
examples of how to create an ordinary differential equation (ODE) generator function.
These generators take in a swarm object and return a function handle to the system
of ODEs, thereby giving the ODEs access to all of the properties and methods of
the swarm. Once this is done, they can subsequently be solved either with the pro-
vided RK45 function which implements the Runge–Kutta Dormand–Prince method
(Dormand and Prince 1980) or within the context of a stochastic differential equation
(SDE).

Since most agent-basedmodels are stochastic in nature, it is often natural to express
their movement as an SDE. In Planktos, it is assumed that this equation takes the form

dXt = μμμ(Xt , t)dt + σ(t)dWt (1)

where Xt is a vector of agent positions at time t , μμμ(Xt , t) the drift coefficient (drift
velocity), σ(t) the diffusion coefficient, andWt is theWiener process.μμμmay be spec-
ified as a system of differential equations which describes the deterministic behavior
of the agents in the absence of stochastic effects, or μμμ may be specified as a constant
vector on a per-agent or global basis. σ(t)may be given as a diffusion tensor or covari-
ance matrix, again on either a per-agent or global basis. With spatially invariant σ ,
the Itô and Stratonovich interpretations of this equation are equivalent and Planktos
provides an Euler-Maruyama solver which is strong order 1 for this problem (Kloeden
and Platen 1999). A planned future feature of Planktos is to extend Eq. (1) to spa-
tially varying values of σ (e.g., σ(Xt , t)), providing a strong first-order solver based
on the Milstein method which can be set to either Itô or Stratonovich interpretations
(Mil’shtejn 1973). This functionality will be particularly useful for porous media and
similar applications.

At run-time, the user calls the move method of the swarm object and provides
it with a time step within a for-loop. The move method calls get_positions
and also handles boundary conditions and velocity and acceleration data updates after
get_positions returns. Explicitly updating agentswithin a for-loop in thismanner
presents the user with straightforward opportunities to both collect and respond to
simulation data as it is generated by writing additional code before or after the move
method executes.
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3 Workflow

A typical workflow for creating a Planktos simulation includes the following steps
within a Python script file (visualized in Fig. 2). All of these are demonstrated in the
many tutorial-style example scripts within the example folder of the Planktos source
code repository. Due to the abstraction of many common tasks, Planktos scripts can
be quite short: 40–50 lines at times, fully commented.
1. Add the location of the main Planktos library to the Python path and import it,

along with any other needed libraries.
2. Subclass the Planktos swarm class and override the get_positions method

with the desired motion model and any other behavior agents should have.
3. Create a Planktos environment object with suitable dimensions and boundary con-

ditions.
4. Load fluid velocity data or supply fluid parameter information and generate an ana-

lytic flow field within the environment object. Optionally load immersed boundary
data.

5. Create a swarm object from the user-defined subclass with the desired number of
agents, assigning it to the already created environment. Specify any agent param-
eters necessary for the simulation.

6. Call the movemethod of the swarm object in a loop along with any other necessary
tasks for conducting the simulation or recording data on a per time step basis.

7. Use the plot and plot_allmethods of the swarm object to visualize the result.
Save and analyze data from the simulation as needed.

4 Examples

Planktos comeswithmultipleworking examples (locatedwithin the examples folder of
the repository), each of which is fully commented in tutorial style focusing on different
aspects of the software’s functionality. Five of these examples arewritten up as tutorials
within the online documentation (located at https://planktos.readthedocs.io/en/latest/
examples/index.html), complete with code snippets, references and accompanying
images. Full documentation of the Planktos API is also available from the online
documentation (at https://planktos.readthedocs.io/en/latest/api/index.html) and from
the docstrings of the library itself, which are all immediately accessible using the
built-in help function included with Python.

To demonstrate the computational and data visualization capabilities of Planktos,
we will highlight several of the included examples below. Some of the examples also
illustrate how Planktos might be used in applications, including problems involving
the movement of marine plankton within sheltering layers, the capture of plankton by
filter feeders and the collective behavior of agents in a wind tunnel.

