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Agent 
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(105,480,101 
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273,624,650 people)  
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Allegheny County (1 GB) 
•  Total Population = 1,242,755  
•  Workers = 601,022 
•  Firms = 48,595  
•  Students = 212,315  
•  Schools = 484 

DC Metro Area (7 GB) 
•  Total Population = 7,414,562 
•  Workers = 3,714,125 
•  Firms = 204,691 
•  Students = 1,369,980 
•  Schools = 2,443 

Pennsylvania  ( 20 GB) 
•  Total Population = 11,863,395 
•  Workers = 5,391,651 
•  Firms = 312,473 
•  Students = 2,176,168 
•  Schools = 4,319 

The Entire United States 
Approximately 300 Million Agents (74 – 300 GB)  

Popula,ons	
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High-Performance Computing Cluster 

Stochastic Model Runs 

Running Each 
Simultaneously in Parallel 

Gather Results and 
Perform Analysis 



Multi-Threaded ABM  

David O’Neal Jay DePasse 

Combination of serial memory performance enhancements and OpenMP 
implementation lead to dramatic performance enhancements.  

PA model:  
12 Million Agents 
Before (Single Thread):  2 hours 
After (8 Threads):  220 secs 

US model:  
300 Million Agents 
Before (Single Thread):  90 hours 
After (16 Threads):  3.7 hours 

Running on Blacklight at the PSC 
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Would school closure for the 2009 H1N1
influenza epidemic have been worth the cost?: a
computational simulation of Pennsylvania
Shawn T Brown1,2*, Julie HY Tai1,3, Rachel R Bailey1,3, Philip C Cooley6, William D Wheaton6, Margaret A Potter1,
Ronald E Voorhees1,4, Megan LeJeune1,3,5, John J Grefenstette1, Donald S Burke1, Sarah M McGlone1,3 and
Bruce Y Lee1,3

Abstract

Background: During the 2009 H1N1 influenza epidemic, policy makers debated over whether, when, and how
long to close schools. While closing schools could have reduced influenza transmission thereby preventing cases,
deaths, and health care costs, it may also have incurred substantial costs from increased childcare needs and lost
productivity by teachers and other school employees.

Methods: A combination of agent-based and Monte Carlo economic simulation modeling was used to determine
the cost-benefit of closing schools (vs. not closing schools) for different durations (range: 1 to 8 weeks) and
symptomatic case incidence triggers (range: 1 to 30) for the state of Pennsylvania during the 2009 H1N1 epidemic.
Different scenarios varied the basic reproductive rate (R0) from 1.2, 1.6, to 2.0 and used case-hospitalization and
case-fatality rates from the 2009 epidemic. Additional analyses determined the cost per influenza case averted of
implementing school closure.

Results: For all scenarios explored, closing schools resulted in substantially higher net costs than not closing schools.
For R0 = 1.2, 1.6, and 2.0 epidemics, closing schools for 8 weeks would have resulted in median net costs of $21.0 billion
(95% Range: $8.0 - $45.3 billion). The median cost per influenza case averted would have been $14,185 ($5,423 -
$30,565) for R0 = 1.2, $25,253 ($9,501 - $53,461) for R0 = 1.6, and $23,483 ($8,870 - $50,926) for R0 = 2.0.

Conclusions: Our study suggests that closing schools during the 2009 H1N1 epidemic could have resulted in
substantial costs to society as the potential costs of lost productivity and childcare could have far outweighed the
cost savings in preventing influenza cases.

Background
During the 2009 H1N1 influenza epidemic, the Centers
for Disease Control and Prevention (CDC) initially con-
sidered school closure as a mitigation intervention [1,2],
and public health officials debated over whether, when,
and how long to close schools [3,4]. Studies have sug-
gested that a high degree of influenza transmission may
occur in schools and sustained school closure may
reduce the spread of both seasonal and epidemic influ-
enza, thereby reducing morbidity and mortality [5-14].

However, school closure may be costly, as suggested by
Sadique et al. [15] and Lempel, Hammond and Epstein
[16] (an estimated $10 to $47 billion impact on the
Gross Domestic Product (GDP) for 4 weeks of school
closure in the U.S.), and may be a burden on parents (as
elucidated in a recent CDC Morbidity and Mortality
Weekly Report for the 2009 H1N1 epidemic [17]).
Therefore, there is a need to better understand the

potential trade-offs between the costs and benefits of
school closure during an epidemic similar to the 2009
H1N1 influenza from the perspectives of state and local
decision-makers and society. To perform a cost-benefit
analysis (CBA) of school closure during the 2009 epi-
demic, we developed an agent-based model (ABM) of the
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Economic Impact of School Closure 

Total Cost Estimates of Disease and School Closure 

closure duration of 8 weeks have been shown in previous
research to significantly decrease the overall attack rate
[7], and longer school closure durations were not consid-
ered as they become logistically impractical to implement.
Consistent with surveillance data collected during the
2009 H1N1 epidemic by the CDC, it is assumed that when
the epidemic starts, schools are open. On weekends, stu-
dents do not go to school and instead have increased
activity in their neighborhoods and communities. The
peak of the epidemic occurred well before possible
extended holidays such as Thanksgiving and Christmas
and so these were not considered.
For each scenario, the results presented are the aver-

age of 20 stochastic simulation runs, which is sufficient
to obtain statistically significant results from computed
confidence intervals. The simulations were all performed
in parallel on the Intel Xeon based supercomputer,
Axon, at the Pittsburgh Supercomputing Center and
required approximately 15 minutes to complete using
20 compute cores. Hence, model outputs could be
obtained very quickly in response to a crisis.

