© 00 N O O b W N B

N DD DNDNNDNRRRRRRRR R
O B W NP O O 0 ~NOO M WNDNPERL O

Current Problems and Future Directions in Computational Science for

Natural Resource Management

Michael M. Fullet’, Dali Wangd*, Louis J. Gross, and Michael W. Berfy

* Corresponding Author:
Phone: (865) 974-4894
EMAIL: mmfuller@tiem.utk.edu

! Institute for Environmental Modeling
Department of Ecology & Evolutionary Biology
569 Dabney Hall, 1416 Circle Drive

University of Tennessee

Knoxville, Tennessee 37996-1610

% Department of Computer Science
203 Claxton Complex

University of Tennessee
Knoxville, Tennessee 37996-3450

*Department of Mathematics

121 Ayres Hall

University of Tennessee
Knoxville, Tennessee 37996-1300



N

o o0 b~ W

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

Fuller et al. Computational Advances in Natural Resoltaragement

ABSTRACT

Natural resource managers must cope with a host of earppbblems ranging from routine tasks
to urgent problems such as the control of wildfires, emergifdiife diseases, and non-native species.
Recent advances in miniaturization, computing power, reneoisrgg, and modeling are revolutionizing
the science of natural resource management. But thesecadwalso bring many challenges. The need for
information management and communication, dynamic modelsgaktime monitoring places
increasing demands on legacy data structures and over-bdindetmeorking infrastructures. To meet
these demands, natural resource managers require acbégsperformance computing tools and
improvements in data storage, communication, and ana@ysiaputer scientists are needed who can
collaborate with natural resource managers and modeldev&bop novel solutions. Here, we highlight
several key problems in resource management that repees@img opportunities for computer scientists

and engineers in search of challenging practical problems.

INTRODUCTION

Natural resource managers are faced with the diffiagk of balancing the needs of complex,
dynamic ecological systems with the competing demands alspolitical, and commercial
stakeholders. Natural resources include wildlife and hisltitat provide significant recreational (e.qg.
hiking, fishing, hunting), economic (e.g. timber harvestingeeg®ining), aesthetic (e.g. scenic
landscapes) or functional (nutrient retention, flood adniralue. The ecological and environmental
processes that govern functioning ecosystems are diffculianage because they involve multiple
components that operate over broadly disparate temporapatidl scales. To manage the components
of natural reserves, biologists have traditionally retisdrule of thumb” strategies based largely on what
has worked in the past. This data-driven approach hgalyfaveen replaced by model-driven strategies,
which attempt to forecast system behavior under alteatanagement scenarios. Such models are
frequently wedded to emerging technologies for data calleetnd monitoring, such as real-time remote

sensing and GPS. But while these advances greatly imfiredemporal and spatial resolution of
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ecological information, they also generate large volumeataf. @ his flood of information increases the

demand for efficient approaches to data analysis, peagl communication. At the same time, the

evolution of approaches based on disparate technologies and congaifiogns complicates the sharing

and integration of data from different sources.
As resource managers struggle to cope with these npafiethey have turned to computational

science for solutions. The rapid advance of software astectures designed to exploit improvements

in networking, interoperability, and data management hexautionized natural resource management.

The changes to natural resource management in many vigssrthat of molecular biology, whose
dependence on high-performance computing is well known. For examptlels of biochemical

networks have been expresasdstochastic Petri nets (SPNs), a mathematical isrmdevelopedh
computer sciende Another example is the use of high-performance algorithrimsimove the

computationally intense sequence comparisons used in mmmlogenetic% As a consequence of
computerization, management programs have rapidly growndncamplexity, and computational

power. Modern resource management depends more and moremutational support such as
Geographic Information Systems (GIS) for interactive comatjrial steerin§’4, high performance

computing for integrated system modeﬁngs well as geographically distributed grid computing
technologies such as GLOBUS (www.globus.org), Netsolvegicitk.edu/netsolve) and Internet
Backplane Protocol (http://loci.cs.utk.edu/ibp/index.php). Mecently, the National Science
Foundation’s cyber-infrastructure initiative aims to préenoext generation (grid-based) information
infrastructures to accelerate scientific discoveriéms€ advances have increased the speed and
sophistication of models, allowing managers to tackigelacomplex problems that a few years ago
would have been unmanageable (see Figure 1 for an eyakipleever, the field of resource
management has only scratched the surface of computationahapges.