4.1 Flow Around a Cylinder in a 2D Channel

In this example, IB2d (Battista et al. 2017b, a) was used to simulate flow past an
immersed cylinder boundary in 2D with vortex shedding. The cylinder is within a
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Fig. 4 Planktos result at time 0.6 for IB2d generated flow around a cylinder within a horizontal channel in
2D. Black lines represent immersed boundaries. Gaussian kernel density estimations for agent positions in
the x- and y-directions are given, and the vorticity of the fluid (calculated within Planktos) is shown in the
background of the simulation

channel, represented by two additional immersed boundaries. This simple model is
representative of a study that one might perform in a flow tank or wind tunnel where
tiny marine animals or insects are advected past a cylindrical obstacle. Planktos reads
in both the time-dependent fluid velocity data (as a sequence of ASCII VTK files)
and the vertex data representing all of the immersed boundaries. The vertex data
are automatically converted into a mesh structure upon loading it into Planktos by
associating nearby points within a given radius. The raw data from IB2d are available
for download through a link given in the comments of this example and in the online
documentation.

To keep the example simple, agent behavior was specified as fluid advection plus
an unbiased random walk as given by the stochastic differential equation

dXt = μμμ(Xt , t)dt + 0.0001dWt (2)

where μμμ(Xt , t) is the interpolated fluid velocity at agent location Xt at time t . The
initial position for all agents was specified to be at 0.1 in the x-direction in the center
of the channel. Figure 4 shows a still of the result at time t = 0.60, including Gaussian
kernel density estimations and fluid vorticity which was calculated directly within
Planktos. When interacting with the immersed boundaries, agents automatically used
the sliding boundary condition.

4.2 Finite-Time Lyapunov Exponent (FTLE) with GeneralizedMotionModel and
ImmersedMesh Structure

Most agent-based simulations involve stochasticity, but Planktos is also fully capable
of simulating uniform, deterministic behavior described algorithmically or by a system
of fluid-dependent ODEs. In the latter case, Planktos provides a Dormand–Prince
Runge–Kutta 4(5) adaptive step solver to approximate agent trajectories (Dormand
and Prince 1980). This capability allows Planktos to calculate the 2D FTLE field with
respect to fluid velocity data and a large range of deterministic models of motion for
independently acting agents initialized on a regular grid. For ODEs, the FTLE field
relates to the deterministic behavior of agents as unbiased diffusive noise goes to zero
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Fig. 5 FTLE fields for a parasitoid wasp flying toward a target cylinder (small black circle) in fluid flow
moving left to right around the cylinder. The larger black circle describes the radius of cylinder detection for
a parasitoid. a The maximum flight velocity of 0.34 m/s is similar to the fluid velocity behind the cylinder
(0.35 m/s), resulting in primarily detection-limited success at landing on the cylinder. b The maximum
flight velocity is 0.15 m/s instead, and the leading edge of an LCS now appears within the detection radius.
Both images reveal clear substructures related to flight relative to the local fluid velocity

in an associated SDE motion model (see Sect. 2.3). This relation allows us to study
the effect of such noise on the qualitative dynamics of potential trapping regions.

Furthermore, since Planktos is capable of handling agent collisions with immersed
mesh structures, FTLE fields can potentially take these interactions into account as
well—a functionality that, as far as we are aware, exists in no other software package.
From the point of view of small organism dynamics in fluid, this capability is exciting
because it allows one to directly compare information about LCS with respect to fluid
field properties to the trapping potential of these structures under a given organism’s
motion and behavior model. One can easily imagine scenarios where LCS are more or
less robust to a given organism’s behavior, depending for instance, on if the organisms
display shelter-seeking behavior, are attempting to escape predation or are blocked by
immersed structures.

Figure 5 shows the resulting FTLE field for a simulation of agents moving toward
a cylindrical target with a background flow field that moves from left to right. This
simulation was inspired by a controlled wind tunnel experiment in which a parasitoid
wasp flies upwind toward a cylinder (Sarig and Ribak 2021). In this experiment, the
insects are released downwind of the cylinder and fly toward the cylinder if they are
within a given detection distance that is proportional to the cylinder’s diameter. In this
simulation, the detection distance is denoted by the black line in the figure. Once the
cylinder is detected, the agents use a burst flight speed for a set duration of time and
actively fly toward the cylinder. After this time, the insects are fatigued and fly at 30%
of that velocity. In the top panel of the figure, the burst flight speed and background
flow speed are nearly balanced and set to 0.35 m/s and 0.34 m/s, respectively. Once
within the detection distance, the agents reach the target, seen by the separatrix that
corresponds to the detection distance. In the bottom panel, the active flight speed is
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set to only 0.15 m/s, and some of the insects downstream of the cylinder but within
the detection distance are unable to make it to the cylinder. In this case, the separatrix
(yellow line) is upstream of the detection distance.

