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FOREST is a software environment for designing, implementing, Despite the potential benefits, there ansesa biologi-
and @aluating ecosystem si_mulatipns. Writte_n ivalait encow  cal and computational challenges to applying arviddal-
ages modelers to use an object-oriented design to promtetse  pased approach to ecosystem modeling. Biological chal-
bility and model reuse. The paper introduces a new design patterl'é'nges include quantifying traits and behaviors, with a corre-
called the Event Handler Pattern, that allows modelers to extend an . . . . N
e ) . i . Sponding increase in the amount of information needed to
existing class hierarchy without modifying existing code. . L
formulate and parameterize individual-based modie®
[13]. Modeling requires knowledge about the characteristics
of each individual and the factors affecting its hada

| Cglm?m?t'?nal m_odels Iaat tlhe potenua\lt;f btecolrtnmg which may not be possible to collect through obston.
valuablé tools for environmental managersualgate ater o computational diculties stem from the highel of

native management strategies for an ecosystem. Models PT8&tail and numerous interactions included in the representa-
vide a way to perform conirolled experiments that would b('f‘ion of individual-based models:fafient methods for ster
difficult or impossible to conduct in nature. As a result,age and retril of large quantities of data, multiple

mathemat;calltr;:odelsh_acontlrlbutgd tlo;he delome_?t Ofth techniques for analysis and communication of results, and
some central theories in ecology, including competition er'ninimizing the execution time [8].

ory and t_h_e paradox of e_nnchment [5]. . An ecosystem modeling environment could facilitate the
Tradlthnal computational models\eaused a_hlghi_el widespread deslopment of ecological models by helping

of aggreation, Whe“? the state of the_system_ Is defined bYesearchers manage the significant challenges in the formula-
the (_:ollectve p_rope_mes of the populatiof]. Since man tion and implementation of this type of model. Such a sys-
details about individuals are abstractexhy these models tem would promote communication and collaboration
achiewe a high lgel of generalityAggrecated models try to between model delopers. Our project, FOREST qfest
capture the essential dynamics that account for the merVObject-oriented Reusable Ecosystem éimulaﬁemplate)
bghavior of a system, without ide_ntifying V‘.’hiCh details are, g designed to be the foundation for such an'rrcmmnent,,
directly responsible for that beliar. _Spemfcally, aggre- roviding tools for defining classes of individuals, infrastruc-
gated models he been used to predict the future state of ure for building IBM simulations, and graphic visualizations

system in the absence of certain sources of variation, inclu%r interpreting and analyzing resulté/e used concepts
ing demographic stochasticity and a spatially or temporall¥rom object-oriented programming — class hierarchies and

heterogeneous environment. design patterns — to maximize reuse of model components

Predictions from agggated models are often not appli- 5"t ‘3110w model delopers to focus on the biological
cable to a specific ecosystem since natural populations rarq?gther than computational challenges

_sa:jt!sfé/ thlebcon((jjlt|onsdalssur|1|13el\(/lj n th?s% models. In tcontrerl]st, This paper begins by addressing the challenges to imple-
individual-based models (IBM) explicitly represent eac menting eficient IBM ecological simulations, and then out-

|n<_j|V|dbuaI ina pogglzﬂoT, e(ljllowmg for the mc;liusmn cairvl lines the necessary components of an ecological modeling
ation between individuals due to genetic andrenmental o i-onmentwe then describe the structure of FOREST and

influences [13]. Sln(_:e |nd|V|duaI-based ”_‘00!9_'5 do not its implementation in Jda, followed by the results from a
abstract way essential differences among individualsythe test simulation

can potentially provide a more accurate representation of a

INTRODUCTION
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CHALLENGESFOR INDIVIDUAL-BASED ECO-  model output with field dataver the range of conditions for
SYSTEM MODELS which the model is to be used [17].