While applied computer science has a strong tradition citsmiation with the engineering and

physical sciences, the lion’s share of its involvement withlied biology is limited to solving the data
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management and analysis problems of molecular biologist&xample, computer scientists are actively
engaged in improving technigues for managing the large amoldéta produced by the high-

throughput sequencing technologies used in the field of genaNatgral resource management is
currently undergoing a rapid transformation to highly compugdremvironments, similar to that
experienced by molecular biology in the past decade. Assequence, there is great need for
collaboration between CS professionals and natural resowaoagers. In the following series of sidebars,
we highlight several key problems, current approaches, andlgokgure solutions that computational
science may afford.

The challenges faced by natural resource managers caosedyl classified into three areas: Data
Management/Communication, Data Analysis, and Optingrnatind Control. Each of these areas contains
a diversity of problems, many of which are of great ecaoosacial, and political importance. However,

a particular problem may involve all three areas. For pi@rsolutions to the control of exotic species
depend on information about the occurrence and spread ofisirga(Data
Management/Communication), understanding spatial and tengadtains of invasion (Data Analysis)
and developing strategies to manage populations of exotiesd&yptimization and Control).
Technological advances and computerization create the neibe fefficient data
management. Satellite imagery, GPS, remote sensin@;l&denerate vast amounts of environmental
information that must be processed, analyzed and st®padially-explicit or geo-referenced data are
particularly information dense, with each point on a mag{dimensional volume) representing a data
vector that can include environmental, ecological, and gebgr information. The sheer volume of

digital data creates challenges for organization, storagd retrieval. Ecoinformatics (see sidebar) is the

use of computational methods to manage and study ecologic@l Hatain lies many opportunities for
computer scientists and engineers skilled in data seadcarahiving approaches and in building the
software and protocols needed for data management.

There is also a need for improved search and storagdttaig®. For example, spatial data vectors
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are not easily represented as points in space. Objectad approaches to data representation are an
obvious solution but need not be restricted to traditionahighical strategies. Spatial data matrices are
often sparse and characterized by complex distributiorrpattindexing strategies that account for the

structural aspects of data manifolds, such as R-éme@geometric optimization algorithms, hold promise

here’. Resource managers would also benefit from improvemefite compression and software
capable of analyzing terabyte-size data files. Currenagé approaches used for GIS, vector, and raster

data are not necessarily the most efficient or mastsasible.

GIS-Enabled Dynamic System Modeling
Most natural resource issues have a significant spatigpanent, such as the distribution of land
use in a watershed, the proximity of human populationgésexve, or the degree of habitat

fragmentation in an ecosystem. Because of this, &lblogy is used extensively to visualize, analyze,

and model natural resource data for management and prsbleimg8. However, the integration of GIS
with dynamic models is not an easy task because of the bofrdpecialized data formats and
management tools used to process georeferenced data. &StBigiaally designed to expedite the
processing of spatial objects on a digital map. Theretorepound data formats were created to store
geographic information for rapid indexing, georeferencing,\asualization. Also in order to
conveniently deal with user input, event based programming (uisingl programming language such as
Visual Basic) is generally preferred. This in turn briagslitional overhead to a GIS system. Good
examples are the products of Environmental Systems Redaatithite (ESRI; www.esri.com/), which
are developed using component-based building-blocks called At®bje

The lack of a light-weight data format for modeling aedf@rmance tuning is another obstacle to
incorporating GIS into dynamic models. Dynamic modeling featjy has a strong temporal component
and is computationally intensive. Because GIS data ferarad management tools are not designed for

dynamic modeling, a convenient and feasible approach is to desiggtom data format to extract and
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store only specific information. There is a growingitt¢o provide online user services, such as the web-
based user interaction tools provided by ArcIMS. In these@ments a light-weight data format is also
desirable to mitigate the performance bottleneck agmtivith web-based services and geo-referenced
data formats. However, it is not practical to requiggor GIS vendors to provide customized data
formats for natural resource management problems. Figllustates a software architecture for GIS-

enabled dynamic modeling.

