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Abstract

We aligned two fundamentally different models of désedransmission after a bioterrorist
attack: a multi-agent model (BioWar) and the convetioSusceptible-Infected-Recovered
(SIR) model. The purpose of this alignment is part of atgrevalidation process for BioWar.
We conducted two model alignment studies based on smalipbargthrax attack simulations.
From these two studies we were able to show thateatthimum, the epidemiological curves
produced by the two models were approximately equivalent,ibatherall and the time course
of mortality. Subtle differences on the model resultvealed the impact of heterogeneous
mixing in the spread and the progression of a diseasedBasthis foundation, we will be able
to further investigate the policy responses against theogigal attacks by improving
heterogeneous properties of agents, which cannot be sachiried SIR model.
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Numerical simulation models can be used to estimataripact of large-scale biological attacks and to design
or select appropriate response strategies. The “coasxt of the model is critical since the “wrong” moday
lead to “wrong” decisions, but no model is perfect and fieedels can ever be considered thoroughly validated.
Studies [Sargent 1984 & 2003] have agreed that it is often tdy aeost time-consuming to determine if a model is
absolutely valid. Instead, evaluations are conducted wiffitient confidence is obtained that a model is vadid f
its intended application. We developed a methodology ton adig agent-based model of biological attack
simulations (BioWar) against the classical susceptitfected-recovered (SIR) box model as part of the vatidat
process. Our purpose is to verify whether the agent-basdel can produce results that closely resemble those of
the well accepted and venerable SIR model, thus giviogvBr a sort of reflected credibility from the SIR miode
This is not sufficient validation, but it is a confidenbuilding step in the much larger task of validating BioWa
[Carley et. al 2003].

Model alignment [Axtell et. al 1996], also referred to decking,” is the comparison of two computational
models to see if they can produce equivalent resultpeRyodone, model alignment can uncover the differences
and similarities between models and reveal the relstips between the different models’ parameters, stestur
and assumptions. By aligning a complex new model wittmpler and well-understood model, one can obtain a
sense of validity needed to develop the new model. The sachnique has been used previously to validate a
model of organization performance [Louie et. al 2003]. Wselooted two studies to align revised SIR models and
BioWar based on smallpox attack simulations [Chen ét0@#l] and anthrax attack simulations [Chen et. al 2003].
This paper summarizes our method, results and lessimedefrom the two studies.

The Two Models

BioWar is a simulation tool that combines computationatlets of social networks, communication media,
disease models, demographically resolved agent model&l spatels, wind dispersion models, and a diagnostic
model into a single integrated system that can simulatertpact of a bioterrorist attack on a city. In BioWar
analysts can model real cities using census, schodlktlidémographics, and other publicly available infoiorat
When a biological attack occurs, those in the vicioitthe release may become infected, following probsthili
rules based on received dose and age of the agent. fEBetedh agents modify their behaviors as their disease
progresses and they become unable to perform theirahéunctions as the disease worsens. A detailed deseripti
of the model along with a plan for validation can be foum[€arley et. al 2003].

Disease processes and response strategies are iatjitirnodeled by the susceptible-infected-recovered (SIR)
model. The SIR model and its variations have been widsegd to model the spread of epidemics and to study
immunization strategies [Anderson and May 1992]. TherStiel is a “population-based” description of disease
progression processes that assume homogeneous mixingvafuats. The model categorizes the entire population
into three states: susceptible (S), infected (I) andvezed (R). All members of a particular state are idehtind
have predefined transition probabilities of moving tother state in the model. Although variations inwegy in
which the disease is manifested and symptom based behaéor be tracked using Monte Carlo simulation
methods, the interaction among population members is logen

In contrast, the agent-based BioWar takes a differembapp thus allowing us to model the complex social
interactions absent in most SIR models. However,rderoto understand the benefits and limitations of using
BioWar to model biological attacks, we aligned BioWaéthvpopulation-based models revised from the SIR model.

In principle, agent-based models have the advantage htbahbdterogeneity of individual response can be
accounted for, thus enabling a finer grained analysisaloding the tools to be used for training and intelligence
purposes. In BioWar, a further advantage is that theskseare modeled at the symptom level thus enabling the
model to contribute to our understanding of the ways iichwiearly symptomatic based behaviors, such as the
purchase of the over-the-counter-drugs are likely to emdtgeabiological attack. Further, by using a general
symptom based framework, new diseases and even “unheanisefises can be rapidly modeled in BioWar.
Additionally, in BioWar, multiple diseases are simultamsdyp tracked so that disease interactions can be examined.



The Process of Model Alignment
The detail steps for aligning two models based on smalpuulations and anthrax simulations are slightly
different because smallpox is contagious and anthrax is Tibe processes of the model alignment in the two
studies are similar. In general, our model alignmentaggh includes four processes: qualitative comparison,
parameter alignment, design of simulation scenariocamgbarison of population level results.