Economic model
A Monte Carlo cost-benefit simulation model used the
results from the ABM to estimate the cost-benefit of
school closure in mitigating an influenza epidemic [31].
Table 1 lists the model’s input parameters along with

their distributions and sources. All costs and benefits
were expressed in 2010 U.S. dollars. The model deter-
mined the net cost of implementing school closure
using the following formula:

Net CostImplementing School Closure Strategy = CostSchool Closure - CostNo school Closure

= (CostDisease With School Closure + CostSchool Closure) - CostDisease Without School Closure
(1)

where a positive net cost meant that implementing
school closure resulted in a net cost to society and a
negative cost meant that implementing school closure
resulted in net cost savings to society.
Cost of disease
The cost of disease was calculated as follows:

CostDisease =

CostInfluenza - attributable Absenteeism + CostInfluenza - attributable Mortality

+CostInfluenza - attributable Health Care Costs

CostInfluenza - attributable Absenteeism =
∑

Symptomatic Cases
(Duration of Absenteeism (in days) × Average Daily Wage)

CostInfluenza - attributable Mortality =
∑

Deaths
(Net Present Value (NPV) of expected lifetime earnings

for individuals who do not survive influenza)

CostInfluenza - attributable Health Care Costs = (NumberOutpatient Visits × CostOutpatient Visit)

+(NumberHospitalizations × CostHospitalization)

+(NumberDeaths × Cost(Health Care)Death)

NumberOutpatient Visits =

NumberSymptomatic Influenza Cases × ProbabilitySeeking Outpatient Care

NumberHospitalizations =

NumberOutpatient Visits × ProbabilityHospitalization

NumberDeaths =

NumberHospitalized × ProbabilityFatality

(2)

Figure 2 Percent of selected populations infected for school-aged children, persons not going to school, and the total population in
the state of Pennsylvania for the three R0’s explored.
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Age-specific life expectancies were drawn from the
Human Mortality Database [32] and a 3% discount
rate adjusted future costs to 2010 values. To simulate
conditions similar to the 2009 H1N1 epidemic, case
hospitalizations and mortality rates from Presanis et al.
[33] were used.
Cost of implementing school closure
The formula for computing the cost of school closure
was as follows:

CostSchool Closure =

CostLost Productivity of Teachers and Educational Professionals+

CostLost Productivity of Parents Affected by School Closure

CostLost Productivity of Teachers and Educational Professionals =
∑

Schools Closed
(WeeksSchool Closure × NumberTeachers in School

×Average Weekly WageTeachers)

+(WeeksSchool Closure × NumberEducational Professionals in School

×Average Weekly WageEducational Professionals)

CostLost Productivity of Parents Affected by School Closure =
∑

Parents Affected by School Closure
(WeeksSchool Closure × Average Weekly Wage)

/Mean Number of Persons Under 18 living in a Household.

(3)

Table 1 Key economic model inputs and distributions
Description (units) Median Source

Daily Wages* [40]

Working parents/caregivers $161.69 ($41.88-$345.70)

Teacher $212.12 ($103.23- $352.62)

Other educational professionals $336.12 ($190.25- $515.81)

Durations

Work hours per day 8 Assumption

Absenteeism from influenza (days)* 3.2 (1.85- 4.75) [41]

Days of work missed per week of school closure 5

Percent of infected individuals symptomatic 50%

Probabilities/Ratios* [42]

Student to teacher ratio 15 to 1

Student to other education professional ratio 78 to 1

Demographic Inputs [43,44]

Percentage of caretaker households affected by school closure 71.5%

Median number of persons per household under 18 1.9

Case Fatality Percentage (95% CI) [33]

Age 0-4 0.004% (0.001%-0.011%)

Age 5-17 0.002% (0.000%-0.004%)

Age 18-65 0.010% (0.007%-0.016%)

Age 66-78+ 0.010% (0.003%-0.025%)

Outpatient Visit Probability (95% CI) [45]

Age 0-4 0.455 ± 0.098

Age 5-17 0.318 ± 0.061

Age 18-65 0.313 ± 0.014

Age 66-78+ 0.620 ± 0.027

Case Hospitalization Probability (95% CI) [22]

Age 0-4 0.0033 (0.0021-0.0063)

Age 5-17 0.0011 (0.0008-0.0018)

Age 18-49 0.0015 (0.0011-0.0025)

Age 65+ 0.0016 (0.0010-0.0030)

Outpatient Visit Costs (95% CI)

