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ABSTRACT

A distributed simulation framework is presented to enable
natural resource managers to take advantage of both Geo-
graphic Information System (GIS) functionality and com-
putationally intensive ecological modeling. Based on one of
the newest products from a major vendor of GIS software
(ESRI’s ArcGIS engine), a user interface was developed to
manipulate and visualize digital maps and spatially explicit
simulation results. An objective is to allow access to compu-
tationally intensive simulations while utilizing an interface
system with which natural resource managers have extensive
prior experience. Distributed communication services were
also developed to support spatially explicit ecological model-
ing on both local and remote computational platforms. Such
a capability is important for natural resource agencies which
may have little in-house capacity for extensive computation
and could greatly benefit from the use of a computing grid.

To provide examples of the practical application of such a
system, we present two ecological modeling cases. These
models are components of a major ecological multimodel,
the Across Trophic Level System Simulation (ATLSS), de-
veloped for application to one of the world’s largest ecologi-
cal restoration projects, in the Everglades of South Florida.
The first example is a sequential model to show the working
procedure for short-time simulations on a single platform.
The second example is a parallel model to demonstrate the
procedure for long-time simulations on remote high perfor-
mance computational platforms. In both cases, we illustrate
how the framework provides user access to computationally
intensive dynamic, spatially-explicit simulations, enhancing
the capabilities available through a stand-alone GIS, while
retaining many of the benefits of a GIS.

1. INTRODUCTION

Most natural resource management issues have a significant
spatial component, such as the distribution of land use in
a watershed, proximity of human populations to a conta-
minated site or accident, or the degree of habitat fragmen-
tation in an ecosystem. Therefore, Geographic Information
System (GIS) technology is used extensively in natural re-
source management to visualize, analyze, and model natural
resource data for management and problem solving.

During the past two decades, researchers have developed a
variety of ecological models that are becoming useful tools to
assist spatially-explicit natural resource management. Com-
putational ecology has particularly emphasized spatial as-
pects of natural systems, with a diversity of methods having
been developed which are particularly applicable to practi-
cal problems faced regularly by resource managers, in areas
such as harvest management and invasive species control. As
our understanding of ecological processes has increased, eco-
logical models have become more sophisticated, especially in
the context of integrated ecosystem simulations which may
require high performance computing [4]. This is particu-
larly true of situations in which the management actions
have implications at multiple spatial and temporal scales,
for which multimodels, utilizing linked sets of models of dif-
ferent mathematical form, are appropriate.

However, the integration of GIS and high-performance eco-
logical models lefts far behind the developments in either
fields. There are fundamental reasons: On one hand, a GIS
system is traditionally regarded as the high-tech equivalent
of the map. An individual map contains a lot of information
which is used in different ways by different individuals and
organizations. A GIS focuses on providing the facility to
extract the different sets of information from a map (roads,
settlements, vegetation, etc.) and use these as required.
Therefore, a GIS usually provides interactive, friendly in-
terfaces to manually manipulating maps. In the aspect of
software design, a GIS typically uses database system to sup-
port data storage and information retrievals, and executes
the associated computations on-the-fly. Two disadvantages
related to the GIS software design are well known [1]: i) inef-
ficiency in dynamic modeling with a strong temporal compo-



nent, and ii) huge overhead in the GIS software design which
leads to poor performance. These two limitations directly
account for the fact that most researches, addressing nat-
ural resource management problems within monolithic GIS
framework, only use simple computational models. On the
other hand, high-performance computing (HPC) focuses on
non-interactive computations with minimum system over-
head, and requires extensive personnel training. Some re-
searches [11] have successfully deployed HPC to solve geo-
graphic problems. But these researches are not related to
the integrated simulation using both GIS and HPC.

In the research, a component-based distributed simulation
framework was present to integrate GIS functionality and
high-performance computing to address practical natural
resource management issues. Specifically, a major objec-
tives of this paper is to point out the methods we have
used to integrate a GIS system with high performance eco-
logical modeling. We illustrate how the framework devel-
oped provides user access to computationally intensive dy-
namic, spatially-explicit simulations, enhancing the capa-
bilities available through a stand-alone GIS, while retaining
many of the benefits of a GIS. This offers the capability to
deliver high performance ecological modeling to natural re-
source managers, who typically are familiar with GIS, but
have little experience or training with computational sci-
ence.