The main limitation of this approach is that the behavior of each agent must be
independent of surrounding agents. While Planktos as a framework does not limit
motion models in this way, calculation of the FTLE field requires it. Relaxation of this
FTLE assumption is highly nontrivial and likely limited to specific scenarios, so it has
not been a goal of our software development so far.

4.3 Movement of Brine ShrimpThrough a Sheltering Layer of Cylinders

To illustrate an example that can be compared to experimental measurements of the
movement of agents, we present previous results of a Planktos simulation of Artemia
spp., or brine shrimp, that actively swim within a flow tank (Ozalp et al. 2020). To
introduce complexity in the flow field, we 3D printed cylindrical arrays that represent
beds of idealized macrophytes, or aquatic plants such as sea grasses and reeds. The
motivation behind this experiment is that macrophytes are thought to provide a shel-
tering region for small plankton in the open ocean. Both the height and the density
of the cylinders were varied to consider different sheltering effects. All bases of all
models were 150 mm long and 75 mmwide, and the water height in the flow tank was
75mm. Each cylinder was 0.25 cm in diameter with heights varied from 0 to 3 cm. The
brine shrimp were injected in the upstream portion of the flow tank and were advected
downstream (see Fig. 6A). Video recordings were used to quantify the distribution of
brine shrimp over time. Figure 6B shows the normalized count of brine shrimp over
time in a region directly downstream of the model that was 4 cm wide and 8 cm high.

Planktos was then used to simulate the movement of the brine shrimp within the
idealized models of macrophytes. To generate flow fields, COMSOLMultiphysics 4.5
was used to solve the steady Navier–Stokes equations (e.g., ∂u/∂t = 0; see Fig. 6C.
The dimensions of the fluid domain were matched to the actual flow tank and were
set to 80 x 320 x 80 mm. The density and dynamic viscosity of the fluid was set to ρ

= 1025 kg/m3 and μ = 0.00108 kg/(m · s), respectively. A parabolic inlet boundary
condition with a maximum velocity of 44.4 mm/s and a zero pressure outlet condition
was used. All other walls used a no-slip boundary condition.

For eachPlanktos simulation, 10,000 agents were initializedwith a starting position
1 mm behind the center of the model and 3 mm from the bottom of the tank, similar
to the release point of the actual brine shrimp. The agents were advected with the
flow and were given additional ‘jitter,’ or unbiased Brownian motion with a variance
of 2.5 mm2/s. Arrival times were calculated as the first instant in which the agent
entered the measurement zone (the region directly behind the model). Representative
results are given in Table 1. Note that the plate case represents the case when there are
no cylinders, corresponding to the solid red line in Fig. 6B. The subsequent models
represent cases of increasing cylinder height and density, again corresponding to the
experimental data shown in Fig. 6B. For both the experiments and simulations, the
arrival times and the standard deviations increase with increasing cylinder density and
height, indicating that macrophyte beds do have a significant sheltering effect.
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Fig. 6 Results from the dispersal of brine shrimp over time for Ozalp et al. (2020). a A 3D printed model
of a cylindrical array inserted at the bottom of a flow tank with brine shrimp injected within the upstream
section of the cylindrical array. b Normalized count of individuals over time in the measurement zone. The
solid red line represents the dispersal when there is no cylindrical model in the tank. The 3D printed models
considered include a plate with an 8 × 15 array of 1-cm-tall cylinders (black dashed line), a plate with a
10×20 array of 2-cm-tall cylinders (blue dashed line) and a plate with an array of 15x30 3cm high cylinders
(pink dotted line). c A representative COMSOL simulation showing the magnitude of the velocity through
a 2D slice taken through the center line of the model

Table 1 Statistics for the timing of brine shrimp agents entering the measurement zone