The computational challenges in individual-based eco- Due to the large data sets and number of simulations
logical models can be attributed to the higheelef detail  required, efective communication of the results often
than in traditional agggated models and a large number ofrequires graphical displays. Graphical visualization of the
interactions between model components. Detailedvithdi data can facilitate understanding of complex relationships,
ual-based models generate very large data sets based on fey-only if the data are presented in a such a way that pat-
resentations of many thousands of individuals, leading téerns are easily recognizable to the human eye. Recently
more complexity in the analysis and communication ofthere has been an increasedeeness of the crucial role that
results, and a much highevesall difficulty involved in the ~ Visualization plays in the analysis and interpretation of
formulation, implementation and calibration of the modelsresults from ecological simulations [8].

Although the calculations used to determine the effects of ~Resulting from the inherent complexity of ecological
interactions between individuals tend to be reddyi simple, ~ Systems, an important step in building ecosystem models is
the number of interactions in a System can be quig§|ar determining which details to include. As a general guideline,
[14], so the infrastructure that supports these models must Bemodel should include only those aspects of the system that
efficient, scalable, and potentially parallelizable. affect the problem under westigation, but should contain

One of the first challenges that needs to be facedais hoenough detail to permit valid conclusions to be drawn about
to set the initial attributes of each individual in the populathe real systeni4]. Howvever no complete methodology
tion. Two methods for initialization are to use data collectecEXists for determining which details in a complex ecological
about each individual or to use statistical distributions baseslystem control particular aspects of the larger system [9].
on aggreated field dataTo parameterize the model from Levin et al.[12] warn against creating models which
actual observations requires attemsive amount of informa- include more detail than can be measured or parameterized.
tion to be collected abouvery individual represented in the The output from such models may appear realistic, but does
simulation[16]. However it may not be possible to collect Not represent any real system. Many modelers suggesit de
all of the data needed to fully populate the model due to big?ping simple individual-based models with as few parame-
logical difficulties in making the observations and theters and assumptions as possible Additional details can
amount of time required for data collection. Some attey be added and remed in an attempt to identify which local
may hae to be estimated using randomly generatihtes ~ interactions affect the broader scale patterns and which are
from statistical distributions if collecting the necessary infor Noise[12]. This approach requiregtensive simulation pro-
mation about each individual is not feasible. For example, igrams that allow users to vary the parameters ared tg#
simulations of a specific wildlife reserve, the exact locatiorfietail in the model. Heever this approach is necessary to
of every individual at the beginning of the simulation mayimprove the realism of the representation of the system and
not be known from field data. The initialization routine mustthe corresponding accuracy of the model's predictions.
provide a method to disperse individuals throughout the — The absence of the widespreadelepment of indrid-
model environment in patterns that match their natural dislal-based ecosystem models as tools for environmental man-
persal patterns. agement can be attributed both to the computational