High perfor mance computing for integrated system modeling and spatial control:

To better understand the behavior of natural systen@nasbiologists use models to simulate the
processes that control ecological systems on differetinbpad temporal scales. Resource managers use
the output of these dynamic models to project the behaviatofal systems for planning purposes.
Because modern computer hardware designs exploit the perfarmaims associated with parallelism,
the software used in modeling should also embrace padatizlstructures. Component-based
architectures are a natural choice for modeling complstesis on high performance computational
platforms. However, there is a common misunderstandingrtizgster-slave” models can support
“embarrassingly” parallel computing in many resource manageapglications, such as statistical
analysis and uncertainty analysis. This statenseonly valid for small-scale simulations. Today'sdmi
sized cluster usually has over 100 processors and is capyaxecuting hundreds of concurrent
simulations. For this reason the simple master-slawiehis® no longer the preferred approach for such
analyses. A hierarchical computational model and dedicatguling component are needed to ensure
high performance and scalability of integrated systiemilations. This is especially true for applications
running on high-end computers, which generally have thousands eSpoos. Moreover, as simulations
become larger and longer users must cope with additionalesefdesign issues such as recovery-
oriented computing (http://roc.cs.berkeley.edu/) and faldt-ant computing (http://www.crhc.uiuc.edu/).

Spatial control is another application that demands highnpeafacce computing (Figure 2, 3).

Spatial control refers to the field of mathematics camegwith regulating the behavior of complex,
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spatially explicit systen% Resource managers use the techniques of spatial contietetmop
management strategies for controlling such problems afrefidFigure 2), invasive species, and
wildlife diseases such as rabies (Figure 3). Alternativerol strategies are first implemented in models
to test their effectiveness prior to use in the fieldnfa software design aspect, spatial control can be

developed as an independent component on top of integratethsy®dels (Figure 1).

Grid Computing and Cyber-Infrastructure

Grid computiné0 provides researchers with access to geographicallybdistd high-performance

computers and scientific software packages (Figure 4)n&ie thrust of grid computing focuses on the

accessibility and security of the grid infrastructund ¢he general structure of grid-based applicaiiéns
However, the cyber-infrastructure for natural resourceagament must focus on the development of
customized services to support the entire life-cyclecantific discovery, ranging from real-time data
collection (via sensor networks, satellite images, @RS, Figure 2), to data transmission, archival, and
storage (Figure 4) as well as the dynamic models useecasah support tools for adaptive management
(Figure 3). Currently a few cyber-infrastructure appiaas exist for cross-disciplinary scientific
research, such as the TeraGrid Project (www.teraggfiand the EPIC project (www.eotepic.org). From
the computer science perspective, two major componentbef-oyfrastructure are required before
resource managers can take full advantage of distribuiggd §lerformance) resources. First,ratier
software architecture is needed to expedite the flovataf dcross a diverse set of services including
interactive graphic user interfaces (i.e. event-drivisnal programming), metadata (i.e. relational
databases), and dynamic system multi-modeling, as webmnteractive, fault-tolerant high
performance backend computation. The architecture shoulgmsgiole convenient methods to
implement data flows through both a logical view (managenaemt a technical view (software). Second,
a system for “management intelligence” is needed thabtidages observation/field data and modeling

results, enables reporting and projecting the fundamentaltoes of natural resource system, and
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analyzes data to find optimal solutions to management pnshEigure 2). A successful cyber-
infrastructure should provide several predefined service rasdwhich can either be used by natural

resource managers without any adjustment or serve apkterfor client-specific problems.

