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I.

Summary

Agent-based modeling is a new statistical programming technique that has been made possible
through improvements in computing power. It has been designated a "Disruptive Innovation" by the
NIH and is being used by leading universities and research institutes in studying and preventing
infectious disease spread. Previously, compartmental models had been used, but these models
assume uniform risk across all agents. In contrast, agent-based models allow assignment of distinct
characteristics to groups of individuals, resulting in the ability to understand disease spread within a
specific location and environment given certain demographics and behaviors.
Haven Diagnostics is uniquely using agent-based models to understand the spread of infectious
disease within office settings. Haven's proprietary approach integrates 450+ medical studies, and
allows organizations to quantify how individual policies affect each of three modes of transmission:
aerosol, droplet, and contact. The model has been validated against a database of superspreader
events and has been deployed across 2M+ sqft of workspace.
II.

A new science

Agent-based modeling -- a relatively new science made possible by increased computing power -- is
transforming the way epidemiologists approach infectious disease outbreaks. The National Institutes
of Health has labeled it a “Disruptive Innovation” and, within the past year alone, has funded
scientists at Harvard, Columbia, and Yale to deploy agent-based models for preventing
hospital-acquired infections, defending against bioterrorism, and combating the spread of influenza
in the workplace (Table 1).
Table 1: Sample awards from the NIH for the use of agent-based models in infectious disease
Awardee / Project ID

Excerpt

COLUMBIA UNIVERSITY HEALTH
SCIENCES

[We] will develop two mathematical modeling structures: 1) a metapopulation model
capable of simulating AR [antimicrobial resistant] pathogen transmission dynamics
across multiple healthcare facilities; and 2) an agent-based model capable of
simulating individual- level patient infection status, transmission dynamics, and
movements within multiple hospitals. These models will be used in conjunction with
Bayesian inference methods to simulate observed outbreaks of AR pathogens,
estimate critical epidemiological characteristics and asymptomatic carriage
probabilities among individual patients, and support development of an AR
pathogen forecasting system.

Study ID:
1U01CK000592-01
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HARVARD SCHOOL OF PUBLIC
HEALTH
Study ID:
5T32AI007535-20

YALE UNIVERSITY
Study ID:
5U01CK000572-02

III.

The recent threat of Ebola, pandemic influenza A/H5N1, the SARS epidemic, the
global HIV epidemic, and growing resistance to antimicrobial drugs, along with the
bioterrorist events following September 11, 2001, highlighted the need for a general
capacity to rapidly detect, characterize, and control both known and unknown
agents. [...] The combination of computational power and "Big Data" of various
forms provides a new opportunity to study infectious diseases and their transmission
through a wide variety of novel approaches, [including] transmission-dynamic
modeling (both mathematical and agent-based).
Dynamic transmission models of infectious diseases are increasingly influential for
developing interventions and informing policy. [...] We will develop contact matrices
and aggregate contact networks that will inform an agent- based model of pandemic
influenza transmission. The agent-based model will assess the effectiveness of
various workplace social distancing strategies in reducing or slowing the
transmission of pandemic influenza.

The compartmental model of infectious disease

To understand what an agent-based model is and how it can be used to understand the spread of
infectious disease within a particular microenvironment (e.g. a particular office space), it is first
important to understand the compartmental model of infectious disease (Figure 1).
Figure 1: The compartmental model of infectious disease
Source: Institute for Disease Modeling

In the compartmental model, individual people are bucketed into different compartments based on
their stage of infection: Susceptible (S), Exposed (E), Infected (I), or Recovered (R). As we learn more
about COVID-19, our understanding of the probability that a person progresses from compartment to
compartment is improved (for example, the basic reproduction number, R0, which represents how
many new people are infected by one infectious individual).
Classic applications of the compartmental model (prior to cloud computing and agent-based
modeling) rely on several assumptions to simplify the SEIR model into a system of nonlinear
differential equations, where S(t), E(t), I(t), and R(t) represent the number of susceptible, exposed,
infected, and recovered cases over time, and C(t) tracks the cumulative number of cases over time.
The output of this is the familiar S-curve of infectious disease spread within a population.
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Figure 2: Differential equations for SEIR (left) and resulting output graphs (right)

However, to generate these equations, several key assumptions have to be made, including that all
members of the population have uniform risk. This is not true: people have different exposures based
on their social networks; different probabilities of progressing from exposure to infection based on
behaviors like wearing facemasks, and different probabilities of progressing from infection to recovery
based on age and health. Heterogeneity within the population is one reason why many classical
models (e.g. the IHME model by the University of Washington) mis-estimated disease progression.
IV.

What are agent-based models?

