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Introduction

R epOﬂ Today’s scientific body of knowledge continues to grow along
with the number of questions science and society must answer.
To exercise our understanding of this knowledge and provide at
least partial solutions to questions, models are often constructed.
A model can be a simple drawing showing interactions between
components in a system or a very complicated mathematical
description. Models can be static, like a drawing or equation, but
can become dynamic when transposed into a computer simula-
tion. While no model may ever be exact, modelling is an effective
tool in testing and expanding the understanding of natural proces-
ses.

Like any tool, modelling and simulation evolve with time. In
the recent past analog computers (electronic circuits designed to

Commonweqlth s simulate mathematical equations) were the state of the art techni-

Declared Policy: que for simulation, today there are digital computers. While

. modelling has been used in aerospace, economics, and many other

fo preserve the areas, this paper will focus on wetlands modelling.

gree"'(ae':gihaer:,d o State of t:,he art il.l wetlands modelling has been summarized
recently by Mitsch (Mitsch et al, 1988). Mitsch’s book charac-

despo. ”a,ﬁon a,?d terizes the state of the art as applied to various wetland types.

destruction. . . While it is important to be aware of WHAT models have been

built WHERE, it is equally import to concentrate on HOW these
models are built.

This paper will summarize the current state of modelling
This report was funded by the and simulation in terms of techniques and technologies. Where it
Waetiands Progrom of the Virginia is possible examples will come from wetlands literature. The first
Instifute of Marine Science. section of this paper will describe the major steps required to
build any simulation. The second section emphasizes techniques
and technologies used in building simulations and where they fit
within the six major steps.
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The Six Major Steps

The model building process can be sum-
marized in six major steps. This breakdown was
chosen as it fits nicely with describing some ad-
vanced tools and how they fit into the model
building process. Other authors may chose to
lump some of these steps together or to expand a
step into several.

Definition

Before any model can be constructed the
scope of its existence must be defined. There are
no established techniques or technologies that as-
sist definition, but the concept is straight for-
ward. The model must have a purpose or goals
and be placed in time and space (Grant, 1986).
Model definition is perhaps the most important
step as it sets the boundaries within which the
model will exist. Models with different pur-
poses and goals will have different structures
and components. For example a model of
hydrodynamic processes in a wetland will differ
from one emphasizing succession of plant
species. A model trying to determine the effects
of hydrodynamics on plant succession is another
possibility and may have a unique set of goals.

Some specific areas of wetlands modelling
include: ecological processes, ecosystem
dynamics, impact assessment, and management
(Ondok, 1990; Jorgensen et al, 1990; Finn, 1990;
Mitsch et al, 1990). These papers are mentioned
here as examples of different model purpose and
goals. For instance, while the purpose of a
model may be management oriented there are
several types of management models listed.
Each model type has its own analysis goal such
as, wetland removal, hydrologic modification,
biotic harvesting,waste dispersal and recycling,
and fish & wildlife protection.

The main point of definition is to establish
model boundaries and context. Even with the
same boundaries, models with different goals
will take on a different context. To keep focus in
the remaining steps of model building, a clear
definition of what is to be modelled must be
made.

Conceptualization

This step in the modelling process is just as
critical as defining the model goals. Based on
the established goals this step identifies and re-
lates the important elements of the system.
Sklar (Sklar et al, 1990) groups definition and
conceptualization together and summarizes
various methods for developing conceptual
models. While there are several techniques,
three of them are of interest here; Input-Output
matrix, Forrester Diagrams, and Energy Circuit
diagrams. These are all described in the pre-
viously mentioned Sklar text but carry some im-
portant implications.

An input-output matrix construction can be
used in conjunction with the black-box , signed
digraph, Forrester, or energy circuit methods for
later use with network analysis (described later).

Forrester and energy circuit methods make
use of graphic symbols to represent a model.
The graphical language helps for quicker under-
standing of a model by using different symbols
for storage elements, controls, material flows,
etc. The technique of using a graphical language
is very desirable as will be shown later.

Generating Equations

When all the important elements and their
relationships are established the next step is to
describe the relationships mathematically.
Ondok (Ondok, 1990) has a collection of equa-
tions for a variety of ecological processes. These
include energy transfer, adaptation, irradiance,
and photosynthesis. Equations may also come
from a researchers own work in which case a
simulation may be built to test the newly
derived equations.

There doesn’t seem to be any high tech
method for generating equations. They must be
derived, estimated, or borrowed. As will be
described later, the state of the art for equations
may be to eliminate them entirely through the
use of fuzzy rules in an expert system.