2. SIMULATION FRAMEWORK

In this paper, we present a component-based, distributed
simulation framework for natural resource managers to take
advantage of both GIS functionality and computational in-
tensively ecological modeling. A simplified architecture of
this simulation framework contains three major components:
a GIS-enabled user interface, distributed communication ser-
vices, and a back-end computational ecological modeling
package. The user interface provides a common gateway for
users to launch simulations (either locally or remotely), and
visualize the spatial explicit simulation results locally. The
distributed communication services provide mechanisms for
information exchange between the user interface and the
back-end simulation package. The back-end simulation pack-
age consists of several stand-alone spatially explicit ecolog-
ical simulation modules. In this research, we have used the
Across Trophic Level System Simulation (ATLSS) package
as an example. ATLSS has been designed to assess the ef-
fects on key biota of alternative water management plans
for the regulation of water flow across the Everglades land-
scape. The conceptual model for ATLSS is based on the
trophic structure of consumption, who eats who, across the
landscape. Organisms are related energetically as members
of a food chain — a series of organisms that eat one another.
(See www.atlss.org for more information).

2.1 GIS-enabled user interface

The GIS-enabled user interface provides three basic func-
tions: i) view GIS data'; ii) launch external model simu-
lations; and iii) create new GIS layer(s) from spatially ex-
plicit simulation results. Building a customized GIS-enabled
user interface from stretch is not trivial work, therefore, we

Yincluding open/save, display and control of GIS maps.

chose the ESRI’s ArcGIS Engine 9.1 as our software devel-
opment kit. ArcGIS Engine is the first ESRI’s product that
allows users to access the core functionality of ArcGIS (Ar-
cObject) outside the monolithic ESRI’s integrated software
development environments. In other words, ArcGIS Engine
provides a feasible channel for the component-based inte-
grated simulation using both GIS and HPC. Particularly,
ArcGIS Engine Java Application Programming Interfaces
(APIs) were used to build the user interface.

2.2 Distributed communication services

The distributed communication services provide linkages be-
tween the GIS-enabled user interface and the back-end eco-
logical modeling package (ATLSS). Distributed communica-
tion services run as daemons, and are designed to support
both short-time and long-time computations. For short-time
computations, the communication services provide mecha-
nisms to report simulation progress status, to provide feed-
back the intermediate results to the user’s screen, and to
force the user to wait for job completion. For the long-
term computations, the communication services ensure the
job is successfully launched on remote machines, monitor
the computation unintrusively, transfer the model output
to the user’s local machine, and finally notify the user when
the computational jobs have been completed. The structure
and functions the communication services are explained in
Section 3.1.2 and 3.2.2.

2.3 Back-end ecological modeling package

As mentioned above, ATLSS is a family of ecological mod-
els in which models are integrated within a spatially ex-
plicit landscape. At the bottom of ATLSS’s model hierar-
chy, process models are used for lower trophic-level organ-
isms, such as algae, which interact only locally. The age- and
size-structured population and community models represent
intermediate trophic levels, such as fish, macroinvertebrates,
and small nonflying vertebrates. This population might
undergo short-distance movements in response to changes
in water-levels. Finally, individual-based models represent
populations of top predators and other large-bodied species,
such as wading birds and panthers. These individual based
models are rule-based approaches that can track the growth,
movement, and reproduction of many thousands of individ-
uals across the landscape [4]. Depending on the trophic po-
sition, some ecological models are stand-alone, which means
the activities of those species (such as panther and cray-
fish) are not directly related, while some ecological models
(such wading bird and fresh-water fish) are tightly coupled.
For coupled models, ATLSS provides mechanisms for both
stand-alone and integrated simulations [6].

2.4 Basic software structure

Although the models within ATLSS use various modeling
approaches to simulate different species, the software struc-
ture of each model is similar: each consists of three com-
ponents - the Landscape library, Date library and Model
engine.