The |arge number of interacting factors makes thézomple(ities associated with bU|Id|ng and analyzing these
results from individual-based models morefidiflt to ana- Models and to the lack of communication and collaboration
lyze and interpret than results from state variable modelgetween modelers. Belopment has been limited by the
[4][5]. Also, since most individual-based models includeability of any single team of researchers to deal with the con-
some stochasticity, the simulation needs to be run multipleeptual complexities iolved in the formulation, implemen-
times with the same parameters and initial conditions. Statigation, calibration and debugging of ecological models.
tical analysis becomes necessary in order to assess the proB@me models are so complicated that they are comprehensi-
bilities of various outcomes resulting from each parameteple only to the deelopers, making it virtually impossible to
set and to determine the robustness of the model in terms @mmunicate the structure of the model to othdise
its sensitivity to initial conditions. Second, due to thgdar inability to explain the model structure hasyeneted the use
number of variables and the possible estimation of paraméf these models as decision making tools for ecosystem man-
ters, there is no way to test the validity of a highly detailedgement, since policy makers (and the public) are unlikely to
ecological mode]17]. Instead, these models must ale- ~ trust @ model they do not understand. Furthermore, these
ated in terms of their Wl of corroboration, which is a mea- models hae typically taken teams of experts from two to
sure of how well a model meets its objeesi. The leel of  five years to deelop, which may be too long to wait to neak
corroboration is determined through the comparison of management decision. If the goal is endangered species
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protection, creating a model to test management strategiesadapted and extended for other models (€]§. FOREST is
impractical since the population may be irreparably harmetlased on the premise that a fundamental step in the process
in the time it takes to delop the modelAdditionally, the  of building an ecological model is determining which details
lack of communication and collaboration between modelerto include. Therefore, FOREST's class hierarchgs w
has resulted in different groups of researchers encounterinigsigned to allow the modelddoper to determine the enti-
similar challenges in the design and implementation of ecdies and eents in the model, as well as the implementation of
logical models. The similarities between ecosystems aneach event.
hierarchical nature of ecosystems suggest the possibility of The discrete vent simulator based at the core of the
creating models with reusable and extendable componenBBOREST system usesveegal of Jaa’s predefined classes
to reduce the amount of redundancy in model creation. and interfaces. Thevent list is implemented asTa eeMap
The FOREST modeling environment introduced in theclass, andwents are ordered wit@r egor i anCal endar .
next section was designed specifically to address the issu&s represent vents, we defined a ba&vent class and
listed abee that are important for ecosystem modeling.Ti nreDependent Event interface.
FOREST is essentially an integrated/elepment ewiron- The following classes are provided as base classes from
ment (IDE) designed specifically fonddoping and ealuat-  which more specific classes can bedmtifor each simula-
ing individual-based ecological simulations. The majortion model:
components of FOREST are: * Li vi ngOrgani sm This is the abstract base class
* Graphical inteice: FOREST presents users with a for all living entities in the model. The attributes in
window containing several different panels. Some of this class are the individual's birthdate and species.
these allow the user to enter simulation parameters, » Speci es: This class is just a data structure to con-
control execution, and interact with the model. Output tain all of the species-specific information farv -
panels display simulation results graphically; for i ngOr gani smobjects.
example a 2D plot can show the location of individu- » Popul at i on: Objects in this class contain a collec-
als in a spatial model. Screen shots of the FOREST tion of Li vi ngOr gani smobjects and methods that
interface are shown in figures later in this paper. return aggregate information about the individuals

Stochasticity: FOREST has a set of random number
generators to support a variety of distributions, includ-
ing Gaussian, Binomial, and Poisson distributions.
Initialization: Both methods described earlier for cre-

(e.g. total size, average age).

* Envi ronment : The environment is implemented as
a two-dimensional array of cells. In the current version
each cell can hold at most one organism at a time.
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ating the initial population are supported: users can In order to assist the modeler in identifying the appro-
load descriptions of individuals from a file, or use the priate level of detail, FOREST's model hierarchyasv
random number generators to assign values for designed to allow the modelddoper to change the imple-
selected attributes in each individual. mentation of certainvents and examine the effects of such
Object-oriented models:In order to promote better  changes.
communication between modelers, FOREST adopts In a traditional object-oriented hieraychadding ne
an object-oriented approach that will enable program-functionality to a base class often requires addingva ne
mers to reuse code developed for one simulation andmethod to eery class below it in the hierarghFigure 1
adapt it for other models. Our approach is the one  shaws a simple example of a class hierarchy fgaaisms,
commonly used in object-oriented programming: we wheregr owis a method defined in the base class and imple-
provide a set of abstract base classes for important elenented in each deed class (Figure 1A). In order to add
ments of the simulation, and guidelines for how to  reproduction as a behavior ofeey Li vi ngOr gani sm
implement concrete objects built upon these base  object, the base class would be extended and thevederi
classesWe beliere the inherent modularity and hierar classes would k& to implement a new eproduce
chical nature of object-oriented models will also help method.This would require modifying and recompilingsse
modelers better explain the models they produce wherral classes in the hierasgha time-consuming process in
they present the design and results to non-specialistslarge systems.
Gamma et a[10] described an object-oriented design

