Network Development ABM: Overview, design concepts, and details (ODD)

Following the template of Grimm et al. (2006, 2010, 2020), the overview, design concepts, and details (ODD) of the model are presented below.
1.1.1.  	Model purpose
The purposes of the model are to quantify the network structures that emerge under different consumer and resource characteristics, and the relationships between the resulting network structure and dynamics and the level of inequality experienced by consumers.
1.1.2. 	Entities
Consumers
	Property 
	Description 
	Constant for run

	Initial energy reserves
	The energy with which a consumer begins the simulation, and the amount that any offspring inherit. In joules (J).
	X

	Energy reserves
	The energy available to a consumer for metabolism and link construction/traversal. In J.
	

	Basal metabolism
	The minimum amount of energy a consumer requires per timestep to maintain basic functioning. In J timestep-1.
	X

	Consumption rate
	The rate at which consumers take up energy from a resource patch on which they are located. In J timestep-1.
	X

	Risk penchant
	The percentage of energy-reserves that a consumer is willing to spend on movement and/or link construction and improvement. 
	X

	Vision radius
	The distance to which a consumer can scan for resources – based on energy reserves as consumers cannot ‘see’ resources that they do not have enough energy to access. In generic length units.
	

	Time horizon
	The number of timesteps over which the consumer makes predictions and decisions. In timesteps.
	X

	Rho
	The consumer’s rate of time preference, which determines how strongly discounted future consumption is when making decisions about building, repairing, and walking links. In timestep-1.
	

	Building?
	Whether a consumer is currently working on a construction project.
	

	Repairing?
	Whether a consumer is currently working on a repair project.
	

	Walking?
	Whether a consumer is currently walking along a link.
	

	Current intake table
	The data structure used to store predictions of intake at the consumer’s current resource.
	

	Expected consumption table
	The data structure used to store predictions of intake at the resources within the consumer’s vision radius.
	

	Costs table
	The data structure used to store the costs associated with each of the build, repair, and walk activities applicable to each resource within the consumer’s vision radius.
	

	Repairs table
	The data structure used to store data about repairs that could be done on links to resources within the consumer’s vision radius.
	

	Location
	The current resource where the consumer is located (or was located last).
	

	Target location
	The resource toward which the consumer is building, repairing, or walking.
	



Resources
	Property 
	Description 
	Constant for run

	Current supply
	The resource flow remaining in this resource. In joules (J).
	

	Resource capacity
	The maximum resource flow that could be in this resource, if not depleted by consumer consumption. In J.
	X

	Regrow rate
	The rate at which the resource regrows after depletion. In J timestep-1.
	X



Links
	Property 
	Description 
	Constant for run

	Patches list
	A list of the patches comprising the link – used to determine length, roughness.
	X

	Link roughness
	A measure of the condition of the link, used to calculate energy required for traversal by a consumer or resource flow (higher roughness requires more energy). Stored as a list of the roughness of each patch, in newtons (N).
	

	Mean roughness
	The mean roughness of the patches comprising the link. In N.
	

	Decay rate
	The rate of link decay, can be a constant per timestep (decay per unit time) or multiplied by crossing-count (decay based on use). In In timestep-1.
	X

	Link crossing count
	How many consumers have crossed the link. 
	

	Under construction?
	A flag to denote whether the link is under construction or if all patches it crosses have been built into the link
	

	Past lifespan?
	Whether the link has decayed past its maximum decay (see global variables) and will disappear after all consumers currently crossing it complete their journeys. Prevents consumers from beginning to cross the link.
	



Environment patches
	Property 
	Description 
	Constant for run

	Initial patch roughness
	The baseline difficulty of crossing the terrain in this patch, if it has not been altered by construction or decay. In newtons (N).
	X

	Current patch roughness
	The current difficulty of crossing this patch, potentially altered by construction or decay. In N.
	

	Embodied energy
	The energy that has been embodied into the patch by consumers constructing or repairing a link over it. Used to determine patch roughness. In joules (J).
	

	Under link?
	Whether the patch has been built into a link or not
	

	Patch crossing count
	The number of times the patch has been crossed as part of a link.
	



Global variables
	Property 
	Description 

	Number of consumers
	The initial number of consumer consumers in the simulation.

	Link decay rate
	The proportion of the embodied energy (energy invested in construction and maintenance) in a link-patch that decays each timestep. In timestep-1.

	Mean resource regrow rate
	The mean number of units per timestep by which a resource can regrow if depleted. In joules (J) timestep-1.

	Standard deviation (SD) of resource regrow rate
	The standard deviation of number of units per timestep by which a resource can regrow by if depleted. In kcal timestep-1.

	Mean resource capacity
	The mean energy store that a resource can hold. In J.

	SD of resource capacity
	The standard deviation of energy store that a resource can hold. In J.

	Mean initial energy reserves
	The mean energy reserves with which consumers can be initialised. In J.