Pediatric $74.90 [46]

Adult $104.77 ($69.14-$104.77) [47]

Elderly $155.92 ($118.39-$193.44) [47]

Hospitalization Given Influenza (95% CI) [48]

Age 1-17 $5,028 ($4,592-$5,464)

Age 18-49 $6,506 ($6,071-$6,941)

Age 50-64 $7,580 ($6,865-$8,295)

Age 66+ $8,004 ($7,460-$8,548)

Death Given Influenza (95% CI) $7,129 ($5,347 - $9,296) [49]

*All variables are gamma distributions approximated from normal distributions.
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Visualizing the Epidemic Peak  
in Washington DC -- Four Scenarios 

A.  15% serologic attack rate, no mitigation 

D. Vaccinate a few months before the peak 

B. Vaccinate a few weeks before peak 

C. Vaccinate a month before the peak 

15 



CLARA	
  –	
  Modeling	
  Dengue	
  

Nathan Stone 

CLARA – An agent based model 
 
Represents both humans and 
mosquitoes  
 
Full mosquito lifecycle modeled 
 
Full human community structure 

Dengue 
 Mosquito-borne virus 

 
 Tropical and sub-tropical regions
  
 Worldwide per year: 
 2.5 billion people at risk 
 500,000 hospitalizations 
 2.5% fatality  
  

Distributed Memory Parallelism needed! 
Derek Cummings 



Modeling Vaccine Supply Chains 



Standard  
input deck 

Create a freely available and user-
friendly software tool for decision 
makers to generate an interactive 
simulation model of any supply chain 
(= a virtual laboratory). 

Data on Supply 
Chain Structure, 

Storage Locations, 
Transport, 
Capacities, 

Personnel, etc. 

Supply 
chain 

function 
costs 

Supply  
chain 

performance 
metrics 

Discrete 
event 

simulation 
model of 
supply 
chain 

OPTIMIZE 
supply 
chain 

costing tool 

Cost  
Drivers 

Total  
Costs 

Unit  
Costs 

Economic  
Metrics 

HERMES VISION 

http://vaccinemodeling.org/hermes 
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Niger 

•  Additional storage and transport 
requirements for planned vaccine 
introductions (PCV and Rotavirus)  
 

•  Restructuring the suply chain (e.g. 
removing the regional level) 

•  Impact of changing from a 10 dose 
measles vial to a 5, 2 or single dose 
presentation. 

Senegal 

•  Additional storage and transport 
requirements for planned vaccine 
introductions (PCV and Rotavirus) 

•  Impact of implementation of the 
moving warehouse transport system 
in Saint Louis Region 

•  Restructuring the suply chain (e.g. 
removing the regional and district 
levels) 

•  In-country hands-on training 
workshop with HERMES tool with 
OPTMIZE  
 



Chad 

•  Additional storage and transport 
requirements for planned vaccine 
introductions (PCV) 

Kenya 

•  Additional storage and transport 
requirements for planned vaccine 
introductions (PCV and Rotavirus) 

Thailand 
•  Additional storage and transport 

requirements for planned vaccine 
introductions (PCV and Rotavirus) 
 

•  Impact of changing from 10 dose 
measles vaccine to single dose 

Vietnam 
•  Additional storage and transport 

requirements for planned vaccine 
introductions (PCV and Rotavirus) 
 

•  In-country hands-on training 
workshop with HERMES tool with 
OPTMIZE. 



Benin 
Working with WHO, UNICEF, BMGF, GAVI, 
PATH, and Transaid to advise the Beninese 
government on how to improve their supply 
chain 
 
Not able to introduce needed Rotavirus and 
Meningococcal vaccines due to constraints 
in the current supply chain. 
 
Coping, ad hoc transport to compensate for 
bottlenecks. 
 
Workshop in September to develop 
recommendations for improving 
performance. 
 
Government decided to pursue a 
consolidation of the Commune Level to a 
Zone Sanitaire. 
 



VECNet – Providing Cyberinfrastructure for the  
 Eradication of Malaria  

http://www.vecnet.org 



Apollo: Providing Standard Webservice 
 Infrastructure for Decision Making  

RODS 
Disease Surveillance 

Creating an ontology for computational 
epidemiology 
 
Standard API to allow multiple tools to connect 
 
Interoperability to create an end-to-end decision 
making platform. 

Michael Wagner 

William Hogan 
http://code.google.com/p/apollo/ 



U. Pitt 
National 
Center of 

Excellence 

Harvard 
National 
Center of 

Excellence 

MIDAS 
Research 

Teams 
RTI-ITR 

MIDAS Software Sharing and Information Outreach Network 

Thomas Maiden 



MISSION Site 
 
 

MIDAS Software Sharing and Information Outreach Network 
http://mission.midas.psc.edu 

Deb Nigra 



The University of Pittsburgh MIDAS COE 
Computational Core supports… 

Preparing for pandemics and fighting disease 

Gaining understanding through visualization 

Getting needed vaccines to children 

Creating communities through cyberinfrastructure and technology 
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