Mean Median Mode Std. Skewness Kurtosis

Plate 10.26556 7.60 4.8 6.644776 1.577448 5.648092

8 × 15_1 cm 16.60715 11.80 7.1 12.855364 1.867912 7.226498

10 × 20_2 cm 24.37854 20.55 15.9 12.792898 1.755368 7.025288

15 × 30_3 cm 53.52796 51.20 48.6 23.670932 0.971755 4.696066

All values are given in units of seconds, and both skewness and kurtosis are calculated as Pearson standard-
ized moments

4.4 FlowThrough a Uniform Porous Layer with User-Defined Agent Behavior

In this example, Planktos is used to internally generate a 1D Brinkman flow through
a porous layer of fixed height with parallel shear flow above the layer. This represents
a simplification of the previous example, where the porous layer might provide a
sheltering environment for plankton. Brinkman’s equation (Brinkman 1949) is given
by

ρ(ut (x, t) + u(x, t) · ∇u(x, t)) = −∇ p(x, t) + μ∇2u(x, t) − αμu(x, t) (3)

where α is the inverse of the hydraulic permeability. We assume that the flow is steady
(∂u/∂t = 0), fully developed (∂u/∂x = 0) and zero in all cross-stream directions.
The fully developed 1-D fluid velocity u(x) is then projected into the 3D environment.
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Fig. 7 Snapshot of a 3D simulation with Brinkman (1949) fluid velocity through a fixed-height porous layer
and user-defined agent behavior. Gaussian kernel density estimations for agent positions in the x-, y- and
z-directions are also shown. Planktos visualizes a porous layer via randomly placed “grass” of the correct
height. This grass is for visualization purposes only: it is not a barrier to the agents and does not represent
the magnitude of the hydraulic permeability, α

Our assumptions result in an analytical solution to Eq. (3), so it is this solution that
Planktos uses to generate the fluid velocity (Strickland et al. 2017).

To specify agent behavior, it is necessary to subclass the Planktos swarm class and
override the get_positions method. The new swarm class is then used to carry
out the simulation. This example provides a full tutorial of how to accomplish these
steps and is fully detailed in the online documentation at https://planktos.readthedocs.
io/en/latest/examples/agent_behavior.html. For this example, 88% of the agents were
made to move toward the mean position of the swarm. Membership in this biased
group was stored as a Boolean agent property, and it was assumed that diffusive noise
for all agents is scalar. Agents that moved toward the mean position of the swarm did
so with a bias magnitude equal to one standard deviation of their scalar noise, and
the magnitude of their scalar noise term was cut in half. The appropriate stochastic
differential equation was then solved for each agent to specify its position throughout
the simulation. A snapshot of the result can be seen in Fig. 7.

4.5 Filter Feeding in Sea Fans

In this example, we demonstrate the potential of Planktos to reveal how the morphol-
ogy of filter-feeding organisms can enhance the rate at which they capture prey. Our
simplified example is motivated by the structure ofGorgonia spp. or sea fans. Sea fans
are sessile soft corals ubiquitous throughout the marine world that play an integral part
in coral reefs and shallow reef formation in particular (Rossi et al. 2018). Gorgonian
corals are believed to be the foundational support for the larger reef communities
and crucial to the re-establishment of disturbed communities (Lacharite and Metaxas
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2013). Sea fans comprise colonial polyps that form a fan-like structure whose growth
is directed normal to environmental currents (Wainwright and Dillon 1969).

Sea fans possess elaborate branching structures which create feeding flows as they
sway (see Fig. 8B). These flows appear optimized for a particular range of veloci-
ties, possibly utilized to capture prey of a preferred size. As water circulates around
and through the branches, boundary interactions slow the flow, forming recircula-
tion zones downstream of the organism. Individual tentacled polyps emerge from
branches, expanding their tentacles and further slowing the flow at the smaller scale.
At the most miniature scale, the tentacles are covered with digitata, which capture
prey and exchange particles with the surrounding fluid.

The spacing between the branches of the sea fan can drastically alter the flow that
moves between them and subsequently affect the likelihood of prey capture. If the
flow velocity between the branches is too high, it can quickly sweep away prey before
capture can occur. If the flow is too slow, the fan acts as a solid surface, and the prey is
mostly swept around the sea fan, preventing capture. In this example, we have selected
two biologically relevant choices of spacing that permit a small and relatively large
amount of flow between the branches.

