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Abstract

This paper describes the Apollo Web Services and Apollo-SV, its related ontology. The Apollo Web Services give an
end-user application a single point of access to multiple epidemic simulators. An end user can specify an analytic
problem—which we define as a configuration and a query of results—exactly once and submit it to multiple
epidemic simulators. The end user represents the analytic problem using a standard syntax and vocabulary, not the
native languages of the simulators. We have demonstrated the feasibility of this design by implementing a set of
Apollo services that provide access to two epidemic simulators and two visualizer services.

Introduction

The goal of the Apollo project is to create a standard way for programs to access epidemic simulators and thus
increase the accessibility, ease of use, and utility of epidemic simulators for research and public health practice.

Our approach is to develop an ontology, called Apollo-SV (Structured Vocabulary), for the domain of epidemic
simulation, proceeding through a series of releases (versions) of the ontology with increasing coverage of diseases
and control measures. The ontology provides a standard vocabulary and set of definitions, to which we add standard
syntaxes for representing simulator configuration and simulation results. The Apollo Web Services combines these
elements into an operational system that end-user applications can use to find and run epidemic simulators.

Background

An epidemic simulator is an algorithm that takes as input the current disease state of a population and optionally a
description of disease control measures, and produces as output predictions of future disease states. The input is
referred to as the simulator configuration.

Although there is heterogeneity among epidemic simulators, a dominant model at present is agent-based simulation.
Agent-based simulation is attractive to analysts because it allows fine-grained socio-demographic and geographic
stratification of a population. Agent-based simulation also make possible the simulation of disease control measures
that work by increasing the social distance among individuals, such as school closure. A standard language for
describing the configuration of simulators must be expressive enough to represent these stratifications.

Epidemic simulators are of increasing importance due to bioterrorism and the threat of emerging diseases. They
were integral to the U.S. response to the 2009 H1IN1 pandemic, when groups such as the NIGMS Modeling
Infectious Disease Agent Studies (MIDAS) research network were called into action to provide operational
modeling for the Department of Health and Human Services, the Centers for Disease Control, and the Department of
Homeland Security.! During the pandemic, decision makers worried whether the new H1N1 vaccine would be
available in time" “ and therefore considered closing schools,®* prioritizing vaccination to certain groups, and using
adjuvants to increase the vaccine supply. To inform these decisions, analysts ran thousands of epidemic models of
these disease control measures under different assumptions about the expected outbreak’s timing, reproductive rate,
incubation period, case severity, and other characteristics.>

However, the 2009 H1N1 experience identified a limitation of existing epidemic simulators, which this project
addresses: To use them, a great deal of time and effort must be spent translating possible outbreak scenarios and
control measures into the non-standard languages for configuration and results used by different epidemic models.
The terminology and syntax of the configuration files were all unique; thus, it was difficult to know whether two
models were modeling the same complex scenario. The problem was compounded by the need to explore many
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scenarios. The policy exploration was iterative, with each evolution having a turnaround time of many hours to a
day. Without standardization, the use of epidemic simulation to guide response in practice will continue to be labor
intensive and error prone.

Methods

We created a standard for epidemic simulator configuration and output and a set of Web services that use this
standard to enable programmatic access to simulators. The standard comprises the Apollo-SV ontology, a
vocabulary defined by the ontology, a message syntax, and set of well-defined programmatic interfaces (APIs).

Apollo-SV

Apollo-SV is an application ontology; it supports applications that find, configure and run epidemic simulators.
Apollo-SV represents entities referenced in epidemic simulator configuration files and outputs, such as disease
control strategies, vaccination efficacy, and fraction of population immune.

We developed Apollo-SV through an iterative process that began with analysis of the terms used in the
configuration and output files of existing epidemic models including the FRED agent-based model and a SEIR
model developed at the University of Pittsburgh. We chose an initial set of terms that would allow us to perform
basic configuration of the epidemic simulators and understand enough output to plot epidemic curves and draw
maps using visualizer services we discuss below. The next step was creating an entry in a white paper for each
entity to which the terms in these files refer (Box 1). Each entry included the original term(s) (for tracking
purposes), a disambiguated standard term, a unique term for use in Apollo Web Services (called the Unique Apollo
Label), a formal ontological textual definition, and an elucidation that recasts this definition in language more
familiar to subject matter experts. The textual definition is a precise, formal-ontological designation of the entities
to which the class refers. The elucidation for each class helps the end-user select the terms she needs to configure
epidemic models exactly according to her intention.

