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Summary

Objective: In this article, we propose new methods to visualize and reason about
spatiotemporal epidemiological data.
Background: Efficient computerized reasoning about epidemics is important to public
health and national security, but it is a difficult task because epidemiological data are
usually spatiotemporal, recursive, and fast changing hence hard to handle in tradi-
tional relational databases and geographic information systems.
Methodology: We describe the general methods of how to (1) store epidemiological
data in constraint databases, (2) handle recursive epidemiological definitions, and (3)
efficiently reason about epidemiological data based on recursive and non-recursive
Structured Query Language (SQL) queries.
Results: We implement a particular epidemiological system called West Nile Virus
Information System (WeNiVIS) that enables the visual tracking of and reasoning about
the spread of the West Nile Virus (WNV) epidemic in Pennsylvania. In the system, users
can do many interesting reasonings based on the spatiotemporal dataset and the
recursively defined risk evaluation function through the SQL query interfaces.
Conclusions: In this article, the WeNiVIS system is used to visualize and reason about
the spread of West Nile Virus in Pennsylvania as a sample application. Beside this
particular case, the general methodology used in the implementation of the system is
also appropriate for many other applications. Our general solution for reasoning about
epidemics and related spatiotemporal phenomena enables one to solve many pro-
blems similar to WNV without much modification.
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1. Introduction

Infectious disease outbreaks are critical threats to
public health and national security [1]. With greatly
expanded travel and trade, infectious diseases can
quickly spread across large areas causing major
epidemics.

Efficient computerized reasoning about epi-
demics is essential to detect their outbreak and
nature, to provide fast medical aid to affected
people and animals, to prevent their further spread,
and to manage them in other ways.

Several characteristics of epidemics make them
special in terms of computer reasoning needs. First,
epidemiological data are usually some kind of spa-
tiotemporal data, that is, they have a spatial dis-
tribution that changes over time. Second,
epidemiological data are recursive in nature. This
means that the best predictions of the spread of
infections are based on earlier situations. Third, we
need a fast response from any knowledge-base that
contains epidemiological data. A flexible informa-
tion system that can be easily modified to model
new epidemics is critical in assisting people to
handle the outbreaks of new diseases.

The above three characteristics in combination
pose a difficult problem. Geographic information
systems generally can represent only static objects
that do not change over time, or if they change,
then they change only slowly, for example, the
population density of counties. Such a slow change
may be represented in a geographic information
system by a limited number of separate maps.
However, continuous change over time is not easy
to represent and is hard to reason about in geo-
graphic information systems.

We propose new methods to visualize and reason
about epidemiological data. Themajor contributions
and novel features of our article are the following:

� General method for recursively defined spatio-
temporal models:

We propose a new general method to model a
class of recursively defined spatiotemporal con-
cepts, which appear in many research areas
including epidemiology. In this article, we extend
the definition in [2] to allow linear combinations
of the measurements of the indicators and a
different time delay for each indicator.

� Recursive epidemiological definitions:
We apply this new method to express the

recursive epidemiological definitions and predic-
tions about the spread of infectious diseases.

� Implementation using recursive SQL:
The Prolog language is the choice for recursive

definitions in many knowledge-base systems.

However, Prolog is not good for querying spatio-
temporal data. It is also less well-known than the
widely-used Structured Query Language (SQL),
which is the standard query language for both
relational and constraint databases. The latest
SQL standard added to the SQL language a form of
recursion, enabling the expression of the needed
recursive definitions. It is expected that the latest
SQL standard will be implemented in all major
relational database products. As part of our con-
tributions, we also implemented for the first time
in the MLPQ [3] constraint database system, which
is one of the most sophisticated constraint data-
base systems, the recursive SQL queries.

� Epidemiological data stored in constraint data-
bases:

Relational databases and geographic informa-
tion systems cannot easilymanageepidemiological
data because of their inherently spatiotemporal
nature. Constraintdatabases [4—6],whicharevery
suitable for spatiotemporal data,wereproposedas
extensions of both relational databases and geo-
graphic information systems. There are software
tools that can export any relational database or
geographic information system data into a con-
straint database [7,8].

� WeNiVIS–—The West Nile Virus Information Sys-
tem:

We developed an example epidemic informa-
tion system for reasoning about West Nile Virus
infections. This system can show visually the
spread of the epidemic and any other spatiotem-
poral data that may be generated by the system.
We chose this example, because it has a typical
infection pattern, it is currently still spreading
through the North America, and data for it was
readily available from Pennsylvania’s West Nile
Virus Control Program [9].

The rest of the article is organized as follows:
Section 2 describes some basic concepts and related
work. Section3describes thenewgeneralmethod for
modeling recursively defined spatiotemporal con-
cepts. Section 3.1 proposes a general recursive defi-
nition for spatiotemporal concepts. Section 3.2
describes the solution and optimization for the recur-
sive definition using recursive SQL query language.
Section 4 describes the source data we use for the
West Nile Virus analysis (in Section 4.1), their inter-
polation and storage in a constraint database (in
Section 4.2), and the West Nile Virus Information
Systemwedeveloped for theWNVanalysis (in Section
4.3). Section 5 presents major results and benefits of
this project. Section 6 discusses some specific issues
about ourmethod and system. Finally, Section 7 gives
some conclusions and directions for future work.
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