FOREST pattern, known as théisitor pattern, which was created to

FOREST is a discretesent eco|ogica| simulation &n allow additional functionality to be added to a system at a
ronment written in Ja. By adopting an object-oriented later date without the need to modify the existing compo-
framework we expect models created in this modefkttsp-  nents of the system. This is accomplished by implementing
ment environment to be more eas"y designed and th@ﬂditiona' methods outside of the original class hiegaiich
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Figurel: UML Diagramsfor Hierarchy of Living Organisms. (A

(Right) Traditional class hierarchy. The base class defines interfaces to abstract LivingQrganism

methods, and each dezd class implements the method. Addirrgepr o- abstract grow()

duce method to this hierarchy would mean editing and recompiling all

three classes. / \
(Below) Class hierarchy using a Visitor Pattern (Gamma, 1995)LiThe

i ngQr gani smtree is defined to accept a “visitor” class to carry out desig- Ani nal Pl ant
nated operations. Addingr&pr oduce operation to this design is done by

plugging a new epr oduceM si t or into theMi si t or hierarchy; the grow() grow()

Li vi ngQr gani smhierarchy is unchanged.

(B
L Driver |> ——————————— -
| |
| |
| |

abstract LivingOrganism abstract Visitor

abstract acceptVisitor(Visitor v) abstract visitAni mal (Aninel a)
/ \ abstract visitPlant (Pl ant p)
Ani nal Pl ant growt hVi sitor
accept Visitor(Visitor v) acceptVisitor(Visitor v) vi si t Ani mal (Ani mal A)
visitPlant (Pl ant P)

Vi si t or classes. Th¥isitor pattern requires implement- ing a newVi si t or subclass called epr oduceVi si -
ing two class hierarchies: one for the elements in the systetror . Inside this new class,vi sit Ani mal and
and one for the visitors that define operations on the ele+ si t Pl ant methods would use public “getter” and “set-
ments (Figure 1B). New operations can be added by creatingr’ methods of the respeati Ani mal andPl ant classes
a new subclass in thé si t or hierarchy. to implement the reproduction operations. The class hierar
Visitor patterns use a technique known as double-disshy for the originalLi vi ngOr gani smtree would not need
patch, where the method that getgoked depends on the to be modified or recompiled.
kind of request and types of reesis. All classes in the hier Although Visitor patterns simplify the addition of we
arcty are prepared to accept\A sitor object via an functionality to existing classes, there are two drawbacks to
accept method.To process anvent, the simulation pro- using this approach. The first stems from the fact that opera-
gram (“driver”) first matches thevent with anaccept tions defined by visitors are implemented outside of the
method in the @anism that will be updated. The second dis-object. Classes that provide enough information for visitors
patch occurs when theganism object imokes the visitgr  often expose more of their internal state, which might com-
the object that actually does the state updates. The objgmtomise encapsulatiofii0]. Additionally, Visitor patterns
being visited passes itself as a parameteroking this  actually complicate the addition of new classes into the hier
method g¥es the visitor a reference to the visited object andircty since each visitor class must be modified to visit the
access to all of its public methods. Inside Wiesit or new class. For example, if we wanted to add the dfass
classes, there is\d si t method for each object in the hier gus to the hierarch avi si t Fungus method would hae
archy. to be added tovery visitor class. Even though thisaenple
The value of this g@anization can be seen when it is has only one concrete visitor class, there may be many visi-
time to extend the simulation to include a new b&rtaln  tors in an actual implementation. For this reaMsifor pat-
the example shown in Figure 1(B), adding a “reproduceterns hae been recommended only for systems whose class
behaior to the objects can be accomplished by simply creatiierarchies are unlikely to change.
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Driver ﬁ ________________ Event
Event Recei ver get Event Recei ver ()

interface Event Recei ver

Event Mapper

recei veEvent (Event e)
Event Mapper get Event Mapper () Event Handl er get Event Handl er (String eNane)
A

abstract LivingOganism

abstract Event Handl er

recei veEvent (Event e)

Event Mapper get Event Mapper () abstract processEvent (Event e)
/ \ Ani mal G owt hEH Pl ant G owt hEH
Ani mal Pl ant
processEvent (Event e) processEvent (Event e)

Figure 2: LivingOrganism classes implemented with the EventHandler design pattern.