The sea fan is idealized as an infinite row of cylinders normal to the oncoming
flow. To generate the flow fields used in the Planktos simulations, the steady Navier–
Stokes equations were solved using COMSOL Multiphysics 4.5. More specifically,
a stationary study (e.g., ∂u/∂t = 0) was performed for single-phase laminar flow.
Parameters typical of seawater, density ρ = 1025 kg/m3 and dynamic viscosity μ =
0.00108 kg/(m · s), were used. A cylinder 1 mm in diameter and 10 mm long was
placed in the center of the working section and 20 mm downstream of the inlet. The
fluid domain was 100 mm long and 40 mm high, and the width of the domain was set
to 1.5 mm and to 3 mm to model different gap to diameter ratios (G/D = 0.5, 2). The
inlet boundary condition of uniform flow was U = 1 or 8 mm/s for the simulations.
The outlet conditions for the domain were set to zero pressure. The side walls (parallel
to the central axis of the cylinder) used periodic boundary conditions to represent an
infinite array of cylinders. The top and bottom of the domain (normal to the central
axis of the cylinder) used symmetry boundary conditions. The complete flow field was
formed by tiling the flow around each of the cylinders (see Fig. 8A).

For the Planktos simulations, the agents were initialized as a point source in the
middle of the domain and upstream of the cylinders (see Fig. 8C). The agents were then
advected with the flow and moved with an additional unbiased Brownian motion with
a variance of 2.5 mm2/s (representative of brine shrimp) (Fig. 8D). All simulations
were conducted using 1000 agents with 100 repetitions to get the reported statistics
shown in Table 2. When the agent contacted and remained stuck to a cylinder, it was
considered captured.

For a background flow speed of 8 mm/s, the finer array of cylinders (G/D = 0.5)
captures more plankton as there is slower flow that allows more time for the plankton
to contact the cylindrical array. When G/D = 2.0, the slower background flow speed
results in a much slower flow between the cylinders, representative of a nonlinear
relationship between G/D, Reynolds number and normalized flow between cylinder
(Cheer and Koehl 1987). In this case, the reduced flow speed between cylinders did
not enhance capture rate as many of the agents were advected around the cylindrical
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Fig. 8 Results from the simulation of plankton capture by sea fans. a COMSOL was used to generate 3D
flow fields around a cylinder with periodic boundary conditions in the x-direction. The flow fields were
then tiled to create flow through an array of cylinders. b An image of a sea fan taken in Grand Cayman
illustrates the elaborate branching pattern that reconfigures to be normal to the direction of flow. c Output
for the Planktos simulation where agents are released as a point source upstream of the cylindrical array.
d Position of agents after 5.5 s. Note the cylinders have captured some agents, while others are advected
above and below the cylindrical array

Table 2 Statistics showing the
percent of agents captured by an
idealized sea fan

G/D U (mm/s) Duration (s) % Captured Std.

0.5 8.0 60 54.3 1.5

2.0 8.0 60 31.8 1.5

2.0 1.0 90 27.4 1.4

G/D represents the ratio of the gap between cylinders to the diameter
of the cylinder.U gives the backgroundflowvelocity for the simulation,
and the duration is the length of time the Planktos simulations were
performed

array. For all cases, the noise between trials is relatively small and can be considered
normally distributed (based on failing to reject the null hypothesis of the Shapiro-Wilk
test with p ≥ 0.35 in all cases). These results suggest that sea fans living in faster
flows should have smaller G/D ratios between branches.

4.6 Collective Behavior in Flow

In this example, we demonstrate how Planktos can be used to simulate the collective
behavior of agents in flow. In this case, the flow field is representative of a low-speed
wind tunnel that might be used for experiments with small insects. The wind tunnel
has dimensions of 2.5 × 0.2 × 0.21 m with an inlet velocity of 0.22 m/s. To perturb
the flow field, a cylinder with a radius of 0.02 m and a height of 0.21 m is placed in
the middle of the wind tunnel. The flow field is numerically determined by solving the
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steadyNavier–Stokes equations using COMSOLMultiphysics 4.5. Two flowfields are
determined. The first models a traditional wind tunnel with velocity inlet and pressure
outlet conditions andwall conditions (u = 0) on all sides. The second case is a periodic
wind tunnel that is periodic in the x-direction.

