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Abstract. We aligned two fundamentally different models ofadlpox trans-
mission after a bioterrorist attack: A location-ksip multi-agent model (Bio-
War) and the conventional epidemiological box mpdalled a SIR model for
Susceptible-Infected-Recovered. The purpose of dlignment is part of a
greater validation process for BioWar. From thigdgtwe were able to contrib-
ute to the overall validation of the complex ageased model, showing that, at
the minimum, the epidemiological curves producedHhgytwo models were ap-
proximately equivalent, both in overall and the dimourse of infection and
mortality. Subtle differences on the model resuoitgealed the impact of het-
erogeneous mixing in the spread of smallpox. Basethis foundation, we will
be able to further investigate the policy resporagsnst the outbreaks of con-
tagious diseases by improving heterogeneous prepeft agents, which cannot
be simulated in a SIR model.

1 Introduction

Numerical simulation models can be used to estirtteempact of large-scale bio-
logical attacks and to design or select appropriesponse strategies. The “correct-
ness” of the model is critical since the “wrong” debmay lead to “wrong” decisions,
but no model is perfect and few models can everdmsidered thoroughly validated.
Studies [32, 33] have agreed that it is often tostly and time-consuming to deter-
mine if a model is absolutely valid. Instead, ew#ilbns are conducted until sufficient
confidence is obtained that a model is valid feriittended application. We devel-
oped a methodology to align an agent-based modblabdgical attack simulations
(BioWar) against the classical susceptible-infegtezbvered (SIR) box model as part
of the validation process. Our purpose is to venifiether the agent-based model can
produce results that closely resemble those ofntbik accepted and venerable SIR
model, thus giving BioWar a sort of reflected clelity from the SIR model. This is
not sufficient validation, but it is a confidenceilding step in the much larger task of
validating BioWar.



Aligning the two types of model is challenging besa of their radically different
structures. We demonstrate an objective methoddlogiranslating key parameters
between models, for running the models in conaesupply aligned inputs during
simulations, and for evaluating the agreement betvibe models.

BioWar is a multi-agent simulation tool of biologicattacks. It combines compu-
tational models of social networks, disease modispographically resolved agent
models, spatial models, wind dispersion models,adégnostic model into a single
integrated system that can simulate the impacthbierrorist attack on any city [7].
For this paper, we restrict the alignment to thelfpox simulation in BioWar. The
SIR model and its variations have been widely usedodel the spread of epidemics
and to study immunization strategies [1, 2, 4, T3je SIR model is a “population-
based” aggregated representation of disease trasismithat assumes homogeneous
mixing of individuals. In contrast, BioWar modeletcomplex social interactions and
heterogeneity of mixing absent in most SIR models.

Model alignment, also referred to as “docking,thie comparison of two computa-
tional models to see if they can produce equivatestlts. Properly done, model
alignment can uncover the differences and simigaribetween models and reveal the
relationships between the different models’ paransetstructures, and assumptions.
The purpose of aligning BioWar with the conventidoax model is to demonstrate a
general equivalence, as part of a greater validgirocess for BiowWar. The concept
of model alignment was first proposed by Axtelbét[3]. We have used this method
previously in validating BioWar’s anthrax simulati¢l0].

This paper is organized as follows. The next saqgtimvides background informa-
tion on smallpox and the two models. Section 3 &xgl our methodology of model
alignment. Section 4 discusses our findings andpawes the two models based on
the simulation results. Conclusions and discussfdnture work follow.

2 Two models of smallpox transmission

Smallpox has several distinct stages, includinguliation, prodrome (early-
symptoms), and fulminant (late-symptoms). The ahitiite of viral entry is usually
the mucous membranes of the upper respiratory. ttaote a person is infected, the
incubationstage usually lasts for about 12 to 14 days. Dutfigyperiod, an infected
person experiences no symptoms and is not contsgide first symptoms of disease
include fever (typically high), head and body acla®l possibly vomiting. Thigro-
dromalstage lasts about 2 to 4 days. During this timedt#fd persons are usually too
sick for normal activity, and may be contagioushaligh infectivity is often negligi-
ble [14].

