

















options provided by SEARUMS. Agent instances are created with default attributes from
the Agent Repository by the Agent Customizer module using Java’s reflection
API. Once instantiated, the attributes for agents can be modified via the attribute
editor module. The agents are implemented as a family of Java classes by extending
a common base class called Agent. The Agent class provides methods for interacting
with the simulation kernel, inspecting the neighborhood, scheduling events, and inter-
facing with the GUI modules.

The agents in a model are logically organized into hierarchical sets called groups.
SEARUMS permits multiple top-level groups with an arbitrary number of hierarchies,
with one or more sub-groups at ecach hicrarchical level. An agent can be a member of
multiple groups. The groups serve several different purposes in SEARUMS. A group
can be used as a parameter for statistical analysis and for plotting charts. For example, a
group called “United States” can be created with 50 different sub-groups, one for each
state, encompassing various agents. The main “United States” group can be selected
for plotting charts and SEARUMS automatically collates and plots data for each state.
Note that even though graph plotting is restricted to one hierarchical level, statistics for
plotting are collated in a recursive, depth-first manner and includes data from all agents
in underlying hierarchies. A modeler can use a combination of groups to perform multi-
faceted analysis at different scales. In addition, groups can be included or excluded from
simulations for analyzing different scenarios. The GUI modules utilize groups to provide
control on visibility of agents to manage details displayed on the screen. The Group
Editor module provides the user interface for managing group entries and hierarchies.

Once all the agent instances and groups have been established in a model, the param-
eters for observation are added to the Eco-description. These parameters are selected by
the user via the Statistics & Charts Editor from a list of options. The list includes the
attributes of the agents and the groups in the Eco-description. Each parameter is config-
ured to be sampled hourly, daily, or weekly in terms of simulation time. Moreover, each
parameter can be subjected to statistical operations, such as sum, mean, and median.
SEARUMS can dynamically (i.e., during simulation) plot and save a varicty of charts
including: line graphs and pie charts. Multiple charts can be simultaneously used for
analyzing a variety of data.

All of the aforementioned information is stored as an integral part of the Eco-
description. The Eco-description can be saved for future reuse via the Persistence
Module. The Eco-description is unmarshalled into an XML document that is compli-
ant with a predefined XML schema. Serializing to an XML document has its advantages.
First, it enables simple scripts to be developed that can modify specific values and per-
form multiple simulation runs in batch mode. Second, XML documents can be readily
version controlled and archived using commonly available revision control systems like
CVS and Subversion. Third, it eases documentation, validation, sharing, and reuse of
valuable domain-specific statistical data collated by different researchers from diverse
sources. Such features play an important role in facilitating large-scale, collaborative
epidemiological studies.

The simulation module performs the task of conducting a Discrete Event Sim-
ulation (DES) using the Eco-description. This module utilizes a multi-threaded DES
kernel that manages and schedules the discrete events generated by the Agents. Multi-
threading enables the DES kernel to exploit the compute power of multi-processor or
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multi-core machines thereby reducing the wall-clock time for simulation. The number
of threads spawned by the DES kernel is configurable. Each thread processes concur-
rent events (events with the same timestamp) in parallel without violating the causal
constraints between events. The Dynamic Control and Steering Module provides the in-
frastructure to control the DES kernel. In addition, it permits selected agent attributes to
be modified during the course of simulation. The Simulation Controller module provides
the graphical interface to the Dynamic Control & Steering Module.

ECO-MODEL FOR VERIFICATION AND USE OF SEARUMS

The initial experiments conducted using SEARUMS centered around its verification and
validation. For this purpose, we have developed an Eco-description using selected, high
risk species of waterfowl as reported by Hagemeijer ef a/ [27]. Table 1 lists the waterfowl
species, including high risk species [27], used in the model. The migratory flyways of
the waterfowl and their population has been collated from data published by various
organizations [2, 4, 15, 16, 17, 27]. For modeling and simulation purposes the dates for
migration were approximated to the middle of the months reported in the statistics. The
initial positions of the flocks were set to correspond to 01/01/2006, which is the real-
world time when this specific simulation is logically set to commence. The dispersion
of poultry population in different continents has been approximated to circular regions
with even density in the Eco-description [16, 25]. Poultry data has been collated from
statistics published by national organizations and government databases [16]. Currently,
we have represented human population, as reported by U.S. Census Bureau [17], in
all 26 major metropolitan arcas of the United States, approximated to circular regions.
However, the Eco-description can be readily extended to include other parts of the world.
Note that to the best of our knowledge, it is the most comprehensive model of its kind
reported to date.

VERIFICATION OF SEARUMS

Having developed the Eco-description, we verified the validity of the Eco-description
by performing extensive simulations with the initial source of infection set to outbreak
in Indonesia [5]. We established the validity of the Eco-description and SEARUMS by
confirming that the timing and chronology of several outbreaks observed in the simula-
tions correlate with significant real-world incidents as reported by WHO [5]. The data
in Table 2 presents a comparison of real-world and simulated outbreaks. The data is pre-
sented for some of the significant, initial avian influenza outbreaks and not for repeated
outbreaks that occur in these regions. Note that deviations of +2 weeks is expected due
to approximation of migration dates. In addition, deviations in dates also occur because
the Eco-description does not include all types of migratory waterfowl flocks but only the
high risk species. However, the sufficiently close concordance between simulated and
real-world outbreaks establishes validity and effectiveness of SEARUMS. Moreover, it
significantly increases confidence in inferences drawn from the simulation. Currently,
a variety of case studies using SEARUMS are already underway to predict and avert a
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TABLE 1. Various agent instances used to develop the Eco-description
used for experiments. Entries prefixed with * indicate high risk waterfowl
species [27].