Agent behavior followed the famous Vicsek model of collective behavior in self-
driven particles (Vicsek et al. 1995). In this 2D spatial model, agent velocity in the
absence of fluid flow has a fixed magnitude and an angle that is determined by the
average direction of the velocities of agents within a radius r surrounding the given
agent, plus some amount of noise. More specifically, for any agent i , its position after
a single time step is updated with the equations

xi (t + 1) = xi (t) + vi (t)�t (4)

θi (t + 1) = 〈θ(t)〉r + �θ (5)

where xi (t) is the position of the agent i at time t , vi (t) is its velocity, �t is the length
of the time step, 〈θ(t)〉r is the average direction of agents within a radius r around
agent i , and �θ is a random number chosen from a uniform probability within the
interval [−η/2, η/2].

We have included a direct implementation of this model in the Planktos package
under the example folder as well as an extension into three spatial dimensions using
spherical coordinates that we will discuss here. Both of these are constructed within
the context of the low-speed wind tunnel flow which, to our knowledge, is a novel
setting for collective motion of self-driven particles. For our implementation, agents
move at a fixed speed of 0.02 m/s while also being advected by the fluid. That is,
vi (t) = vi,p(t) + vi, f (t) where ||vi,p(t)|| = 0.02 and vi, f (t) is the interpolated
fluid velocity at the point xi (t). The direction of vi,p(t) is given by the two angles θ

and ϕ, where θ is given counter-clockwise from the positive x-axis (to match the 2D
Vicsek model) and ϕ is the inclination angle down from the positive z-axis. Both are
updated in each time step according to Eq. (5), with �θ a uniform random number in
[−0.25, 0.25], �ϕ a uniform random number in [−0.125, 0.125], and r = 0.1.

3D Planktos simulations were conducted for 20 seconds using time steps of �t =
0.25 in an environment containing fluid flows for both the traditional wind tunnel and
the periodic wind tunnel as described above. In addition to agents following the Vicsek
model (blue particles), simulations were also run using passively advecting particles
(purple particles) and particles undergoing Brownian motion (green particles) with
constant white noise that had a standard deviation of 0.02 m/s (matching the Vicsek
particle speed). The results are displayed in Fig. 9, where the top row represents the
top view of the wind tunnel and the bottom row represents the view looking down the
length of the wind tunnel. The particle positions were exported to VTK and visualized
using Paraview (Ahrens et al. 2005). Note that due to the periodic nature of the wind
tunnel, agents that exit from the back of the wind tunnel (here visualized as the top)
will re-enter at the inlet (bottom).

When comparing the cases of pure advection to advection with active movement
driven by theVicsekmodel, we find that both types of agentsmove in a similar manner,
with theVicsek agentsmoving faster (Fig. 9D–G). This is due to the fact that theVicsek
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Fig. 9 3D simulations of particle motion in a periodic flow tank with an immersed cylinder in its center. The
bottom row shows particle positions looking down the length of the wind tunnel, normal to the x, z-plane.
The top row shows the particle positions looking from the top of the tunnel, normal to the x, y-plane.
(A–G) correspond to 0, 1.25, 2.5, 5.0, 7.5, 10, and 12.5 seconds. The purple particles correspond to passive
advection, the blue particles correspond to the case where the particles are advected and have an active
motion given by the Vicsek model, and the green particles are advected with the flow and have some
additional Brownian motion (uniformly distributed angle, speed standard distribution of 0.02 m/s to match
self-propelled speed of Vicsek particles). Initial particle positions in all cases were given by a uniform
random sheet at y = 0.9 behind the cylinder with x ∈ [0.055, 0.155] and z ∈ [0.05, 0.15]

agents have an additional active velocity with a directional bias (e.g., downwind).
The advection–diffusion agents disperse away from their initial configuration toward
the edges of the wind tunnel. The differences between the Vicsek, pure advection
and Brownian models can be easily seen by observing the structured patterns in the
bottom row of Fig. 9 in contrast to the diffusive model. These differences highlight
how the choice of an active motion model can dramatically affect the resulting spatial
structures observed. It also suggests that the details of the agent interaction models can
have a large impact on the spatial evolution of the swarming or schooling particles.