The appeal of th¥isitor pattern for ecological model- only to encapsulate data, rather than both methods and data.
ing is in the fact that the methods of an object can be addédstead of grouping the implementation of a behavior into
or remaved without modifying the model class hierarch one class, FOREST creates a separate class to implement
The implementation of a method can also be easily restefi this behavior for each object in the hiergrcFOREST
by removing the current visitor and creating a new visitor folassigns an EventHandler object for each behavior an entity
this function. Havever two consequences of using tisi- participates in during the simulation (Figure 2).
tor pattern conflict with the goals of FOREST. The require- The Event class is simply a data structure to hold all
ment of a static class hierarchy is too strict for aninformation needed to process theemt. TheEvent Re-
ervironment designed to facilitate the calibration of ecologi-cei ver is the object thevent affects. In order to accom-
cal models. Modelers should be able to decide which entitiemrodate interactions betweenganisms, gents can contain
to include in their models, since this will depend on the spemultiple objects as long as one of the objects is designated as
cific goals of the model and the corresponding appropriatihe recerer. SinceEvent Recei ver is an interface, an
level of detail. Additionally, the implementation of a certain object in the model can rewgei events. Each recegr must
behaior for all objects in the hierarchy must be placed in acontain anEvent Mapper, which is just a hash table that
singleVisitor class. It should be noted that the grouping ofmaps gents to their appropriatevent Handl er s. In
related behaviors is usually considered one of tharddges order to process awvent, the receer must be queried to get
to usingVisitor patterns. Haever this implementation com- the appropriate handler for this particulaeet. Thepr o-
plicates the process of changing the behavior of just ore paressEvent method in the handler class is themoiked,
ticular entity (or a subset of the entities) in the hiengrch and the actual processing of thecet takes place in the
which may be desired in the process of calibration. Event Handl er class.

To address these problems, wegealeped a variation on In FOREST, each species has its own set of
the Visitor design pattern that will make it easier for model-Event Handl er s, which implement all of the behiars
ers to add new classes. In this rleventHandlempattern, the for individuals of that species. This implementationvafio
modeler can specify which entities and behaviors are implder species-specific behavior to be incorporated into the
mented in the model. Accomplishing this goal required anodel, although it does not require a feliént
higher level of modularization than commonly used in objectEvent Handl er for each species.
hierarchies. As a result, the entities in the model are used
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By associating a differerEvent Handl er for each initialize a FOREST model when the parameters arevhno
species, reusable modules can beetbped for the belvior  or can be estimated. The model consists of entities amd tw
of each species. A new model could be created that usgges of gents: state vents and schedulingvents. State
components from more than one existing model. This desigevents represent the behaviors in the model and are used to
facilitates reuse more than the traditional use of inheritanagpdate the state of the entities, and scheduhmgnte are
through class hierarchies, since a new model could reuse wsed to schedule the occurrence of the state events.
extend parts of an existing model without having xtead The only entities in GrowthModel are the trees, imple-
the class hierarghAnother advantage of this design is that itmented in the claskr ee. TheTr ee class stores the height
allows the user to choose howeats are implemented at and diameter of the tree, and provides methods for getting
runtime. This means that modelers may change the implend setting these values. Sineee extendsLi vi ngOr -
mentation of a model each time it is run in order t@&i- gani sm it implementsEvent Recei ver and inherits the
gate the effects of the changes on the dynamics of theecei veEvent, set Last Updat e and get Last Up-
system. dat e methods. The interface for the ee class consists of:

Although FOREST's use of the EventHandler patterrihe following attributes and methods:
alleviates the need for a static class hierarchy in the tradi- Attributes:

tional application of visitor patterns, this implementation doubl e hei ght;
results in some new tradeoffs. This design results inge lar doubl e di aneter;
number ofEvent Handl er classes since a new class may  Mthods: _ _
hawe to be created for each (species, behavior) combination. gg:':lfggfz ;"_e' ght ()