Conclusions and futur e challenges:

Recent collaborations between computer scientists angah resource managers have led to
significant progress in overcoming the obstacles we havesdied. Yet such pioneering work is only the
beginning and numerous challenges remain. Among these age @$sing in many fields dealing with 1)
multi-scale or hybrid modeling; 2) tying realistic decisitmshe diverse, large data sets that arise from
advances in sensor technology; 3) developing the potentiagdbtime responses to rapidly emerging
issues such as disease management; 4) providing usable atsbié desktop while utilizing high
performance computational resources; and 5) using models togledective and efficient monitoring
programs. We summarize here some of these future challeitabe objective of encouraging
computational scientists to consider applying their expedifiad solutions.

A host of problems faced by resource managers involve naufiigicesses that operate over
vastly different spatial and temporal scales. To irstegtheir approach to solving such complex problems,
resource managers adopt a two-tiered policy, in whichagement actions are divided into tactical and
strategic components. For example, Everglades managemeinesetpcisions about short-term, day to

day control of water flows while considering strategicisiens about building and removing control

structures that would occur over several decja%iesomputational tools which foster the linkages
between such two-tiered approaches to management ardadlyseah-existent. Options for the
simultaneous consideration of these multi-scale managesserss, that account for constraints imposed
by decisions at one scale on another, could feasibly bessdti in a parallel computational framework.
Bringing this to managers would require appropriate softéfetegeneralizes specific land management

problems that recur around the world.
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With advances in sensor technology, access to realetivieonmental data is becoming more

common (Figures 1, 2). Emerging diseases of wildlife thpaghhumans, such as avian flu, are just one

area in which rapid assessment management options caiticzel3. But the efficiency and speed with
which models can be combined with highly dispersed dasadepiends on access to appropriate
computational tools. The GIS-enabled management decision supgsrtiescribed earlier (Figure 2)
would provide the capability for rapid responses, in a apetintext, to quarantine, vaccination, and
culling strategies for these situations. As some of thias&tisns have global implications and involve
global networks of scientists and managers, these desispport tools would ideally be available for
large numbers of distant collaborators, requiring a gridputing infrastructure to manage such
collaborations (Figure 4). Similar issues arise in regipfzais which have local management
implications. One example is water management in méitieonvestern US in which regulatory decisions,

typically derived in part from extensive legal negotiatigng, direct constraints on local water use and

development opportunitié$.

Model selection is a major challenge for resource managerdata sets are generally sparse, (i.e.
having many missing or zero values), they present atyarfig@atterns to which models might be
compared. What's more, decisions based on these modelsensapject to legal scrutiny motivated by
the often conflicting views of the different stakeholderscaéfié. Modern computational tools offer great
promise as an aid to model selection, but have yet tompged in more than a few cases.

Lifemapper.org provides one example in which distributed ressuvere mobilized to compare large
numbers of possible environmental variables with spgmiesence/absence data. Here, GMi(Benetic
algorithm regression procedure) is used to choose an appea@iaponent of biodiversity measurement.

Recent arguments for the use of pattern-oriented afdpesac ecologjy5 indicate a need for general
model selection tools for diverse types of spatial modaging from those built within a GIS to agent-

based models. Such computational tools are needed to confepnatiite models with data and to
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choose appropriate parameters for these models from lidated for example by applying optimization
approaches (see Optimal Control sidebar).