URI: http://purl.obolibrary.org/obo/APOLLO_SV_00000016

Unique Apollo Label: infectious period

Label: duration of infectiousness measurement datum

Definition: The measurement datum for the duration of the parts of an infectious disease course
during which the host bears an infectious disposition in a population of hosts.

Elucidation: The duration of the infectiousness of infectious individuals in a population expressed
in time step units, for example “6.1”

Box 1. White paper entry

The subject matter experts and ontologists on the team iterated over the included terms, Unique Apollo Labels,
textual definitions, and elucidations until the white paper reached stability. At that point, we created Apollo-SV as a
Web Ontology Language (or OWL) artifact, building each entry in the white paper as a class in the ontology. We
annotated each class with the disambiguated term, Unique Apollo Label, textual definition, and elucidation from the
white paper. We also constructed logical definitions of each class from the white paper as description logic (DL)
axioms using the DL supported by OWL 2.0. In the process, we imported pre-existing classes from the Ontology
for General Medical Science, Infectious Disease Ontology, Phenotypic Quality Ontology, Ontology for Biomedical
Investigations, Information Artifact Ontology, and the Ontology of Medically Related Social Entities. We used the
MIREOT Protégé plugin described by Hanna et al.” to carry out the import process.

Vocabulary
The vocabulary used in the Apollo Web Services comprises the following 42 Unique Apollo Labels:

Software identification

Reproduction number

Reactive control measure

Software developer

Asymptomatic infection fraction

Vaccination control measure

Software name

Simulated population

Vaccine supply schedule

Software version

Population location

Vaccination administration schedule

Requester ID Susceptible Vaccination control measure compliance
Run ID Exposed Vaccination efficacy

Simulator time specification Infectious Vaccination efficacy delay

Time step Recovered Antiviral control measure

Time step unit Symptomatic Antiviral efficacy

Time step value Asymptomatic Antiviral efficacy delay

Run length

Awaiting control measure

Antiviral control measure compliance
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Disease Not awaiting control measure Antiviral supply schedule
Infectious period Received control measure Antiviral administration schedule
Latent period Awaiting effective control measure Time series

Syntax

We use an XML Schema Definition (XSD) file to represent the simulator configuration. XSD is a W3C-
recommended language used to define sets of rules to which XML files must conform in order to be considered
valid.

The SimulatorConfiguration data type is defined compositionally by six data types that specify (1) the simulator; (2)
a user’s authentication credentials; (3) the temporal granularity and run length of a simulation; (4) the simulated
population and its initial disease state; (5) the infectious disease, and (6) control measures (Figure 1).

The standard terms in the XSD file are represented by compacted versions of their Apollo Unique Labels. The
compacted versions eliminate white spaces and capitalize the first letter after a deleted white space.

i:| SimulatorConfiguration |3:] Softwareldentification
{&] simulatoridentification (1..1) Softwareldentification |e] softwareDeveloper  token
(€] authentication [1..1]) Authentication (€] softwareName oken
€| simulatorTimeSpecification [1..1]) SimulatorTimeSpecification - |¢] softwareVersion token
|e] populationinitialization [1..1]) SimulatedPopulation |e] softwareType ApolloSoftwareType
|e] disease {1..1]) Disease
] controlMeasures ControlMeasures | I+| Authentication
|e] requesterid [1..1] token
|e] requesterPassword [1..1] token

1| SimulatorTimeSpecification

|e] timeStepUnit  [1..1] TimeStepUnit
&} timeStepValue [1..1] PositiveDouble
&} runLength [1..1] positiveinteger
I SimulatedPopulation

(€] populationLocation [1..1] token

|e] gender [0..1] Gender

|2} ageRange [0..1] AgeRange

|e] populationDiseaseState [1..*] PopulationDiseaseState

&} subpopulation [1..*] SimulatedPopulation

|&] Disease

(€] diseaseName [1..1] token
|&] infectiousPeriod [1..1] NonNegativeDouble
|e] latentPeriod [1..1] NonNegativeDouble
&} reproductionNumber [1..1] NonNegativeDouble
€] asymptomaticinfectionFraction [1..1] Probability