The methods of an object are dispersed throughout the
E\_/e_nt Handl er hierargly, instgad o_f being encapsullated set Di anet er () ;
within the object.Additionally, invoking the appropriate The species-specific parameters needed to process the
event handler for an object is slightly more complicatedg\ents are stored in thepeci es class. Each species con-
since the association is between EventHandi&ssesand

] e ' > " tains attributes for the mean and maximum number of seeds
objects_r_ather tha\;ﬂ;nor methquand objegts. This require produced during a reproduegi event. TheSpeci es class
an additional step in processing arem, since thewents

) ; also contains the mean and maximum values of the dispersal
must be mapped to their appropriate handlers by Bete 5046 of seeds, as well as the growth rate and death rate for

doubl e get D aneter();

recewver. individuals of the species:

The flxibility in model derelopment comes at the Attributes:
expense of increased complexity in the design and imple- doubl e meand f spri ng:
mentation of the base class hierarchiesvéier the process doubl e maxCf f spri ng;
of developing and calibrating new models is simplified once doubl e neanDi sper sal Di st ance;
the Event Recei ver and Event Handl er hierarchies doubl e naxDi sper sal Di st ance;
are implemented. The modeler just needs to implement the doubl e growt hRat e;
entities (in Event Recei ver classes) and vents (in doubl e deat hRat e;

Met hods:
doubl e get MeanCf f spri ng() ;
doubl e get Maxf f spring();
doubl e get MeanD sper sal Di st ance() ;
doubl e get MaxDi sper sal Di st ance();

Event Handl er classes), and define the associations

between the two types of objects. Once some entities and
ewents hae been implemented and added to the library, these
components may be used in new models by creating the

desired association$o facilitate the deelopment of realis- doubl e get G owt hRat e() ;

tic ecological simulations, the benefit of modulavelep- doubl e get Deat hRat e() ;

ment outweighs the tradeoff of increased complexity of the  Since the statevents correspond to the behaviors in the

base class hierarchy. model, the statevents in this model are seed dispersal,
growth and death.

EXAMPLE When a dispersalvent occurs, the number of seeds to

To demonstrate the ability to create simulation modelslisperse is determined by generating a random number from
in FOREST, a simple model (GrowthModel) waseleped a binomial distribution, using the appropriate parameters for
to simulate tree growth. The model represents an ecosystehis species. For each seed, the dispersal distance is deter
with three species of trees which differ in life history characimined by generating a random number from another bino-
teristics. The behaviors simulated in the model argvifo  mial distribution. A uniform random variate is then used to
seed dispersal and death. Although this model was naketermine the direction of dispersal. The seed will sarvi
parameterized from field data, this example shows how tonly if this location is not currently occupied by another tree.
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GrowthModel provides twoent handlers with diér-  number of gents processed). The position of eachviioidial
ent implementations of tree growth to show that the impletree within the environment is displayed on a-vmen-
mentation of an vent can be easily redefined. Thestfi sional grid (Figure 3).
implementation calculates growth using a linear equation At the beginning of the simulation, neents hae been
with a species-specific slope. The second implementatigorocessed so most of the values shown on the screen are
takes shading into account by decreasing growth for treemero. After 100 days of simulated time, the number of trees
that hae neighbors in adjacent locations. This version isn each population has changed, with &erall net gain in
implemented by querying the environment for the number othe number of trees. The size of each populati@r tme
trees surrounding a certain tree, and reducing thestreetan be shown graphically (as in Figure 4), or the second plot
grownth by 5% for each adjacent tree. The user may choosmn be replaced by a table (not shown) if the user wants to
which implementation is applied in the simulation when thesee exact values.
model is initialized. Even though the implementations of the behaviors in

Since growth is a continuous process, the class implésronvthModel is fairly simple, this model shows that users
mentsTi neDependent Event . Since the size of all of the can define the el of detail in their simulations. This model
individuals in a population should be updated at the samases few details on the individuavés, but the amount of
time, G owt h events are scheduled for the entire popula-detail can be increased by extending Thee class and add-
tion. The @ent handler first iterates through the populationing more attributes and by implementing additioBaént
and updates each initlual’s size, and then schedules theandEvent Handl er classes.
next G owt h event for this population for the current time
plus the time interval between updates. If the time of the ne SUMMARY AND FUTURE WORK
occurrence is outside the growth period for this species, the FOREST takes an object-oriented approach to ecosys-
event is not added to the event list. tem modeling. Model entities are defined according to a