Agent-based models are a way to apply the compartmental model of infectious disease without this
assumption. Instead of equations, each individual person (“agent”) undergoes his or her own journey
from susceptible to recovered. This is critical because it allows us to assign distinct characteristics to
each person: demographics, behaviors, movements, and social connections. Or, phrased another way,
there is a world of difference between assuming the average adult uses the restroom six times a day
(with some using it more and some less, varied by age) and assuming every a
 dult uses the restroom six
times a day).
Similar to Conway’s Game of Life, the application of relatively simple rules (SEIR) at the individual
level can result in a better understanding of how infections spread within a group. As defined by
Columbia University:
Agent-based models are computer simulations used to study the interactions between people, things,
places, and time. They are stochastic models built from the bottom up meaning individual agents
(often people in epidemiology) are assigned certain attributes. The agents are programmed to behave
and interact with other agents and the environment in certain ways. These interactions produce
emergent effects that may differ from effects of individual agents. Agent-based modeling differs from
traditional, regression-based methods in that, like systems dynamics modeling, it allows for the
exploration of complex systems that display non-independence of individuals and feedback loops in
causal mechanisms. It is not limited to observed data and can be used to model the counterfactual or
experiments that may be impossible or unethical to conduct in the real world.

Source: Columbia Public Health
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This can be analogous to building a bridge, where the emergent property (number of people it can
support) is based on the individual strengths of each component (Table 4).
Table 4: Agent-based model vs. physics-based model
Agent-based model (infection)

Physics-based model (bridge)

Primary disease characteristics (e.g. effects of
humidity, temperature; infectivity)

Primary material characteristics (e.g. tensile
strength of wood)

Margin of safety for policies and procedures

Margin of safety for capacity

Foot traffic in terms of number of people

Vehicle traffic in terms of weight

Biology-based simulation

Physics-based simulation

V.

Applying agent-based models to office environments

Haven Diagnostics is uniquely using agent-based models to understand the spread of infectious
disease within office settings (Figure 3a, 3b). This is critical because there is no single answer for
questions such as “How many people can I have safely in the office?” -- zero people is always safe, but
the maximum number of people in a building is highly dependent on the rate of local disease
transmission, the building environment itself (for example, MERV filtration and outside air volume),
and the behavior of people within. For the same reason, there is also no single answer for questions
such as “How strict should my policies be?” -- a nursing home for the elderly and a small law firm with
young partners have two completely different risk profiles.
Figure 3a: A simplistic agent-based model (Left) and
a complex agent-based model for an office environment (Right)
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Figure 3b: Agent-based model quantifying exposure rates at different levels of density
Suite 500 configurations

To answer these questions, Haven Diagnostics has developed a proprietary agent-based model that
incorporates over 457 medical studies and allows us to quantify how individual policies affect each of
three modes of transmission: aerosol, droplet, and contact. For example, droplet dispersion distance
and fall rates (Figure 4) are used to inform the probability that an agent exposes a second agent to the
virus, either by proximity or when one agent sequentially enters a space that was just occupied.
Based on this science, the density of the office, the flow of people, and many other variables, we can
model how frequently exposures occur within a specific setting.
Figure 4: Droplet dispersion and fall rates
Sources: Oklahoma computational biofluidics and biomechanics laboratory; Stadnytskyi, Valentyn, et
al. "The airborne lifetime of small speech droplets and their potential importance in SARS-CoV-2
transmission." Proceedings of the National Academy of Sciences 117.22 (2020): 11875-11877.

After assembly, the model was validated against a database of known superspreading events for
which the general layout of the location (through publicly available information, Table 5), the local
trajectory of disease, and the behavior of individuals was known. One counterintuitive prediction the
model made was that movie theaters would be low risk (because even though there is a high density
of people, it is typically a quiet and low-droplet environment) but that bars even in remote areas
would be higher risk (because people tend to speak loudly and lean into each other).
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Table 5: Sample of early superspreader events used to validate our model
Counterintuitively, our model predicted early on that theaters are low risk. Zero superspreader events
were identified in movie theaters (versus 55 parties, bars and restaurants) across 1504 identified
worldwide.

Today, Haven Diagnostics is used by a broad range of companies, from multinational companies to
commercial property owners across millions of square feet, to understand how infectious diseases
and COVID-19 impact health in the workplace. For each client, Haven Diagnostics collects policies and
procedures, workspace layouts, HVAC and environmental information, and aggregate demographics
(either directly from the employer or using industry averages from the building’s rent roll). This
information is used to simulate tens of thousands of days of in-person office interactions and results
in a quantitative assessment of COVID-19 transmission. For landlords, this quantitative model helps
them fine-tune their existing policies and procedures, A/B test specific investments they are
considering and measure the return on tenant health, and communicate that return to current and
prospective tenants.
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