The fulminant stage begins with the onset of rdste rash appears first on the
tongue and inside the throat or mouth, then appearthe face and limbs, usually
spreading across the body within 24 hours. An ief@@erson is most contagious
within the first 7 to 10 days after the dermal ragipears. The rashes become bumps
on about the "8 day of the fulminant phase. The pox fill with liduand acquire a dis-
tinctive shape with a depression in the middle hy 4" day of the period. Most
smallpox deaths occur on th8 &r 6" day after the onset of rash [27, 23, 35]. Over a



period of about 5 days after the pox fill with liguthey become firm, sharply raised
pustules; over another 5 days, these pustules angsscab. Within about 14 days of
the appearance of the rash, most of the pustulesavie formed scabs. Within about
3 weeks after the onset of the rash, all of thés¢all off, though the scab material is
infectious somewhat longer.

Transmission of smallpox from an infected persoanaininfected person usually
requires face-to-face personal contact, inhalatibdroplets formed by coughing or
sneezing, or contact with infected body fluids ontaminated objects (e.qg., bedding)
[8]. While infection has occurred through the spred the virus through the air in
buildings or other enclosed areas, this type ofsmassion has been rare. Humans are
the only known reservoir of the virus, and thers haen no known transmission via
animals or insects.

D

Fig 1la. An illustration of the SIR model. Individuals (regented as dots) in a state have the
transition probability of moving to next state
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Fig 1b. An illustration of the disease transmission predesBioWar. Each individual (such as
al) has its own state machine and has a diffeegmbductive rate (e.g. al infects one case but
a2 infects 3 cases)

Two types of models have been used to study thgr@ssion of smallpox outbreaks.
They are population-level box models [6, 17, 24, &%l individual-level agent-based
models [19]. These population-level models areeeithariations or stochastic ver-
sions of the basic SIR model. The SIR model [1is2& widely used model of the
spread of a disease through a population. As ntitedSIR model describes the epi-
demic diffusion process by categorizing the enpiopulation into three states — sus-
ceptible, infectious and recovered — linked byeatiéhtial equations. The SIR model



assumes that the population is homogenous and etehpmixed. All members of a
particular state are identical and have predeftrekition probabilities of moving to
another state in the model (Fig. 1a).

In contrast, agent-based models assume a hetenaggupulation with mixing
only within socially defined networks (Fig. 1b).dWar models the residents of a city
(agents) as they go about their lives. When a tsioktoccurs, those in the vicinity of
the release may become infected, following prolisthilrules based on received dose
and age of the agent. The infected agents modéfly iehaviors as their disease pro-
gresses and they become unable to perform theimaldunctions. Susceptible agents
are infected if they come within a certain distamgth infectious agents following
probabilistic rules concerning the likelihood ofdation. BioWar is not just an agent-
based model, but a network model where the netweakg dynamically based on
agent activity. Agents interact within and througkir social network which is based
on their age, race, gender, socio-economic statnd, job. Consequently, which
agents are likely to be infected and to infect thélepends on things like time of
day, location of attack, time of year, age of tiger&t, and so on. Unlike many other
agent-based models, BioWar is tightly coupled tmagraphic, school, economic,
and social data as well as physiological, disegeegraphic, weather, and climate
data. The fine grained detail by which heteroggnisidefined, and the level of detalil
in agents behaviors (e.g., they don't just getctef@ and die, they go to the hospital,
to the doctor, to the pharmacy, and so on) meatBioWar, unlike SIR models, can
be used to examine response behavior far beyonthlitpiindicies. A detailed de-
scription of the BioWar model is published in [7].