	SD of initial energy reserves
	The standard deviation of energy reserves with which consumers can be initialised. In J.

	Minimum initial patch roughness
	The minimum initial roughness of a patch (before alteration by construction). In newtons (N).

	Maximum initial patch roughness
	The maximum initial roughness of a patch (before alteration by construction). In N.


All global variables are constant for the duration of a run.

1.1.3.  	Sequence of events
· Consumers consume basal metabolism from energy reserves and update vision radius.
· Consumers who are not currently building, repairing, or walking a link may choose a resource to which they will build a new link or repair an existing link, or may choose not to change the architecture. 
· Consumers who do not build, repair, or walk, and who have twice their initial-energy-reserves, produce one offspring who inherits initial-energy-reserves and all other characteristics from its parent. The parent’s energy is depleted to its original initial-energy-reserves to balance that which it gave to its offspring.
· Consumers start building and repair work, walking, or continue work or walking that is already underway.
· Consumers who are located on resources consume what is available to them based on the resource’s current supply and the number of other consumers, up to each consumers’ maximum consumption-rate.
· Resources regrow, if applicable.
· The patches comprising links decay, and the link may disintegrate. Any link that is under construction is checked to make sure construction has not been completed (e.g. by two consumers working from opposite ends of the link).
1.1.4. 
 	Design concepts
1.1.4.1. Basic principles
The basic principle at the core of this model is the maximum power principle, which states that systems self-organise to maximise their rate of free energy capture and consumption, or power. To do this, consumers should attempt to minimise energy consumed in transport, by making their networks as efficient as possible. Additionally, this model relies on the principle of time discounting, which has been shown in humans and other species to influence decision making through discounting a reward (such as resource consumed) by the amount of time in the future that it will occur.
1.1.4.2. Emergence
The network structure emerges throughout the simulation from consumers’ decisions and the resulting free energy they have available to invest in network expansion and improvement. While some base level of inequality among consumers is specified at initialisation, the final level of inequality is also emergent. 
1.1.4.3. Adaptation
The consumers adapt to their environment by building a network that allows them to attempt to maximise their own consumption within that environment: at each timestep, each consumer decides what resource within their vision radius will yield the most returns, based on their personal time discounting rate, then builds, repairs, or walks the link to move to that resource. The population also adapts over time, as consumers who are successful enough to accumulate energy reserves adequate to reproduce pass on their traits (parameter values) to their offspring.
1.1.4.4 Objectives
The consumers’ objectives are to survive, and to maximise their consumption of free energy, which in turn allows them to maximise their output in improving the network or reproducing. The consumers survive by maintaining a minimum level of energy reserves to support basic operation, i.e. basal metabolism.
1.1.4.5 Learning
Consumers can learn as they consume more resources and gain a larger field of vision (from higher energy stores), which allows them to survey further across their environment. Although they can potentially include more resources in their vision radius if they move to more central locations, they do not ‘remember’ previously surveyed resources that are no longer in view.
1.1.4.6 Prediction
Consumers predict which resources within their field of vision will provide the highest energetic returns, based on the current energy supply of each resource, and their personal time discounting rate. They can then preferentially build and improve links to those resources.
1.1.4.7 Sensing
All consumers have a field of vision proportional to their energy reserves, that they use to survey their surroundings and choose which resource(s) to which they build or improve links. As their energy reserves fluctuate, and they move, which resources that are included within their field of vision may change. 
1.1.4.8 Interaction
Consumers do not interact directly, but they can use and repair one another’s links between resources, and indirectly collaborate by contributing to building a link that is already under construction. They therefore interact stigmergically through the network they construct, what they reinforce or allow to decay, and the resources they consume.
1.1.4.9 Stochasticity
Consumers are initialised with state variable values (e.g. initial energy reserves, risk penchant, rho) from a normal distribution with a set mean and standard deviation and are placed on random resources across the network. Resource capacity and regrowth rate are also initialised with a normally-distributed level of energy reserves (see ‘Initialisation’).
1.1.4.10 Collectives
There are no collectives explicitly specified within the model, but consumers could aggregate into informal collectives who utilise the same resource(s) and links in a specific area of the network.
1.1.4.11 Observation
At each timestep, the state variable values for consumers, patches, and links will be recorded. Additionally, the locations and state variable values for resources are recorded at the start of each run. 

1.1.5	Initialisation
The resource, consumer, and link parameters are specified in an Extended Markup Language (XML) file. The landscape is specified in Comma-Separated-Values (CSV) files that store the initial-patch-resistance for each patch in the environment, and the location for each resource in the environment. 
The models were initialised with a population of consumers randomly located on resource nodes throughout the space. The consumers began with normally-distributed resource units their energy-reserves. The distributions from which the values were drawn were all truncated such that the lower bound was 1 (energy reserves, consumption rate, time horizon) or 0.01 (basal metabolism, risk penchant, rho).
Resources were all initialised with normally-distributed resource capacity and resource regrow rate values, with the distributions of each truncated such that the minimum of each was 1. Resources all began the simulation at full capacity.