All models within ATLSS use a landscape library [3] to
handle the spatial patterns (maps) of ecosystem compo-
nents generally derived from a geographic information sys-
tem (GIS). The core of the Landscape library comprises



three groups of classes (Geo-referencing, Regrid, and 10De-
vice classes) that can transform and translate spatial data
to and from other forms. Contrary to a traditional GIS, this
library uses vector-based C+-+ templates to expedite com-
putations over raster-based geographic information data.

In ATLSS, a Date library provides a set of functions for
manipulating dates. Those functions include setting and
retrieving dates, incrementing and decrementing dates by a
specified time interval, taking the difference of two dates,
determining whether one date is later than another, and
computing the day of year of a given date.

The Model engine of each ATLSS model executes three phases:

initialization, computation and finalization. In the process
of initialization, the model uses configuration files to find
appropriate input files (ecological parameters and geoin-
formation data). For better simulation performance, geo-
information data is stored in a format different from the
traditional raster GIS format. We create files to separate
storage of location-related information items (such as Uni-
versal Transverse Mercator (UTM) and the actual cell val-
ues (such as water depth associate with each cell). More
specifically, location related geo-information are stored in
plain text format for easier conversion and transform be-
tween various formats (e.g., ESRI and netCDF). Cell values
are stored in binary format for convenient and efficient han-
dling using a programming language such as C++. Due to
inherited ecological behaviors and characteristics of a given
species, the computation requirements of ecological models
can vary: simple models may only need sequential imple-
mentation, so that the overall execution time is typically
only several minutes. Complex models may require parallel
implementations on high performance computational plat-
forms, and consume several hours for each run. All outputs
are produced in the finalization phase, which includes several
geo-information datasets created by the Landscape library.

3. CASE STUDIES

In this section, we present two case studies to demonstrate
the working procedure under this simulation framework which
links ATLSS and GIS. The first case is a short-time, single
platform sequential simulation. A good example is the Spa-
tially Explicit Species Index (SESI) model for deer, referred
as DEER [2]. The second case is the long-time, remote par-
allel simulation produced by the Parallel Across Landscape
Fish model (PALFISH) [10].

3.1 Short-time, single platform sequential sim-
ulation (DEER)

3.1.1 Model structure of DEER

DEER is one of a family of landscape-based, spatially ex-
plicit species index models developed to assess the impact
of management scenarios on habitat conditions of different
species in South Florida. SESI models differ from Habitat
Suitability Index (HSI) models and the associated habitat
evaluation procedures (HEP) in that SESI models incor-
porates temporal and dynamic landscape features. They
provide a relatively simple method of comparing species re-
sponses to environmental conditions, as an alternative to
more complex approaches such as process models, structured
population models and individual-based models. Currently,

DEER produces an index map of the annual quality of breed-
ing potentials for white-tail deer.

The peak reproductive season for deer is between January
1 and May 31. Ponded water can act as an impediment to
fawning, movement and foraging during the breeding season.
If the food supply is interrupted during this period, which
can happen during high water, the health of mother and off-
spring may suffer, and fawns are less likely to be recruited
into the herd. Elevated water levels can make beds uninhab-
itable, and high water can drown young fawns. In DEER a
water depth of 55 cm is defined to be the depth above which
movement and foraging are assumed to be precluded. Water
of any depth during this season is assumed to restrict fawn-
ing and impede movement, and so subtracts from the index.
The degree to which water is an impediment is represented
by calculating the ratio of (water-depth days)/(maximum
possible water-depth days) during the reproductive season.
The hydroperiod during the previous year is an indication of
the quality and availability of forage prior to fawning, which
will influence the health of females and thus their likelihood
to fawn. A shortened a hydroperiod reduces the quality of
forage; a prolonged hydroperiod reduces the availability of
forage. The breeding potential index is weighted by a mul-
tiplicative factor that reflects those hydroperiod effect.

The DEER model uses topographic and hydrological data
provided by the South Florida Water Management District
(SFWMD) and vegetation data provided by the Florida Gap
Analysis project. The spatial resolution of the SFWMD
data is 3.2 km by 3.2 km (2 by 2 miles). The outputs of
DEER include the breeding potential index (BPI) values
assigned to each cell (500 m by 500 m) and a time series of
the mean overall index attained each year on each hydrologic
scenario®.