The mathematical equations of the modified SIR rhoded in this paper follow.
This modified SIR model allows us to simulate thsidual immunity in the popula-
tion and vaccination or patient-isolation respostsategies. As in (1), the total popu-
lation N is divided into seven states: susceptil®g ihcubation: infected but not yet
infectious (), prodrome: infected with non-specific sympton®, (contagious with
specific symptoms but not yet quarantinéz), (contagious with specific symptoms
but quarantined@), population that diel¥), and population that recover and become
immune R).

N= St I+ P+ C+ Q+ D+ R 1)

Transition probabilitiesf, g, a, y v, are the rates that the population changes from
one state to another state, anid the death rate.

We revised the original SIR model to cover différpopulation groups so that it
can be used to model residual immunity and vacicinat_etg represent the number
of population groups. For examplg=1when the entire population is homogeneous
as in our base scenario and g = 3 when we sepa@tgopulation into three groups
(no vaccination, residual immunity, vaccinatedjrasur vaccination scenario. In this
case, the population in each state is dividedtilse groups and the total population

g
N is equal toz N, . Each group has its own transition probabilityeproductions

i=1
and death ratd,, We assume that the disease-stage durations ersathe across
groups. Thus, transition probabilities;, a, ); v, are the same for each group. The dif-
ferential equations of the SIR model are as (2)(&hd
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3 Model Alignment

We first aligned the input parameters (Section 8flthe two models by calculating
the reproductive rates from BioWar experiments {i8ec3.2). We then designed sce-
narios to simulate smallpox outbreaks using the itwaglels (Section 3.3), and com-
pared population level results (Section 4). Figlluatrates our alignment methodol-

ogy.

Parameter Alignment

Review literature for disease
durations, death rate, and
infectivity in historical cases

Determine mean, standard deviation, | disease durations
and probability distribution for
durations of each disease stage
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Results Comparison

Fig 2. The process of model alignment



3.1 Parameter Alignment

Although BioWar and SIR use are structurally veiffedent, some of their model pa-
rameters are related. The parameter alignment gsdoelped us to tune BioWar pa-
rameters to current epidemiology studies and topaomthese parameters with those
in the SIR model.

Both BioWar and SIR simulate disease progressidarims of the transition of in-
fected individuals between disease stages, butdiftérent stochastic framing. Bio-
War utilizes probability distributions to determitiee duration of each disease stage
for each infected agent. Based on statistical aealyof several empirical data sets
[14], we model smallpox stage durations as gamrstiloited with a meap and a
standard deviatiow [12, 14-15, 18, 20]Table 1 lists the values @f ando for the
disease stages (incubation (1), prodrome (P), amiiant. The fulminant stage is di-
vided into fulminant-contagious (C) stage and fulanit-quarantined (Q)). In contrast,
SIR uses transition probabilities to representrtiies sectors of a population move
from one state to another. To align the SIR mod#i BioWar, we set the transition
probabilities to (u)™. Table 2 shows this parameterization for the Stilehbased on
the mean disease-stage durations from BioWar. Aghowe can conduct Monte
Carlo simulations of the SIR model treatipgas a random variable of gamma distri-
bution, the stochasticity is different from thatBioWar. In BioWar the gamma dis-
tribution describes the variation among individuatel in the SIR model it describes
the variation around the population sector mean.

Table 1. Means and standard deviations for disease-stag#iahs of smallpox

State in SIR Mean Standard deviation
model (4, in dayg (o, in day9

incubation | 11.6 1.9

prodromal P 2.49 0.88

fulminant CandQ 16 2.83

contagious C 7 2.83

(without quarantine)

contagious C 2 1

(with quarantine)

Table 2. Transition probabilities of the SIR model

Name of transition probability Transition probatyil{(in [0,1])

Leaving incubation ¢ ) 1/11.6

Leaving prodromal ¢ ) 1/2.49

Leaving contagiousy() 1/7 (without quarantine), %2 (quarantine)
Leaving quarantine\() 1/16

LIn a Markov model, the transition probability frozne state to another state is estimated by
the inverse of the expected continuous duratidhaif state [21].