1] ControlMeasures

|e] fixedStartTimeControlMeasures [0..*] FixedStartTimeControlMeasure

8] reactiveControlMeasures [0..*] ReactiveControlMeasure

Figure 1. The SimulatorConfiguration and related types in the Apollo Web Services

SQL

Figure 2 shows the schema of the results database. The database schema has two principle entities—simulated
population in which each record represents a stratum (i.e., a spatial/sociodemographic subpopulation) of a simulated
population; and time series, in which each record represents the counts of individuals in a stratum at one time step of
a simulation.

The stratification of a simulated population is represented by population characteristics, which are specified as
orthogonal axes such as gender, age-range, disease status, and location. The axes take values such as male and
female or INCITS (formerly known as FIPS) location codes. This schema is designed to accommodate whatever
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axes and values a simulator requires. The time series entity represents the counts of each simulated population for
each time step of a simulation.

Simulated Population

Field Name Data Type TimeSeries
id int Field Name Data Type
label varchar(255) run_id int

population_id int

Population Characteristics time_step int

Field Name Data Type pop_count float

id int
popuiation. Id | nt *The normalized Results Database schema
axis id varchar(255) comprises 5 tables. For expositional clarity,

we show a denormalized schema.
value varchar(255)

Figure 2. Schema of the results database

Figure 3 shows example output for a simulation that has just four simulated populations—those individuals who are
susceptible, exposed, infectious, and recovered in Allegheny County (INCITS 42003). The time series table shows
how the counts for these four simulated populations changed from time step 1 to time step 2.

The terminology for the axes and values in the population characteristics table is defined by the Apollo-SV
ontology. The ontology ensures that values for a specific axis are disjoint.

Simulated Population
id label
1 susceptible in Allegheny County
Time Series
2 exposed in Allegheny County
3 infectious in Allegheny County run_id population_id time_step pop_count
4 recovered in Allegheny County 7 1 1 983629
7 2 1 24758
Population Characteristics 7 3 1 20528
id population_id axis_id value 7 4 1 189623
111 disease state susceptible 7 1 2 983619
2:11 location 42003
7 2 2 24753
3|2 disease state exposed
7 3 2 20538
4 2 location 42003
5|3 disease state infectious 7 4 2 189628
6 3 location 42003
7 4 disease state recovered
- Documentation and examples at:
8 4 location 42003 code.google.com/p/apollo/wiki/OutputDatabaseDocumentation

Figure 3. Example records in the results database

APIs of the Apollo Web Services

The Apollo Web Services at present comprise four types of Web service, each of which defines a programmatic
interface for a class of applications such as epidemic simulators, visualizers, and programs that generate synthetic
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populations. The four service types are the Apollo Service, Simulator Service, Visualizer Service, and Synthetic
Population Service.

We implemented these services using the SOAP protocol, which is an XML-based protocol that enables applications
to exchange data over the Internet. This protocol, which most commonly transmits messages using the widely
supported Hypertext Transfer Protocol (HTTP), is both platform and language independent.

Figure 4 shows the two types of services that an end-user application would use to configure and run an epidemic
simulator. An end-user application communicates directly only with the Apollo Service, which mainly functions to
route service requests to other services. To run a simulation, an end-user application invokes the runSimulation
method of the Apollo Service with a simulator configuration object as parameter. The Apollo Service then invokes
the run method of the Simulator Service, here the FRED Simulator Service, with the simulator configuration object.
The Simulator Service translates the simulator configuration information transmitted as a parameter with the SOAP
request to the native vocabulary and syntax of the simulator. It then starts the simulator and returns a run identifier.

When the simulator has completed the run, it writes its output in standard format to a results database. At present,
our group maintains a single results database for the two simulators that are connected to Apollo. However, the
architecture is flexible and each Simulator Service can maintain a results database for its own results.

The end-user application invokes the Apollo Service’s getRunStatus method with a run identifier to determine
whether the simulator has completed the run.