3.1.2  Computational platform and underlying work-

ing procedure
The computational platform used in this simulation is a De-
bian Linux computer configured with duel 2.2GHz 32-bit
AMD Opteron processors and 1 GB memory. The machine
has ;xlso been configured to run ArcGIS Engine 9.1 Java
API°.

The underlying working procedure of a short-time simula-
tion is illustrated in Fig.1. The user opens GIS maps (i.e.,
digital maps showing the boundaries and study regions) via
ModelViewer, and then clicks JobLaunchBar to invoke Job-
Generator, which in turn generates a script to execute the
DEER model. JobMonitor captures all the DEER model
execution information and creates a dynamic progress sta-
tus bar. Once the simulation has completed, model results
(including those geo-information data (BPI) produced by
the Landscape library) are stored in a specified directory.
The user can then use MapGenerator to create GIS maps
from the BPI data, which can be viewed via ModelViewer

?See www.atlss.org/cerp_runs/mod_info/d_deer.html for
more details.

3 Although Linux/Unix computers were used here, this dis-
tributed simulation framework is capable of unifying mul-
tiple )computational platforms (i.e., Windows, Linux and
Unix).
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Figure 1: Working procedure for a short-time ecological simulation

or manipulated by standard ArcGIS systems (such as Ar-
¢GIS desktop).

3.1.3 Screen-shot of DEER simulation

Fig.2 contains three screen-shots of the DEER model ex-
ecution under the distributed simulation framework. The
top left graphic shows the progress status bar in front of
ModelViewer. The top right graphic illustrates the DEER
results (BPI) in ArcGIS map format as viewed by the Mod-
elViewer. The bottom graphic shows information monitored
by the JobMonitor during DEER execution.

3.2 Long-time, cross-platform parallel simu-
lation (PALFISH)

3.2.1 Model Description of PALFISH

PALFISH is a parallel, age-structured population model for
freshwater fish functional groups in South Florida. PAL-
FISH includes two main subgroups (small planktivorous fish
and large piscivorous fish), structured by size. In the com-
plex integrated system of ATLSS, PALFISH is an important
link to the higher level landscape models, since it provides
a food base for several wading bird models. An objective
of the PALFISH model is to compare, in a spatially ex-
plicit manner, the relative effects of alternative hydrological
planning scenarios on fresh-water fish densities across South
Florida. Another objective is to provide a measure of dy-
namic, spatially-explicit food resources available to wading
birds.

The study area for PALFISH modeling contains approxi-
mately 111,000 landscape cells, with each cell 500m on a
side. Each landscape cell has two basic types of area: marsh
and pond. The fish population simulated by PALFISH is
size-structured and is divided into two functional groups:
small and large fishes. Both of these groups appear in each
of the marsh and pond areas. Each functional group in each
area is further divided into several fish categories accord-
ing to age, and each age class has 6 size classes. The fish
population in each cell is summarized using the total fish

density (or biomass density) within that cell. Each cell, as
an element of the landscape matrices, contains an array of
floating-point numbers representing individual fish density
of various age classes. The length of the array corresponds
to the number of age classes for that functional group. Nor-
mally, when a overall fish density is referenced, the value
reflects the total fish densities of all the fish age classes com-
bined. In PALFISH, spatial and temporal fluctuations in
fish populations are driven by a number of factors, espe-
cially the water level. Fluctuations in water depth, which
affect all aspects of the trophic structure in the Everglades
area, are provided through an input hydrology data file for
each timestep throughout the execution of the model.

Major concerns associated with PALFISH include its long
runtime. The average runtime of PALFISH is around 2-
3 hours (using all processors of a 14-CPU 400 MHz Sun
Enterprise 4500) for a typical 31-year simulation?.