The disease transmission in the two models isdifferent stochastically. In BioWar,
at a certain probability (infectivity), an infectis individual will infect other indi-
viduals whose physical distance is less than 10@mnéom the infectious individual.
As a result, the disease transmission probabilitg fumber of new infections at a
certain time) is determined by social factors iafloing the interactions among
agents, such as infectivity, social networks arelrtbaily activities. In contrast, in
SIR the disease transmission probability is eqoia transition probability of repro-
duction (B) multiplied by the number of susceptible peoplesphe number of infec-
tious people in the population. This transitionkability is constant across the entire
course of a simulation but the transmission prdiiglis not.

Although we cannot align the two models stochaljicave can align the models
at the same average level of disease transmissabralpility by using reproductive
rates and the number of initial infections. SindeVBar can simulate the interactions
among agents, reproductive rates are emergent nisgpéoutputs) from simulations.
Similarly, the number of initial infections is alem emergent property since BioWar
can roughly estimate it from information about tbeation of an attack, the released
amount of smallpox viruses, and the daily actigitié the agents. In contrast, the SIR
model cannot simulate the interactions so thatéds to determing and the number
of initial infections before running the simulatonWe experimentally derived both
from BioWar experiments.

3.2 Deriving Reproductive Ratesfrom BioWar Experiments

The reproductive rat® is defined as the expected number of secondamssgar®-
duced by an infectious individual in a populatidrSsusceptible individuals. The ba-
sic reproductive ratB, represents the value Bfin a totally susceptible populatidh
When the natural birth rate and death rate areigiblgl compared to the transition

probabilities, the expected reproduction rate R lmampproximated a& andR, is
y

approximated aﬂ [1].
y

Based on the above definitions by Anderson and Maygexperimentally calculated

R, from BioWar outputs using equation (4). In thiseawe can estimaﬁ:%.
This method of derivingR, has been used in another agent based simuladdn [1

_ thenumberof secondarycasesinfected by initial infections 4)
thenumberof initial infections '

Ro

Alternatively, we can also deriy@ from BioWar directly. The number of new infec-
tions at certain time is equivalent $88C in the SIR model in whicl$ represents sus-

ceptible individuals an€ represents contagious population. Th8iat timet can be
approximated by (5).



newinfections(t)

AB = susceptib#(t) * contagiougt)

®

Since BioWar is an agent based model, unlike SiR estimated transition probabil-
ity is not a constant. In order to compare the agercase in BioWar with SIR, we
calculatede(f) as the average @facross time when it is larger than®0 means no
new infections at the time). We can then estirfkaés (6).

r=EWB)S (6)
y

3.3 Simulations

To compare the population level results from botbVBar and SIR, we simulated
three smallpox attack scenarios: “base”, “vaccordti and “quarantine”. We started
with a simplified base scenario and varied somthefparameters in other scenarios
to increase the fidelity of the simulation. Tablés3s the definitions of the three sce-
narios. For each scenario, we present the ressilbsverages of 100 runs because the
fluctuation of disease reproductive rates is négkgn around 100 runs.

We simulate an attack on the Washington, DC aresed down to 10% of its
original size to speed up our simulations. Thel fotgulation after scaling was about
55,900. In the base scenario we assume the at@ek gndetected and no public
health responses or warnings occur after the attéekassume that infected individu-
als are not contagious when they are in early-sgmatic stage because infectivity in
this stage is considered to be negligible relatovéhe infectivity of later stages [14,
15]. All individuals in the city are assumed to dmmpletely susceptible to smallpox
in the base scenario.