Growth events should be scheduled atefi time inter  class hierarch) where classes lower in the hierarchy can
vals throughout the growth period, seed dispersahts inherit attributes of previously defined classes. By itself this
need to be scheduled once a year, and death should be schgganization should help make it easier for modelers to cre-
uled once for each tree. Since GrowthModel schedulegte new models by reusing components of earlier models.
events based on statistical properties of the population, theggother aspect of the FOREST design that will promote
ewents are scheduled for the entire population. All of thesgnodularity and reuse is the use of a neverEkiandler
events implement ni ti al Event, and are used to initial- design pattern that makes it easier to adapt existing models
ize the event list at the start of the simulation. without having to modify current class hierarchies.

Dispersal gents are scheduled for each population at  FOREST was designed to accommodate users with dif-
the beginning of that species’ reproduettime of yearThis  ferent amounts of programming experience. In addition to
event handler iterates through all of the reproducingvideli  the abstract class hieragctFOREST could promote reuse of
uals in the population and schedules a seed dispexesatl € model components by providing a library of concrete imple-
for each one. The time of dispersal for each individual in thﬁ]entations of the entities andemts Comm0n|y included in a
population is determined by generating a randariate  forest simulation. Therefore, users with minimal program-
from an exponential distribution. After scheduling the diS-ming experience could create models with the existing com-
persal gents for all of the individuals, the next occurrence Ofponentsy while experienced programmers could extend these
this event is scheduled for the beginning of the reprostacti components to create more detailed models. The library
season of the next year. would be a collaborate effort, where programmers could

SinceG owt h events are self-generating (i.e., theine add the components they implemented so that other model-
occurrence of thevent is scheduled during the processing ofers may use these components in their models.

the event), this class only needs to schedule the occurrence Since FOREST's main goal is to assist the modeler in
of the first event of the growth season. identifying the appropriate Vel of detail, the focus was on

The model is initialized from a data file, which createspuilding the simulation engine and a class hierarchy which
the populations and sets the initial values for all of thQNOU|d Support the dﬁe|opment of reusable model compo-
attributes of the trees. The model uses the random dispers@énts. Much less emphasis was placed arldping tech-
method provided by FOREST to disperse the individuals imiques for initialization from user input, analysis and
all of the populations throughout the model environment.  visualization of the results, and communication between

The output of the simulation consists of informationentities in the model. As a result, FOREST would need to be
about the populations (e.g. total size vs. timeerage extended to include these features to provide a complete
height) and about the simulation itself (e.g., current timeenvironment for developing ecological simulations.
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Figure 3: Initial model state (ab@). Trees hae been set at random locations, as shown in the scatter plot on the left.

The tables in the upper right show simulator parameters.

Figure4: Growth model after 100 days (below). The chart on the lower right tracks the size of each population o
time. Since the total number of trees has increased, the scatter plot is more dense than it was in the original state
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FOREST was able to reduce the time needed to impld3] Bolte, J.P., J.A. Fisher, D.H. Ernst, 1993. “An Object-oriented,
ment an individual-based forest simulation (@ttModel),  Message-based Environment for Integrating Continuous, Event-
by providing the discretevent simulation components, driven and Knowledge-based simulation.’Application of
extending these components to facilitate theettoment of Advanced Information Technologies: Effective Management of Nat-
ecological models, and implementing a model class hierarral ResourcesASAE. June 18-19, Spokane, WA.