The spatial control issues mentioned above are not asygedowvith adaptive management
methods. In adaptive management, models are used as amiijagtef the management framework to
reduce uncertainty about system responses. The objecto/inist the enormous control space to one
that is feasibly analyzed by a combination of grid desktop tools. Another objective of spatial control
is to guide the development and use of spatial monitoringregs(Figure 3). An example is using models

to find optimal strategies for allocating limited furedsd management resources (see Fire Management

sidebar) while maintaining the capacity to respond to gimgtissues such as disease outbr%%@éigure

3).
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SIDEBARS

OPTIMAL CONTROL
Resource managers are perennially faced with limitecoovaer, funds, equipment, and supplies
that must be distributed among a laundry list of dailyga€iptimal control approaches combine

mathematics, biology, and economics to identify the bestiegly for a given goal and set of

constraint:17. Figure 2 shows the application of optimal control to firaagement, while Figure 3
shows a disease control application. Workloads for maskst such as harvesting and erosion control,
may be periodic or seasonal. But workload scheduling nesaacommodate unplanned demands on
time, supplies and manpower such as catastrophic firessflaad the arrival of new exotic species or
disease. Traditional approaches to managing such tastiatardriven and goal oriented, though often
goals are vague or ill-defined. Optimal control modelenajt to find the most efficient control strategy
for allocating limited management resources, given caimgsron time or effort. However, few software
tools are available for implementing optimal control appneacThere is a particular need for spatially
explicit models that can examine the influence of prosetbse operate in 2 and 3 dimensions. For
example, work is needed on models based on Pontryagingisabptntrol theory (Sethi and Thompson
2000) which may consider space as continuous (e.g. with dgsaiescribed by partial differential
equations) or discrete (e.g. using difference equatiopsgliehexplicitness adds a computational burden
to models (Figure 2) and such models would benefit from lphzation, high-performance computing,

and the development of lightweight data formats.

FIRE MANAGEMENT
Fire management is a complex problem that involves foregafité frequency and magnitude as

well as seasonal demands for equipment, fire crewshengircraft used to spot and fight fires in rugged

terraint8, Resource managers must coordinate fire monitoring ancbterith municipal and regional

11
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fire management agencies. Often multiple organizations shase fire-fighting resources such as water
trucks, aircraft, and work crews. An important probl@ fire management is therefore how to optimally
manage limited resources. As an aid to forecastisguree managers use spatially explicit models that
replicate vegetation dynamics and other processes that goeeontbreak and spread (Figure 2). Such
models allow researchers to test the effects of differariables, such as the age and density of stands,
topography, vegetation type, and short and long-term weathditions. The goal is to improve the
accuracy of fire forecasts and to develop effective obstrategies. To this end applied ecologists have
used linear and non-linear programming to identify optirokltens. Yet, the complexity of models is
increasing as technological advances, such as satebigeiy) increase the scale and resolution of spatio-
temporal data. These improvements create greater defiearedScient modeling and processing. Here

we see opportunities for computer scientists skilledairaltelization and concurrency in computation.

DISEASE AND INVASIVE SPECIES

Resource managers consider the control of disease and inspsaies a top priori?:20 The
global transportation network for people and commercial gpedsits the rapid movement of organisms
around the world. International commerce facilitatesritentional and unintentional introduction of
exotic species, which may become local pests. Umaeright conditions, exotics can become invasive to

the point of threatening local and regional resources.Xemple, the wooly adelgid, an aphid-like insect

pest native to Asia, is causing extensive damage to regimdock forests in the southeasterr?dis

Exotic species can also introduce disease pathogens. éupgsian chestnut trees brought the chestnut
blight fungus to North America, which then devastated timerican chestnut tree. There are many
opportunities for computer scientists to improve the managteaofiexotic species. Resource managers
need tools for cataloging, tracking, and monitoring exigpiraiplem species. These tasks are complicated
by the need for communication and data sharing among the lowabyregional, and national agencies

and organizations that deal with exotics, such as $h&ish and Wildlife Service (www.fws.gov). In

12
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addition, resource managers desperately need informatiboveto effectively control invasive species
without endangering populations of native species. Thergjigsat need here for high-performance
solutions. For example, goal oriented computational appro#ithtesearch for optimal or extremal
solutions, while useful, have yet to fully exploit the besddit parallelization (Figure 3). Examples
include numerical optimization (e.g. linear and nonlineag@amming) and evolutionary computation

that involves guided random search and parallel processing.