The Apollo Service also includes a getRegisteredServices method that returns a list of available Apollo Web
Services. An end-user application or other client of the Apollo Service uses the getRegisteredServices method to
find services.

Apollo Service Methods Simulator Service Methods
1. simulatorRunld = runSimulation(configuration); 1. simulatorRunld = run(configuration)
2. status = getRunStatus(simulatorRunid) 2. status = getRunStatus(simulatorRunid)
FRED native
; : 3 ) configuration
configuration = configuration = .
End User Apollo fig FRED File =& FRED
Application Service Service Simulator
€ simulatorRunld & simulatorRunid €& simulatorRunid
\"
: 0\90
v zo
Results
Database

Figure 4. An Apollo Service and a Simulator Service. The Simulator Service is specific to the FRED agent-based epidemic
simulator.

A developer of an end-user application connects by “consuming” the WSDL of the Apollo Service. A WSDL,
which stands for Web Service Description Language, is an XML format that defines the methods and message
syntax of a web service.

The specifics of how the developer of an end-user application consumes a WSDL depend on the programming
language in which the application is being developed, but in general the process is easy due to the many tools
available that automate the generation of the requisite code for a developer. For example, Java programmers often
use the “WSDL2Java” tool (included in both the Apache CXF and Apache Axis java library).

Once the Apollo Service WSDL is consumed, the developer has access within his programming environment to the
following Apollo Service methods: getRegisteredServices, runSimulation, runVisualization, and getRunStatus; and
to the following Apollo Service data types: the configuration object and all its related classes.
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Developing a Simulator Service

To make it easier for developers of epidemic simulators to create Simulator Services, we offer skeleton
implementations of a Simulator Service in Python and Java. Using the Python implementation as an example, the
simulator developer would download the Simulator Service skeleton and then complete the method stubs in
SimulatorService.py for "soap_run" and "soap_getRunStatus”

Additionally, the simulator developer must modify her epidemic simulator to write results to the Apollo results
database and register her simulator with Apollo.

At this point, we have described the components of the Apollo Web Services that a developer of a simulator needs to
know about when developing a Simulator Service for his or her simulator. We next describe how an end-user
application queries the results database.

Results Retrieval and Visualization

At present, the Apollo Web Services support results retrieval with a third service type, called the Visualizer Service.
Visualizer Services create graphs and maps that displays simulator results. Figure 5 shows a Visualizer Service for
the GAIA visualizer. GAIA is a program that takes as input the results of a simulation in text file form and outputs
maps and movies of maps.

Apollo Service Methods Visualizer Service Methods
1. visualizerRunld, URL = run(SQL, simulatorRunid)
2. status = getRunStatus(visualizerRunld)

3. visualizerRunld, URL = runVisualization(SQL, simulatorRunld)

4, status = getRunStatus(visualizerRunld)

saL,
simulatorRunld=>.
End User Apollo
Application Service
€ visualizerRunld,
URL
T * saL,
visualizerRunld,
simulatorRunld
URL v
GAIA Results
Service Database
, k\‘.-a \)\‘5
visualizerRunld, | sqr ? 1?‘63
URL ¥ vef
20
GAIA

Figure 5. The Apollo Service and a Visualizer Service for the GAIA visualizer, which generates maps and videos of disease
spread

When using a Visualizer Service, an end-user application invokes the Apollo Service’s runVisualizer method with
an SQL query and a simulator run ID. In our current implementation, the visualizer (e.g., GAIA) obtains the result
data by directly querying the results database. The Visualizer Service then returns a visualization run ID and a URL
where the visualizer will write its output (a video, for example).

Just like when running a simulator, the end-user application uses the getRunStatus method to poll the Apollo Service
to determine when the visualization is complete. When the job is completed, the end-user application downloads the
visualization from the URL.

