Motivation

Many of the human behaviors that drive climate change and
environmental degradation are deeply embedded in our society;,
economy, and government, and are mutually reinforcing. Better
modeling of human-natural systems can help in many ways:

« Analyzing feedback loops can help identity leverage points,
where small policy changes can have pervasive impacts.

= Allowing models at diverse scales and contexts to interact can
help scientists integrate knowledge.

= Interactive models can facilitate communication with
policymakers and make complex problems intelligible.

The Open Model is a modeling framework aimed at these issues.
The boxes right describe key components.

Applicability

The proposed framework provides the greatest advantage for
problems that are currently intractable due over-determined, re-
inforcing drives, and that are spatially heterogeneous. A wide
range of environmental and public health issues fit this descrip-
tion, including environmental degradation, agricultural
practices in poor countries, obesity, substance abuse,
groundwater use, and fishery management, as well
as situations fraught with rebound effects and cross-border
shifts (e.g., carbon leakage).

The case studies below show some other projects that use the
framework, in human and natural contexts.

Multiple Network Maps

Networks form the basis for models in the framework. Mod-
els can play out on multiple networks simultaneously, where
different networks can be used to describe paths upon which
stocks flow, can divide aggregates into classes, and can cap-
ture the network properties of natural-human systems.

Networks for Modeling Ohio
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Two rough networks for modeling Ohio transportation behaviors. The left
follows major roads, intersecting at major towns. The right represents the
administrative hierarchy, from counties to the state. Also see the
hydrological case study.

Case Study: Networked Economics
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Overlapping Models

Models are inherently incomplete and different models over-
lap both conceptually and across scales. Combining them
into one framework and allowing them to interact both im-
proves the models and allows them to specialize. Bayesian
methods are used to avoid runaway feedback.

Overlapping Model Diagrams
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Conceptual diagrams of overlapping models. Left is a “simultaneous”
model, where two models describe the same variable. Right is a
“hierarchical” model, where an aggregate of values at one level mutually
informs values at another level.

For a variable 6 described by multiple models, each model
provides both a PDF across values at a given time ¢ when

run in isolation, p(#), SZ), and a distribution that includes
feedback effects, p(0, S*). The final distribution is
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Open Interface

As a research platform, a transparent, open modeling frame-
work provides a context for models to be evaluated, commu-
nicated, and learned from.

An Website Interface would allow researchers to explore
the model, run tests, and contribute models. For policy-
makers, the online interface would provide ways to interact
with the model, see results, and outline scenarios.

In addition to allowing arbitrary models conforming to a
Bayesian interface, a custom Modeling Language com-
bines a units-aware equation-like syntax with network and

GIS features.

Networked System Dynamics

Spatial variation matters in ecological and economic models
and for explaining tipping points. To help build spatially
explicit models, relationships that drive temporal dynamics
can be defined independently, and then applied to different
GIS regions and networks.

Spatial and Multi-Level Systems

System Geographic
Dynamics <= Information
System

Dynamic Data Exchange

<

: --"'.)l

The spatial system dynamics architecture from [1] (left) is extended into
a networked framework (right). Systems can be embedded within other
systems at different spatial scales.

Continuing the example lett of Ohio transportation, a simple
model of networked transportation dynamics might look like
this:
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Here, { R} is the road network, upon which cars move into
and out of a region, and {A} is the administrative network
for aggregating COy contributions.

Computational Tools

Large models can obscure the underlying causes of a system'’s
behavior. Computational tools provide ways to identify the
important mechanisms behind different behaviors, to evalu-
ate the predictive performance of models, and to construct
simplified models for analysis and communication.

Linear, Time-Invariant, External Error Model

For analysis, a simplified, linear model is constructed, where the time
evolution of each variable is assumed to be composed of linear
combinations of the past histories of other variables. H;; is the
contributing transfer function between variable y;(Z) and y;(?).

To determine driving feedback loops and high-leverage com-
ponents efficiently, we construct an LTI model of transfer
functions, informed both by data analysis (using “system re-
gressions”) and information from the models.
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Above, Hy, xy;|t] represents the convolution of a discrete-time
series with a transfer function. This equation is analyzed in

the frequency domain, where the equations simplify greatly.
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capacity = 1lel0 [tons];

rate = 0.0077 [tons/year];

biomass = Stock(1e7 [tons]);

catches = TimeSeries('catches.tsv', |[tons/year]);

biomass . IncreasesBy (rate * biomass % (1 — biomass / capacity)
— catches);

Counties Metwork

g

Counties Metwork

An example of a model written for the framework, for modeling fish
populations. The Networked Economics case study also uses this system.

High-level structural architecture of
the Open model for climate
behaviors, described right.

Climate Behavior Model Structure

As a first application, the Open Model will be applied to passenger driving behaviors. It will include
the policies, businesses, materials, environment, and political economy surrounding and influencing the
actions of American drivers.

To capture the multi-scale dimensions of this problems, the model starts with different models at a
country, state, and urban level, connected through networks. Aggregate dynamics from the Country
Model (based on |2|) are distributed through the States Network to each state’s model (which is a
modified version of the Country Model). The State Models relay stocks between each other through
the States Network, and inform the Country Model. Each node in the State Network is associated with
a Counties Network (that is, each state is divided into counties). The results of each State Model are
further distributed to Urban dynamics models (based on [3]), by way of the Counties Networks.

By constructing a large model (with a minimum of 2000 variables distributed in space), capable of

modeling leverage points at many levels, the most effective policies can be identified.

Case Study: Hydrological Modeling

Snow and ice melt form significant contributions to river base flows throughout the Himalayas,
but their contribution to seasonal and catastrophic flooding is unclear. A physical hydrological
model was constructed on a grid, processing satellite-measured inputs into stream flows and
floods. However, fine-grained modeling is computationally intensive for a large basin. 1]

An efficient network map of a basin.
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