ECO-INFORMATICS

Advances in embedded computer technology and remote sensingréathe expanded our ability
to collect environmental data. Ecoinformatics requinesdevelopment of computational methods for
studying the structure, function, and evolution of speciespeanties, and ecosystems. Ecoinformatics
also requires the development of methods for managingdangeants of environmental data. The
National Science Foundation supports several research diaige 1) who are developing data
management solutions. Generally the goal of these groupgssablish networking infrastructures that
integrate data acquisition, storage, and analysiser@oals include advancing sensor and embedded
computer technology and improving access to remotely senged-da example, CLEANER is
investigating the use of networks of autonomous underwater \v@hicldata collection. Related

technologies include integrated sensor microsystemgagge computing, and wireless communication.

TABLE 1: NSF Funded Collaborations in Ecoinformatics

Organization URL

Collaborative Large-scale Engineering Analysis Network for
_ cleaner.ce.berkeley.edu
Environmental Research

Consortium of Universities for the Advancement of Hytdgic _
: www.cuahsi.org
Science

National Ecological Observatory Network www.neoninc.org

13
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Ocean Observatories Initiative

WWW.orionprogram.org

Science Environment for Ecological Knowledge

seek.ecoinfocsatig

14
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FIGURE CAPTIONS

Figure 1: A component-based ar chitecture for integrated system modeling with spatial control.

Spatial control can be implemented on top of integratsts) modeling. Here, a job scheduler allocates
computing resources for a multi-component fire model. Diffeoptimal control schemes can be
implemented via changes to job scheduling and executed ®sponding simulation drivers. The job
scheduler also interacts with a computational steeringat@nthrough which managers can “manually”

chose an optimal scenario and enforce the underlying siouta take a specific path.

Figure 2: A software architecture for Gl S-enabled dynamic modeling.

GIS provides convenient interactive methods for visualizatg dnd preparing reports. GIS generally

rely on compound data formats to represent and manipdéde Such compound formats create a burden
for dynamic models that are computationally intensive. Taeggadata extraction/conversion toolkit is

often necessary to 1) transform native data into prigwgidormats for geoprocessing or visualization,

and 2) exchange data between the GIS and a dynamic modelkagypathis example shows how
multiple georeferenced data layers can be converted fon usedels using different frameworks. The

use of a data extraction/conversion toolkit frees the modelesestandard programming languages
(such as C++/C/Fortran) for dynamic modeling and high levejuages (such as script languages) for
GIS related programming. It also facilitates the usleigih performance computing resources which

otherwise would be unavailable within a traditional GIS.

Figure 3. Optimal control of disease: Rabiesin Ohio.
The spread of rabies is an significant public health idsu@e Midwestern US, raccoons are an

important carrier of rabies, which spreads from aedtdd animal (depicted by the raccoon marked with

the letter ‘') to susceptible uninfected individuals (f&tcoons in figure) by direct contdét To control

the spread of rabies into Ohio from Pennsylvania and Wagitia, resource managers release small
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food packets that contain an oral vaccine. Uninfectedomts that eat the vaccine become immune to
the disease. By dropping the packets from an airplane ahdagladvancing disease front, managers
hope to slow its rate of spread. Vaccination succedsté&mined via monitoring the raccoon population
near the wave front. Such efforts are constrained bysliamitfunding, manpower, and other resources and
researchers are now investigating the use of optimal contdglsto determine the most effective

strategy.

Figure4: A simplified cyber-infrastructurefor natural resour ce management.

Grid-based services enable real-time data collectidrstorage and the use of dynamic modeling to
facilitate decision support for adaptive resource managemerghown, the cyberinfrastructure
facilitates the sharing of data and computing resourcésasiprocessing power and storage. Data and
associated services are the fundamentals that allawaehaesource managers to deliver reader-friendly
multidimensional reports. Web portals and graphic ugerfates allow users to interact with such

reports using the Internet.
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