5 Discussion and Conclusion

The current implementation of Planktos can be applied to a wide range of problems
where the innate velocity of the agents is on the order of the background flow velocity
andwhen themovement of the agents does not significantly affect the background flow
field. In particular, these applications are common for organisms on the order of 1 mm
that swim or fly at Reynolds numbers near unity. In such instances, the boundary
layers around the organisms and their densities are sufficiently small that one does
not typically observe instances of active mixing as has been documented in bacteria
and other microorganisms (Visser 2007; Kurtuldu et al. 2011; Wickramarathna et al.
2014; Simoncelli et al. 2017. On the other hand, the scale is small enough that the wake
and vortices generated through active locomotion typically dissipate before such flow
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structures are encountered by other organisms, which could either enhance or reduce
their locomotory performance (Triantafyllou et al. (2016); Verma et al. (2018)).

Planktos can also be used to simulate interactions betweenorganisms and stationary,
rigid boundaries. Such interactions are important for a range of applications, including
pollen capture (Niklas 1985a), filter feeding (Riisgard and Larsen 1995), settlement
on complex substrates such as coral reefs (Koehl et al. 2007), and navigating to target
structures or vegetation (Sarig and Ribak 2021). For example, it has been proposed
in plants that female ovulate organs alter local airflow to enhance the interception of
pollenwith stigmas ormicropyles (Niklas 1985a). The interaction between coral larvae
and local water flow through reefs enables the larva to settle in beneficial locations
(Hata et al. 2017). The structure of the deep sea glass sponge creates regions of local
mixing within the body cavity that increases the residence time of particles and may
enhance the uptake of food and sperm (Falcucci et al. 2021).

Thus far, our development of Planktos has focused on application problems of
relevance to mathematicians, engineers and biologists working at the organismal level
in fluid domains on the order of centimeters to meters. These applications include
suspension and filter feeding by marine organisms (Jørgensen 1955), cue tracking at
the level of a plant by tiny insects (Sarig and Ribak 2021) and larval settlement near the
surface of an individual reef (Koehl and Hadfield 2004). Such applications are often
studied in a laboratory environment and in a small wind tunnel or flow tank. Similarly,
our applications have employed direct numerical simulations (DNS) of the Navier–
Stokes equations and/or large eddy simulations (LES), using software packages such
as OpenFOAM (Weller et al. 1998), IBAMR (https://code.google.com/p/ibamr/) and
ANSYS (DeSalvo and Swanson 1985). Certainly, Planktos could be used to simulate
plankton (or other aquatic animals) at much larger scales, including those of estuaries,
lakes, bays, gulfs and oceans. These application problems would need to be chosen
such that active animal movement is relevant relative to the background flow speed.
For example, there is a large body of work on the biophysical mechanisms of larval
dispersal at the ocean scale that could be studied using Planktos (see, for example,
Hawkins et al. 2019). Moreover, additional consideration will need to be given to
resolving the vastly different spatial and temporal scales between active organism
movement and geophysical flows. In future work, we plan to extend the functionality
of Planktos to import flow field data and geometries that are typically used by this
geophysical scale community.

Future implementations of Planktos will also expand the types of applications that
can be considered through the addition of moving boundaries, chemical cue tracking
and response to flow disturbances, among other functionality. The motion of nearly
all marine invertebrates in unsteady flow is non-negligible, particularly in the case of
jellyfish and sea fans, and has consequences for the efficiency of particle capture by
increasing encounter rates (Boudina et al. 2021; Krick and Ackerman 2015; Shimeta
and Koehl 1997). The movement of plants, such as grasses, can also have a significant
effect on the efficiency of pollen capture by increasing encounter rates between the
pollen and stigma (Niklas 1985b). In terms of chemical tracking, many aquatic and
aerial plankton, such as coral larvae and flies, track chemical cues that advect with
and diffuse within the fluid (Koehl and Hadfield (2004); Hay (2009); Morehead and
Feener (2000); Kim and Dickinson (2017)). To understand such chemical tracking
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applications, one will also need to integrate odor tracking algorithms within Planktos
(see van Breugel and Dickinson 2014; Villarreal et al. 2014; Pang et al. 2018; Baker
et al. 2018). Additional model development could also include the detection of dis-
turbances in the flow, triggering escape responses, e.g., short-duration bursts of fast
swimming (Green et al. 2003; Buskey et al. 2002; Jakobsen 2001)..
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