Qualitative comparison

Qualitatively speaking, the differences between SIR dao@/Br can be summarized as follows:

» Population assumptions: SIR models population cohortsegstitansition through different disease states.
BioWar models heterogeneous individuals and their inieraimn social settings.

» Disease model design: SIR simulates the disease psmmresom a macro point of view. That is, the
model uses a state machine to describe the state chanmgesy sub-populations and uses proportional state
transition probabilities to describe the migrationsab-populations. BioWar simulates the emergent priegeof
individual agents from a micro point of view. That isdescribe the population level disease status, BioWarIsmode
and summarizes the disease state of the individual agdér@snacro behavior of the population emerges from the
outcomes for the individual agents.

» Computational process: To generate the prevalenea@iskase over time, the BioWar model requires more
computational power than does SIR. In addition to trackiegnaliciously introduced infection in exposed agents,
BioWar models behaviors and information used in earlgdiiein algorithms as well as health status information.

» Initialization: BioWar is initialized with informatiorthat describes individual differences. SIR requires
initial state characterization and state transitiasbabilities of the population. The entire population isddid into
several sub-populations according to the disease stages.

» Parameterization: While SIR takes both the exposed atpuland infected population as inputs, BioWar
can calculate them as emergent properties from simulairagneterized attacks.

Parameter alignment

Both BioWar and SIR simulate disease progression instaf the transition of infected individuals between
disease stages, but with different stochastic framingBibWar, we assume a probability distribution for the
duration of a disease stage for each agent. In SIR, tofraaf agents move from one disease stage to another
governing by state transition probabilities. Due to théson, we can only compare the average case frotwthe
models by aligning the mean values of the probabilityidigions in BioWar with the state transition proliais
in SIR. In the smallpox attack simulations, we havalign the reproduction rate since smallpox is contagidire
reproduction rate is an emergent property in BioWar bintgut parameter in SIR.

Design of simulation scenarios

In the anthrax attack study, we simulated a mass anthrak attanario over the municipal stadium in Hampton
Roads, VA. The total population is around 142,000. In thallpox attack study, we simulated three smallpox
scenarios in Washington, DC, scaling down to 10% ofrigiral population. The total population after scaling is
around 55,900. The three scenarios include a base sceftariaverage 7 initial infections, a vaccination scemari
and a quarantine scenario.

Comparison of population level results

For both studies, we compared the over time infectaor mortality after an attack. For each scenario, we
presented the results as averages of 100 runs becausecthatibn of disease reproductive rates is negligible in
around 100 runs.

Results and Discussions

From these two studies, we found that only certain asmpddhe models could be compared. Because of the
different ways the models account for parameter unogytait is necessary to compare average results over
numerous runs. Based on these average results, we fatrigidWar can generate population level results that are
close to a revised SIR model. In the case of anthragkatimulations, BioWar results are comparable towhe t
empirical data sets from US mail attack in 2001 and &weskl outbreak in 1979. Subtle differences exist because
of the differences in mixing assumptions.

When the level of detail in a simulation increases, rtiimber of model parameters needed increases. For
example, in smallpox simulations, the transmission ptibtyaimay vary by age group or occupation (such as
medical workers, family members of an infected persogeneral public). BioWar provides a way to manage these



model parameters in order to represent the heterogepeoperties of individuals. Although we can revise SIR
model to simulate the same level of fidelity by dividing gopulation into several categories, it is not advisable
because the number of model parameters would increaleeasly to an unmanageable level. In addition, regisin
SIR to have finer population categories overlooks an itapbraspect of disease transmission: the fact that the
population reproductive rate is actually partly the restiinteractions between individuals and these inteasti
are emergent properties of agent-based models which cangetbrated from the SIR model.

Conclusions

We aligned a multi-agent model of weaponized biologidtdcks, BioWar, with the classical susceptible-
infected-recovered (SIR) model. Using both smallpox kttatd anthrax attack simulations, we showed that the
average results from BioWar are comparable to thensdRel, when the models are properly parameterized. The
key parameters include the average disease-stage durdtiengproductive rate (for smallpox only), the initial
infection and the probability of death following infexti

The successful docking of the two radically different megebvided a degree of confidence in the agent-based
model, showing that its results are not far from thafgbe established SIR model. This work is our firepstf the
larger task on validating BioWar. Tools for finer-gramifjavalidation of agent-based models are underway [Yahja
2004]. Based on this foundation, we will further investightepolicy responses against the outbreaks of contagious
diseases by changing heterogeneous properties of agents gssmtiah networks, daily activities, and reactions to
an attack), which cannot be simulated in a SIR model.
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