The fourth type of service is the Synthetic Population service. A synthetic population is a set of synthetic
individuals for use in an agent-based simulator. A Synthetic Population service retrieves a set of synthetic
individuals for a given location who, in the aggregate, match key geographic and sociodemographic stratifications of
the actual population such as age, gender, home, school and work locations.
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Results

A OIIO'SV Class hierarchy (inferred)
We released version 1.0 of Apollo-SV in January 2013. Ithas =

undergone minor updates and corrections since then. The ;2 CbeoeteClass

latest version is always available at: Tt continuant
http://purl.obol|brary.orq/obo/apollo S\_/.(_)wl. _ A_pollo-SV ANl e i
includes enough classes for standardizing epidemic model ¥ purely intentional entity’

configuration files and for use in the output database schema
to enable calling the FRED influenza model at the Pittsburgh
Supercomputing Center and an influenza SEIR model
developed at the University of Pittsburgh. Figure 6 is a
screen snap of the Protégé program displaying the
information in the OWL file. Apollo-SV currently contains

‘simulated antiviral control measure’

‘simulated asymptomatic organism’

‘simulated disease’

‘simulated exposed organism’

‘'simulated infectious organism’

‘simulated organism awaiting control measure'
‘simulated organism awaiting effect of control measui
‘simulated organism not awaiting control measure’
‘simulated population’

‘simulated population location’

‘simulated recovered organism’

‘'simulated susceptible organism’

‘'simulated symptomatic organism’
‘simulated vaccination control measure’
‘simulation of control measure participant’

398 classes defined using 1,256 logical axioms.

‘'simulation time step’

ADO I |O Web Services > specifically_dependent_continuant

v independent_continuant
v material_entity

We have created Java reference implementations of all four > & Material anatomica entity
service types. We have also implemented the FRED
Simulator service and the GAIA Visualizer Service in the
Python programming language.

Figure 6. Apollo-SV displayed in Protégé

Figure 7 shows a simple, web-based, end-user application (SEUA) that we created to demonstrate the functionality
of the Apollo Web Services. The SEUA uses V1.1 of the Apollo Web Services, XML configuration and database-
output schemas.

Simple End-user Apollo App

Incidence over time

V.MU FRET W0 — Uk S

Authestication Section

ator Time Specification Section
Simulated Popuiation Section —
Eapots

Dibesse Sextion

Vaccination Contrel Measare, | iy

3 SINULA TUK: SE1¥ VISUALIZLK STATUS: rnnng MESSAGL: 500 U
2 50 SINULATOR STATUS:

0 VISUALIZER STATUS: <.

165504 SINULATOR: 220

Figure 7. A simple end-user application using the Apollo Web Services to run the same simulation on two epidemic simulators.
The user, having hovered the mouse over the term “Asymptomatic Infection Fraction,” sees a definition of the term obtained
directly from the Apollo-SV OWL file. The status area at bottom left reports the progress of simulators and other components.
The incidence plot (right) was created by the Time-Series Visualizer service, an implementation of a Visualizer Service.
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The SEUA allows an end user to configure, run, and retrieve results from two simulators—an S.E.L.R.
compartmental simulator running at the University of Pittsburgh and the FRED agent-based simulator running at the
Pittsburgh Supercomputing Center. A user can run one or both simulators with the same simulator configuration
information.

The simulator configuration panel on the left allows an end user to specify the time granularity and run length of the
simulation(s); the INCITS location code of the simulated population; the numbers of susceptible, exposed,
infectious, and recovered individuals at time zero of the simulation; the disease; and the disease’s transmission
characteristics—infectious period, latent period, and basic reproduction number; and optionally a specification of a
vaccination program intended to control the disease.

The results panel on the right displays visualizer results in tabs for each model run as well as comparative plots such
as the plot shown of the incidence curves produced by the two simulators.

Figure 8 shows a visualization produced by the GAIA visualizer of the temporal and spatial progression of the
simulated influenza outbreak in Allegheny County, PA.

.

GAIA Epidemic Visualization of Influenza in 42003

Aathesticrton Secton

Sevmlat Tave Spevifi stiom Sex tam

Simalitod Peputation Section

Doeans Sevtion

Vaxtimtion Comtrod Meamme Sextiom

b= o & B

Figure 8. The simple end-user application using the Apollo Web Services to obtain a visualization of the results of a simulation.
The GAIA Visualizer, an implementation of a Visualizer Service, created the video.

Discussion

The Apollo project is developing and trying to diffuse into practice two innovations: (1) A standard language—both
vocabulary and syntax—for representing analytic problems in the fields of epidemic prediction and control, which
will enhance communication among scientists, public health professionals, programmers, and computers; and (2) a
set of well-defined programming interfaces for epidemic simulators, end-user applications, and related software
systems, which—when coupled with the standard language—will facilitate interoperability among those systems.