4] Caswell, H., and A.M. John. 1992. “From the Individual to the
chy that supports modular delopment. The deslopment Population in Demographic Models.” Individual-Based Models

time was reduced since the model only had to implement t%d Approaches in Ecologgds. D.L. DeAngelis and L.J. Gross.
entities and their behaviors, rather than an entire simulatioQe,y vork: Chapman and Hall.

and class hierarchy from scratch.wwer the full benefs 5] peangelis, D.L., and K.A. Rose. 1992. “Which Individual-
of using the EventHandler implementation would only besased Approach is Most Appropriate For a Given Problem?” In
realized once a library of component modules had beemdividual-Based Models and Approaches in Ecolegls. D.L.
deweloped, and additional techniques implemented for inibeAngelis and L.J. Gross. New York: Chapman and Hall.
tialization of the model and analysis and visualization of thé6] Deelman, E., Caraco, T., and Szymanski, B. K. “Simulating
results. A new model could be created that usextends Lyme Disease Using Parallel Discrete Event SimulationPrbt.
components from more than one existing model, decreasirygf,]'”ter Simulation Conferencé996. _

the time needed for formulation and implementation of tha/) PoWwning, K. “An Object-oriented Migration Model tvén by

-, . . . iological Field Data.” IrProc. Racific Symp. Biocomputing 996.
model.Additionally, modelers could iresticate the issue of 8] Deutschman, D.A., C. Devine, L.A. Buttel. 2000. “The Role of

rele\ant.detall b}’ varyllng the type ang .|mplementat|on of th isualization in Understanding a Complex Forest Simulation
e\,ents. in the S|mu!at|on _and examining the effects of thg,oqel” In ACM SigGraph 3).
alterations on the simulation results. [9] Deutschman, D.A., SA. Levin, C. Devine, L.A. Buttel. 1997.

Two limitations in the current design of FOREST are“Scaling from Trees to Forests: Analysis of a Complex Simulation
that it does not provide any support for modeling interactionsodel.” Science On-Linéhttp://www.sciencemag.org/feature/data/
between ayanisms and it does not support veament of deutschman).
organisms between cells. Simple interactions, faingple  [10] Gamma, E., R. Helm, R. Johnson, and J. VlissiBesign
two species who compete for the same food source, could Batterns Addison-Wesley, Boston, MA, 1995. _
mediated by the environment. But direct interactions, such d&1l Glass, K., Livingston, M., and Conery, J.S. *Distributed Simu-
those in predateprey models, would require an extension to lation of Spatially Explu_:lt I_Ecologlcal Moc_iels. IRroc. 11thwork-

. . - . shop on Parallel and Distributed Simulatiat997.

the modeling frameork to allow interactions between simu-

lated obiectsAllowi biects to int t introd | [12] Levin, S., B. Grenfell, A. Hastings, and A.S. Perelson. 1997.
ated objectsallowing objects 1o Interact Introduces/eea “Mathematical and Computational Challenges in Population Biol-

in_tgresting challenges, including methods for handling conggy ang Ecosystems SciencBcience 275334-341.

ditional events [3]. [13] Lomnicki, Adam. 1992. “Population Ecology from the Indi-
Another aenue for future deelopment includes support vidual Perspecie” In Individual-Based Models anpproades in

for parallel gecution. Parallelism within a model, especially Ecology eds. D.L. DeAngelis and L.J. Gross. New York: Chapman

a spatially explicit model, is a very challenging prospectnd Hall.

[6][11]. But in stochastic models, where the same system [§4] Matsinos, Y.G., W.F. Wolff, and D.L. DeAngelis. 2000. “Can

simulated many different times, a simple form of para||e|isrﬁndividual-Based Models Yield a Better Assessment of Population

would be to run seral instances of the model at the sameVariability?” In Quantitative Methods for Conservation Biolpgy

time. This sort of paralleb@cution would be very straight- €dS- S- Ferson and M. Burgman. New York: Springer.

. . . [15] Maxwell, T., F. Villa, R. Costanz&patial Modeling Environ-
forward using the underlying support for parallel threads 'r{ment.http://www.uvm.edu/giee/SMES.

Java. [16] Slothower, R.L., P. Schwarz, and K.M. Johnston. 19@fne
Guidelines For Implementing Spatially Explicit, Individual-Based
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