Description of Number of Total #Countries in
AgentType Agents Population Migration Path
Bar-Tailed Godwit 4 40,000 18
Canada Goose 16 231,700 5
Common Crane 9 225,000 21
*Eurasian Widgeon 3 1,296,000 17
Great Knot 3 231,000 8
*Mallard 1 5,000 1
Razorbill 1 148,000 4
*Red-Breasted Goose 1 44,000 4
Red-crowned Crane 1 15,000 4
Siberian Crane 3 30,000 12
Yellow-Billed Duck 2 20,000 8
Total waterfowl flocks 44 2,285,700 40
Total Poultry flocks 121 12,280,000,000 32
Total Human groups 26 125,000,000 1
Total 191 12,407,285,700 40

TABLE 2. Comparison of chronology of significant Real-
world outbreaks with simulated outbreaks

Real-world Simulated Error

Incident Date Date (Days)
Outbreak in Indonesia  23-Jan-06 1-Jan-06 22
Infection in Irag/Iran  1-Mar-06 25-Mar-06 24
Infection in China 27-Apr-06  2-Apr-06 -25
Infection in Egypt 11-Oct-06 14-Sep-06 -27

pandemic.

Scalability and Performance Evaluation

One of the important objectives underlying the design of SEARUMS is to facil-
itate rapid analysis of epidemiology of avian influenza. Accordingly, the validated
Eco-description was also used to conduct scalability and performance evaluation of
SEARUMS using three different platforms. The first platform was a Sun Netra-T12
SMP workstation with eight 1.2 GHz SPARCv9 processors with 16 gigabytes of RAM
running Solaris 9. The second platform was a conventional personal computer (PC) run-
ning Windows XP (32-bit). The PC had a dual-core, 64-bit Turion processor running at 2
GHz with 2 GB of memory. The third platform was the same PC but running Linux (Fe-
dora Core). Specifically, the PC was setup to a dual-boot configuration enabling it to run
either Windows XP or Linux. These simulations were conducted by running SEARUMS
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FIGURE 2. Influence of number of threads on wall-clock time for simulation on different hardware
platforms and operating systems.

in batch mode, without any GUI overhead to ensure emphasis on core performance.

The graph in Figure 2 plots the wall-clock time taken to complete the simulation
using a varying number of threads on the aforementioned platforms. As shown by the
curves, initially the time taken for simulation reduces as the number of threads are in-
creased. The wall-clock time decreases because the threads run in parallel on the multi-
processor/multi-core machines and rapidly process concurrent events. The initial perfor-
mance improvement highlights SEARUMS’ scalability. However, the performance de-
creases as the number of threads are further increased. The deterioration occurs because
the Eco-description used in this experiment does not have sufficient, inherent concur-
rency to leverage the available compute power. On the other hand, larger models with
more concurrency will benefit from the scalable design.

These experiments highlight the portability, scalability, and performance aspects of
SEARUMS design. Simulations involving more than 20 million events complete within
4 minutes in optimal cases demonstrating that SEARUMS enables rapid epidemiological
analysis of avian influenza. Furthermore, the experiments provide empirical evidence
that the design goals of SEARUMS have been successfully achieved.

Case Study: Spread and Impact to United States

In this case study, we analyzed the potential impact of avian influenza to poultry
farming in the United States using the validated Eco-description presented earlier. The
study was conducted using a number of bio-simulations with three different experimen-
tal groups of migrating waterfowl. The three flocks were chosen based on their close
proximity to known primary sites of disease outbreaks. The initial infection in each ex-
perimental group was varied for analysis. In all these experiments, the initial conditions
were seeded corresponding to January 1, 2006 and the simulations were run for a period
of 5 years.

232



Bar—Tailed Godwit Canada Goose Poultry (Chicken) T
(Indonesia) (UK) (US East Coast)
w w Duration (Days) 6/23/07
| | 1 | | 1 |
0 100 200 300 400 500 600
(01/01/06) | Bar—Tailed Godwit Razorbill
(Iran) UK)

FIGURE 3. Timelines for HSN1 infection spread from experiment logically set to start on 01/01/2006.

Figure 3 illustrates onec of the trans- e
Atlantic transmission pathways to the con- ., |
tinental United States. We observed that
the spread was determined by migra-
tory pathways and timelines of different £
species of waterfowl rather than initial in-¢ e
fection percentages. One of the notable ob-
servations is that our experiments correctly
predicted an outbreak in the United King-
dom [4]. The graph in Figure 4 presents
the impact of avian influenza outbreaks on  “%m—smmmw s wwa i
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States. Decrease in poultry population cor-
responds to H5N1 induced death and culling of birds to control the disease. Increase in
poultry population reflects regeneration of poultry flocks after an outbreak. As illustrated
by the graph, infections in poultry also follow a cyclic pattern that correlate with annual
migration of waterfowl. The mortality figures can be translated to corresponding dollar
figures for financial analysis.
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CONCLUSIONS

The application of computational evolutionary methodology to analyze the epidemiol-
ogy of avian influenza was presented. Specifically, the practical issues involved in ap-
plying this methodology using an eco-modeling and bio-simulation environment called
SEARUMS were discussed. The evolutionary epidemiological model of avian influenza
was developed and empirically verified. The verification experiments highlight that the
proposed methodology closely reflects real world scenarios. The bio-simulations con-
ducted using SEARUMS provide good forecast of time lines and epicenters of outbreaks.
Furthermore, it was observed that outbreaks follow a cyclical, annual pattern. This new,
comprehensive knowledge gained about epidemiology of avian influenza is invaluable to
combat outbreaks and prevent a pandemic. We are optimistic that the proposed software
environment will enable mankind to strategically invest precious time and resources to
combat diseases like avian influenza, minimize their impacts on human life and global
economy.
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