Besides its practical use in the Apollo Web Services, the development of Apollo-SV is also advancing the science of
ontology. Because a simulation of an epidemic is not a type of epidemic, it would be a mistake to assert an “is a”
relationship between simulated epidemic and epidemic. To account for the fictional nature of simulations, we
developed a theory of simulation based on Roman Ingarden’s work in the early 20™ Century on purely intentional
entities. The result is that we can talk about simulations of epidemics without the computer mistakenly inferring that
the output data are about a real epidemic, while still allowing the simulators to presume the existence of entities like
individuals infected with HIN1 influenza.

Our work with the Apollo Web Services, which provides both syntax and a set of well-defined APIs, has yielded
several insights about the challenges of standardizing the inputs and outputs of epidemic simulators. First, the
agent-based simulators that we have analyzed do not expose all of their potentially configurable elements in their
configuration files and they vary on which elements that they do expose. For example, when we began working
with the FRED simulator, the native configuration file did not allow an end user to set the number of infectious or
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recovered individuals at time zero of the simulation. We believe that the solution to this mismatch between what
Apollo can specify and what the native configuration file can represent will be that the epidemic simulators will
expose more of their capabilities and thus be capable of analyzing a broader set of scenarios.

Second, the stratifications supported by simulators in their configuration files may differ in ways that are not simply
terminological. For example, the FIUTE simulator,® allows an end-user to specify age ranges of 0-4, 5-18, 19-29,
30-64, and 65+; whereas the FRED configuration file supports a single arbitrary user-specified age range (e.g., 11-
26). Agent-based simulators are inherently capable of representing multiple arbitrary age ranges; thus, we expect
that the solution will be that the simulators will evolve to be able to take advantage of the increased expressiveness
of the standards we are promulgating.

A limitation of our representation of simulator configurations is that we do not use the relationships among Apollo-
SV classes defined by the description logic axioms when defining their corresponding XSD types. For example, the
XSD  SimulatorConfiguration  type has six  attributes  (simulatorldentification,  authentication,
simulatorTimeSpecification, populationinitialization, disease, and controlMeasures). At present, these attributes
have implicit ‘has-attribute’ relationships to SimulatorConfiguration. It would be desirable for the implicit ‘has-
attribute’ relationships to be replaced by more specific relationships defined by the ontology. This limitation in our
XSD representation is an open research question that we plan to address. The strength of our representation is that it
is sufficiently expressive for the representing simulator configurations, which OWL is not. Additionally, the
ontology-based terminology and the set of XSD types constrained by the ontological analysis have improved, in our
limited experience, the clarity and accuracy of simulator configurations.

Our future plans for the ontology include adding new classes for (1) additional control measures and (2) entities
referenced in additional simulators’ configurations and output. Next steps for the work on purely intentional entities
include reconciling it with current ontological representations of plans as information entities.

Our future plans for the Apollo Web Services include the creation a Data Results Service that is similar to the
Visualizer Service described in this paper. This service will allow an end-user application to retrieve data from the
Results Database—as opposed to visualizations of data. Similar to the Visualizer Service, the Data Results Service
will specify an SQL query and the results of that query—the data—will be available in a file located at the return
URL.

It is important to develop standards for epidemic simulators at this time. The evolution of epidemic simulators is at
a point similar to that of electronic medical records in the 1970s. The number of simulators is small but growing
and their capabilities are expanding, in part due to the ongoing work of the MIDAS research network. For the same
reason that standard vocabularies and syntax for EMRs in the 1970s would have yielded earlier accrual of benefits to
research and practice, we expect that standardization of vocabulary and syntax have the same potential for research
and practice in epidemic simulation, and more broadly, population simulation.

Conclusion

The Apollo Web Services and the associated Apollo-SV ontology represent a standards-based approach to finding,
configuring, running, and querying the results of epidemic simulators. Our results thus far in applying the approach
to access two epidemic simulators support their use for additional simulators.

There is additional information about this open source project at http://code.google.com/p/apollo/
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