Table 3. Simulation scenarios

Scenarios Residual immunity Fresh vaccination Is infected popula-
(% of total popula- (% of total popula- tion quarantined?

tion) tion)
base 0% 0% no
vaccination  46% 50% no
quarantine  46% 0% yes (on average, 2
day after the onset
of rash)

We modeled an indoor smallpox attack where a randomber of agents (less than
10) are initially infected. For the second anddtdécenario, we categorized the popu-
lation based on their immunity: residual immunfigsh vaccination, and no vaccina-



tion. Agents with “residual immunity’are assumed to have been vaccinated 30 or
more years previously and their immunity againsalfmox has weakened. In the US,
90% of the people born before 1972 were vaccinae@bout 50% of the contempo-
rary population should have some level of the redidmmunity [17]. In the scaled
down DC population, approximately 46% (25,653 ofit56,930 people) were as-
signed residual immunity. Agents with “fresh vaetion” are assumed to have been
vaccinated around two months before the attacksd lredividuals have high (but not
perfect) immunity against smallpox. “No vaccinationeans that the individuals had
never been vaccinated. Table 4 lists the assun@zhpility of death following infec-
tion and infectivity for each of the three immunatss categories [5, 9, 20].

Both “vaccination” and “quarantine” scenarios cdesithe residual immunity of
the population. In addition, the “vaccination” saein examines the effects of fresh
vaccination among the population and the “quarafitstenario examines the effects
of infectious individuals being quarantined in andl2 days after the onset of rash so
they will not infect other agents. In the “vaccioat scenario, agents are randomly
selected for vaccination and agents who had beeainated before 1972 may be
vaccinated again.

Table 4. Simulation parameters for different populationegaties

Residual im- Fresh vaccina- No vaccination

munity tion
Infectivity 50% 5% 95%
Probability of death fol- 7% 2% 30%

lowing infection

4 Resultsand Discussion

We conducted both qualitative graph comparisonsstatistical tests on the popula-
tion level results. For each set of results froroMBar and SIR, we first compared
them graphically and then statistically. For thegedise-stage durations, we conducted
parametric chi-squarex) tests to see if BioWar results are gamma distribut&o
compare the rate of transmission and mortality fremmallpox over time, we used
non-parametric two sample hypothesis tests to coenibee data generated by the two
models.

4.1 Disease-Stage Durations
BioWar smallpox stage (incubation, prodrome, fulamit) durations are modeled as

gamma distributed while SIR disease-stage durataesthe average case of the
gamma distributions. The average of the individsi@ge durations generated by

2 Here we refer to individuals who were vaccinateghynyears ago in contrast with fresh vac-
cination. However, this term is usually used tocdiée all individuals who have been vacci-
nated.



BioWar should be close to the durations the infégiepulation spends in each dis-
ease-stage in SIR. To verify this, we tested ifBi@Var disease-stage durations are
actually gamma distributed. The point of testingimaply to verify that BioWar is do-
ing what it is told to do. In agent-based simulasiothis should not be taken for
granted.

We calculated the three disease-stage duration&(f@® infected agents in Bio-
War. Graphically, Fig. 3 shows that the BioWar mlisition of duration of the incuba-
tion period is similar to the gamma distributiordaa literature values [15]. However,
X2 tests rejected the hypothesis that the incubatiiog is gamma distributed (p-
value > 0.05), but could not reject this hypothdsisthe prodrome and fulminant
stages (Table 5).

The prodrome and fulminant stage durations simdlateBiowar are gamma dis-
tributed. The distribution of the incubation stdg&g. 3) resembles the gamma distri-
bution, but is too peaked.

0.25

0.2 r

—e— BioWar

14
i
a

—x— Gamma

A empirical
data

o
-

Probability Density

0 5 10 15 20 25

Days of incubation

Fig 3. A comparison of distribution of the incubation staduration in BioWar with the theo-
retical [14] and empirical [15] data

Table 5. Goodness-of-fit test for smallpox stage duratioh8ioWar. ** Gamma distributed,
significant ato > 0.05

Disease stage Xe Degree of freedom P-value
incubation 17.75 9 0.04
prodromal’ 8.95 5 0.11

fulminant” 19.89 13 0.10




4.2 Infection and Mortality

We aligned the transition probability of reprodoati(f) of SIR using reproductive
rate R generated from BioWar, shown in Table 6. Tablaspldys BioWwar and SIR
estimations for the three scenarios. The differdncetal mortality among infected
individuals from the two models is less than 1%aiinthree scenarios. As illustrated
in Figures 4a-4c, the progression of infection lie BioWar and SIR models are
gualitatively similar. We obtained similar resuftem graph comparisons on over-
time mortality.