3.2.2  Computational platforms and underlying work-

ing procedures

Two computational platforms are used in this study. The
front-end is the Linux box mentioned above, which is config-
ured to run ArcGIS Engine applications. The back-end high
performance platform used is a Symmetric Multi-Processor
(SMP) Sun Enterprise 4500 configured with 14 400MHz Sun
Ultra Sparc II processors, 10 GB memory and 3Gb/s inter-
connections. The SMP is a part of the Scalable Intracampus
Research Grid (or SInRG) (icl.cs.utk.edu/sinrg) at the Uni-
versity of Tennessee, Knoxville. An implementation of the
MPI standard library, LAM-MPI (www.lam-mpi.org), was
selected to support the message-passing communication be-
tween processors.

Fig.3 illustrates the underlying working procedure of a long-
time simulation. On the front-end computer (Linux ma-
chine), the user first opens GIS maps (using Model Viewer),

“See [5, 9, 10] for more information on the parallel imple-
mentation and performance of PALFISH.
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Figure 2: Screen shots in a short-time ecological simulation

and then clicks JobLaunchBar to invoke JobGenerator, which
in turn creates a new thread to communicate with JobGen-
eratorProzy on the back-end computer (SMP). The new
thread will keep running until the remote JobGenerater-
Prozy successfully creates a new process to generate a script
to execute the PALFISH model. Beyond this point, while
PALFISH is running quietly on the back-end computer, the
user on the front-end computer is free to perform other tasks.
On the SMP, the JobMonitor captures all the PALFISH
model execution information. Once the simulation has com-
pleted, model results will be transferred to a specific direc-
tory on the front-end computer via the file transfer services
(i-e., FileTransferClient on the SMP and File TransferServer
on the Linux box). The user will receive an email notifica-
tion of job completion (sent out by the EmailClient on the
SMP), the user can then use MapGenerator (which will au-
tomatically convert data from Big-endian format to Little-
endian format) to create new GIS maps from PALFISH’s
output.

3.2.3  Screen-shot of PALFISH simulation

Fig.4 contains two screen-shots of the PALFISH model on
the distributed simulation framework. The top graphic illus-
trates the PALFISH results (averaged fish density on four
given dates) in ArcGIS map format. The bottom graphic
shows a sample user notification message.

4. CONCLUSIONS AND FUTURE WORK

In this paper, we have presented a GIS-enabled distributed
simulation framework to deliver GIS functionality and high

performance ecological modeling capacities to natural re-
source managers. We believe it is one of very few efforts
based the integration of GIS and high-performance ecolog-
ical modeling under a single simulation framework to ad-
dress practical natural resource management problems. This
framework includes a user-friendly interface (similar in look
to ArcGIS desktop which is very familiar to resource man-
agers) and transparent ecological modeling (including those
models that require high performance computing), so that
users can focus on the actual ecological findings and analy-
sis, instead of on complex computational techniques, geo-
processing and visualization.

Future work includes further enhancements of GIS-enabled
user interfaces, to allow users to interactively manipulate
thre resource maps and model requests (allowing for exam-
ple site-location selection, model parameter selection, auto-
mated sensitivity analysis, etc). The distributed commu-
nication services presented herein are developed for dedi-
cated use in secured network domains. We do not address
security issues as those would be typically associated with
the underlying security configurations of networks. Exten-
sions to the communication services will focus mainly on
incorporating common grid middleware® (such as GLOBUS
(www.globus.org) and NetSolve (icl.cs.utk.edu/netsolve)) and
batch systems (such as Portable Batch System (www.openpbs.
org)) to deliver non-dedicated, grid-enabled simulation ca-
pacities to stakeholders. We are also in the process of em-

®See [7, 8] for more information on grid computing for inte-
grated regional ecosystem modeling



#

o
;;" Back-end computer

Communication services s

PALFISH madael

GlS-enable user interface

Front-end computer ./ Communication services
o
#

Figure 3: Working procedure for a long-time ecological simulation

Thwﬂmmm!-m-m“

Start time: Saf Sep 3 103212 €07 2004

'Mhpi 1236 41 €07 2008

Mo s P fve Sen neatarac i3 8 Ssectory named Wode oAt you TIEM rome aree.

Figure 4: Screen shots in a long-time ecological simulation



bedding ArcGIS geo-processing functionality inside the back-
end simulation modules, so that the portion of the simula-
tion package can handle and process vector-based GIS in-
formation.
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