1.1.6	Input data
This model has no input data.


1.1.7	Submodels
1.1.7.1 Vision radius update
At the start of each timestep, each consumer attempts to consume its basal metabolic requirement from its energy reserves (see below). If the consumer does not have adequate energy to cover this, it dies. Otherwise, the consumer updates its vision radius, which determines the boundaries of the area centred on the consumer’s current location that it can scan for resources. The vision radius is calculated as
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where Vi, Pi, and are the vision radius, risk penchant, and accumulated energy reserves of consumer i, respectively. The risk penchant is a constant (in units of energy per unit length[footnoteRef:1], or J·m-1) that determines how much energy the consumer is willing to risk, or invest, on building, repairing, or walking along links.  [1:  Base SI units are used for the variables and equations here for generalisability, not to represent values for any specific observable system.] 

1.1.7.2 Target resource selection
At each timestep, consumers who are not currently building or walking assess the resources within their vision radius. Based on their expected consumption from the resource they are located on, and the expected provision of the resources they can evaluate, they decide whether to stay where they are, or move to a different resource by building a new link, repairing an existing link, or walking an existing link. The consumers use a simple discounting model to incorporate a rate of time preference into their decisions, which places a higher weight on quicker returns. 
Utility function
Consumers evaluate each resource in their vision radius, including their current location, by applying a discounting function with their rate of time preference ρ to the expected consumption gain EG at each timestep t of their overall time horizon T.  The expected consumption gain is zero over the timesteps that they are moving toward the resource, and after they arrive, is determined by the resource’s capacity and consumer’s consumption rate (described below). From this, they subtract the expected costs C of each timestep, calculated as the energy required to cross each intermediary patch, including any path construction, discussed below. The sum of the differences is the net discounted utility, U. The consumer then chooses the action with the maximum U.
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When ρ = 1, this simplifies to
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1.1.7.3 Link construction, maintenance, and decay
Consumers who are building, repairing, or walking continue to do so, moving one patch per timestep along the patches closest to the shortest path between the consumers’ initial and target resources. Each patch has an inherent baseline roughness, which the consumer invests energy to reduce, smoothing it into a link. As the current level of roughness of each patch determines the energy required to cross it, consumers use the heuristic of reducing the roughness to a minimum, or increasing the smoothness to its maximum, such that they spend less energy to then cross the patch. 
Specifically, the current roughness of each patch θ, Rθ (in N), is inversely proportional to the current level of work done to smooth it into a link (Lθ, in J),
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where βθ is a conversion factor equal to the baseline roughness of the patch, with units of N·J, and Lθ is bounded from below at 1. The links can be conceptualised as stocks of infrastructure, or work that has been embodied into the landscape. The rate of change of this infrastructure/work at each timestep is
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where  is the energy invested by a consumer in patch θ, and k is the rate of decay, such that the decay of a link-patch at each timestep is a first-order decay process, proportional to the current level of infrastructure. 
As introduced, the energy spent at a given timestep to build or repair that patch, leading to the accumulation of this embodied energy L, decreases the roughness of the patch. In these simulations, this is simplified as 
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or the energy required to decrease the patch’s roughness to the minimum. Here, S (in m·s-1) represents the rate of work – one patch per timestep – to build the link. For simplicity, we bound Rθ from below at 1, which bounds Lθ from above at βθ when Lθ is at its maximum due to energy investment (see Eq. 3). The energy required to cross the patch, assuming the same constant speed for walking and building of S = one patch per timestep, is
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1.1.7.4 Reproduction
If a consumer calculates that staying on their current resource is the optimal choice according to Eq. 2, they remain there. Any such consumers who are not currently building, repairing, or walking links, and have at least twice their initial energy allocation, produce an offspring. The offspring inherits all traits from its parent, such as risk penchant, time preference, and basal metabolism. Moreover, offspring are also given the same initial energy reserves as their parent, with the parent transferring this amount from their own energy reserves when they reproduce. This ensures consistency of the overall energy balance of the model. Reproduction was included to reflect observed ecological and social-ecological systems where population size evolves alongside the network structure and inequality, which can allow the system to explore a range of possible states.

1.1.7.5 Energy balance, resource consumption and basal metabolism
The final energy balance of a consumer includes energy gained from consumption (EG) minus energy spent on building or repairing links (EB), walking links (EW), individual maintenance (basal metabolism EM, which is taken to also include the energy required for converting resource energy into a form that can be invested in the landscape), and any energy passed on to offspring (EO). The balance of these terms over time,  (from Eq. 1), forms the energy reserves that are used for future metabolism and reproduction, and determine how much energy the consumer can reinvest in expanding and maintaining the network:
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