We conducted nonparametric two-sample hypothests te statistically compare
the patterns of infection and mortality from theotmodels over time. Using the Peto-
Peto-Prentice test [11], we tested the hypothésisthe over-time infection data from
the BioWar and SIR models are statistically eq@mglin the sense that they could be
generated from the same population with a uniqukerying over-time pattern of in-
fection. The Peto-Peto-Prentice test estimatesategerumbers of infections at each
time point using the combined output from the BioVdad SIR models, under the
null hypothesis that there is no difference betwisenover-time patterns of infection
in the two groups. The expected values are compardite observed number of in-
fections predicted by each model at each time pdin¢se differences are combined
into a single global statistic, which hax&distribution with 1 degree of freedom (for
the test, df = number of groups compared — 1). Sdmee test is used to compare the
mortality patterns in the BioWar and SIR models.

Table 6. Reproductive rates estimated from BioWar for thseenarious and three population
categories.

Scenario reproductive rate no vacci-residual fresh vacci-
nation immunity nated
base Ry 4.92 N.A. N.A.
R 3.86 N.A. N.A.
vaccination Ry 2.13 1.28 0.44
R 131 0.53 0.20
quarantine Ry 1.84 1.45 N.A.
R 1.17 0.38 N.A.

Table 7. A comparison of BioWar and SIR average resultgHerthree scenarios

Scenario  Model Initial Cumulative Cumulative Mortality among
Infections Infections Deaths Infections
base SIR 7 54,765 16,851 31%
BioWar 7 54,345 16,724 31%
vaccina- SIR 6 27,262 4876 18%
tion BioWar 6 25,766 4748 18%
qguaran- SIR 5 30,119 7008 23%
tine BioWar 5 27,815 6597 24%




The results for our three scenarios are shown ileEaBa and 8b. A larg€ (and cor-
respondingly small p-value) indicates a statistjcdetectable difference between the
output generated by the BioWar and SIR models. Natkthe total number of infec-
tions or deaths in the BioWar and SIR output cormtdiroughly reflects the amount
of data available to the test. Even a small difieezbetween infection or mortality
curves may be detected with large amounts of data.

A statistically significant difference between otene infection was detected in
all scenarios (p-value < 0.05). The test showstti@imodels are in better agreement
in regards to cumulative mortality, at least in Hase case and vaccination scenario.
For these, the test was unable to reject the hggisthof equality for the two time se-
ries.. While the Peto-Peto-Prentice test cannoteemuivalence between the BioWar
and SIR mortality results in “base” and “vaccinaticcenarios, the fact that it was
unable to detect a significant difference suppotts qualitative conclusion that the
patterns of smallpox deaths in the two models ianédas, though not identical.

Table 8a. Results of Peto-Peto-Prentice tests for BioWar &iftl estimates on cumulative in-
fections. Number of infections refer to the combliefections resulting from the BioWar and
the SIR model

Scenario X? P- Time se-  Number of
(degree of free- value ries of infec- infections
dom=1) tions
base 113.03 <0.001 Different 109,096
vaccination 4.08 0.0434 Different 53,016
guarantine 233.82 <0.001 Different 57,924

Table 8b. Results of Peto-Peto-Prentice tests for BioWar 8t estimates on cumulative
deaths. Number of deaths refer to the combinechdeasulting from the BioWar and the SIR
model

Scenario X2 P-value Time series  Number
(degree of free- of deaths of deaths
dom=1)
base 0.59 0.4438 Same 33,575
vaccination 0.6 0.4369 Same 9,624

quarantine 15.45 0.0001 Different 13,605
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Fig 4a. The comparison of BioWar and SIR in cumulative atiflens (“base” scenario)
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Fig 4c. The comparison of BioWar and SIR in cumulative atiens (“quarantine” scenario)

4.3 Discussion

Using smallpox attack simulations, we developedethaodology for comparing the
BioWar agent-based model to the equivalent SIR mfmtecontagious disease out-
breaks. On a gross level such models should gigeoapnately the same results, but
subtle differences should exist because of thewdffces in mixing assumptions. This
was the outcome of the docking, and serves astialpaalidation of BioWar, demon-
strating that it is at least able to produce fadgilyilar results to the accepted standard
epidemiological model. The differences between Biw\&hd SIR were most evident
in the scenarios involving vaccination and quarantit would be expected that the
agent-based model would produce different res@te,las the agent-level complexity
required for such scenarios is easily accommodagegioWar, but not by SIR.

The main benefit of validating the disease progoesprocess separately from the
disease transmission process is to clarify thecesuof discrepancies in the simula-
tions. We detected a deviation from expected intobaluration distribution in
BioWar which may have contributed to the differené®und in model outputs.

Only certain aspects of the models could be congpdecause of the different ways
the models account for parameter uncertainty, iteisessary to compare average re-
sults over numerous runs. We found tRa{average number of secondary cases in a
totally susceptible population infected by one uigncase) commonly used in SIR
model, is not comparable R in BioWar. In BioWarR, changes each ruR (the re-
production rate over the entire simulation) is efiéint fromR, and is calculated as an
average reproduction rate over all relevant tinepstin a simulation. However, no
distinction betweeR andR; is made in SIR anR is constant for each run and at each
simulation step. This finding implies that, whemyaring an agent-based model and



the SIR model, modelers should aligs (or R) in the SIR withR in the agent-based
model since only the average cases are comparsieing Ry in SIR withR, in an
agent-based model will provide a misleading conguewi

When the level of detail in a simulation increagks,number of model parameters
needed increases. For example, the transmissidalpitity may vary by age group or
occupation (such as medical workers, family membémsn infected person, or gen-
eral public). BioWar provides a way to manage theselel parameters in order to
represent the heterogeneous properties of indilsdudthough we can revise SIR
model to simulate the same level of fidelity byidimg the population into several
categories, it is not advisable because the nuoftmodel parameters would increase
nonlinearly to an unmanageable level. In additrenjsing SIR to have finer popula-
tion categories overlooks an important aspect sfatie transmission: the fact that the
population reproductive rate is actually partly theult of interactions between indi-
viduals and these interactions are emergent piliepesf agent-based models which
cannot be generated from the SIR model.

5 Conclusions

We developed a methodology to align a multi-ageati@h of weaponized biological
attacks, BioWar, with the classical susceptibleatéd-recovered (SIR) model. Using
smallpox attack simulations, we showed that averagelts from BioWar are compa-
rable to the SIR model, when the models are prgpmarameterized. The key pa-
rameters include the average disease-stage dwsatf@reproductive rate, the initial
infection and the probability of death followingéation.

The successful docking of the two radically diffarenodels provided a degree of
confidence in the agent-based model, showing thaesults are not far from those of
the established SIR model. This work is our fitsfpsof the larger task on validating
BioWar. Tools for finer-granularity validation ofgant-based models are underway
[36]. Based on this foundation, we will further @stigate the policy responses
against the outbreaks of contagious diseases mgoigmheterogeneous properties of
agents (such as social networks, daily activitees] reactions to an attack), which
cannot be simulated in a SIR model.

The differences in model inputs of smallpox simiolas may lead to a different re-
sult [30]. It is important for policy makers to werdtand the differences and similari-
ties between agent-based models and the SIR medflalebmaking decisions based
on any one model. It is also important for modetersealize what model inputs and
outputs are comparable between the two models. Xfvece our results will help pol-
icy makers and other modelers.
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