Computer Code

When all of the equations have been
defined it is time to put them together in a mean-
ingful way. At this point the model is in the
process of becoming a simulation. If a program-
ming language like Pascal or FORTRAN is used
the equations must be transposed into that lan-
guage. Furthermore, code must be built around
those equations to keep track of time, print vari-
ables to a file for later analysis, and other book-
keeping functions. For a person without any
advanced tools and who is not used to program-
ming, this step can involve a large amount of
time.

Once the code has been generated, it must
be verified. This step involves testing the numeri-
cal methods used in the simulation to make sure
they accurately reflect the equations. A check is
also necessary to make sure round-off and trun-
cation errors are within allowable limits.
Verification is treated as a sub-step in this paper
but can also be considered a step on its own.

Validation

Once a simulation is built and seems to be
running properly a method must be developed to
verify that its results coincide with the system
being modelled. Statistical methods such as the
Student t test might be performed to compare
model results with collected data. Parrish (Par-
rish et al, 1990) suggests that comparing
averages from a model to collected data may not
be valid and proposes a quantitative method for
testing whether or not model variables are
within a prescribed factor of true values.

Sometimes historical data may be used to
validate a simulation. In a model of coastal
landscape dynamics, Costanza (Costanza et al,
1990) made use of US Fish & Wildlife Service
data and published findings to calibrate a large
distributed simulation of 2479 interconnected
square cells. Each cell represented 1 square
kilometer of the Atchafalaya delta. Historical
data were available for 1956, which defined ini-
tial conditions, and for 1978 & 1983, which be-
came correlation points. Once the simulation
was tuned projections could be made to assess
water flow changes and primary production due

to man-made changes such as dikes and bridge
pylons.

Analysis

In this phase the simulation output is
looked at. If one of the design goals was to simu-
late the effect of sea-level rise on marsh succes-
sion, then varibles describing these effects
within the simulation would be viewed.

Analysis of these variables can lead to insight
about the system or force you to reevaluate your
design (simulations can be wrong).

In addition to watching simulation vari-
ables, analysis can be done on the relationships
between the simulations components. Following
from the input-output matrix conceptualization
is an interesting analysis approach called net-
work analysis. Christian (Christian et al, 1991)
and Baird (Baird et al, 1989) have used this ap-
proach applied to nitrogen and carbon, respec-
tively, in estuarine nutrient cycling. This
analysis approach is based on network theory
and provides a method to assess various direct
and indirect pathways between organisms in the
system. The analysis can be used to charac-
terize ecosystem behavior as a whole system in-
stead of a group of separate interactions.

Techniques for Model Construction

The previous section outlined steps to fol-
low when building a simulation. The steps form
a conceptual basis for WHAT must be done.
Now techniques to use in carrying through with
those steps will be outlined. Techniques deal
with the HOW of simulation construction.

Brute Force

This technique is referred to as brute force
because the modeler is forced into performing all
the work in model building. All six steps are
done with little computer assistance. The
models definition, conceptualization, and equa-
tion definition have been accomplished on paper
at this point. It is time to build the simulation.

The majority of work is in the step of writ-
ing and debugging computer code. In the brute
force scenario every line of code is written by the
modeler in a language such as Pascal, C, or



FORTRAN. All equations, connections, time con-
trol, output, and numeric methods code must be
written and debugged. Assistance might come
from using a library of routines (code that has al-
ready been written) that perform the numerical
methods functions and help with driving output
devices such as plotters.

For models with less than 10 components
this may be a reasonable technique to use if no
other tools are available. As simulation size in-
creases in components and complexity this tech-
nique can become intractable. Even with good
organization on the part of the programmer, ad-
ding a component or modifying a flow may re-
quire editing of code in several places. Without
extreme care the model can become invalid and
seem impossible to correct.

Simulation Languages

To help in the code generating phase,
simulation languages have been developed.
There are several of these types of tools commer-
cially available. Basically these tools use their
own language that is designed specifically for
simulation building. In this approach much of
the overhead code writing for numeric methods,
time control, and output are taken care ofin a
few relatively simple steps.

Like using a programing language, these
tools require a moderate level of computer
science literacy. Nolan (1991) makes use of an
Expert System interface to a general purpose
simulation language. This combination presents
an intelligent simulation environment where the
user draws the model to the computer and code
is automatically generated. The user can watch
a run-time animation of the simulation and the
package automates some the post-processing of
results with links to word processors, plotting
devices, and graphics packages. An application
similar to this, and available at a low cost, is
mentioned in the following section.

Special Applications

Applications such as STELLA (High Perfor-
mance Systems, 1990) have now become avail-
able and help in several steps of the model
building process. STELLA helps with the con-
ceptualization stage by allowing the user to

draw the system on the computer screen. The
drawing language is similar to the Forrester and
Energy Circuit languages. For an example use
of STELLA see Mitsch (1988) and Figure 1
(pages 6 and 7).

As the modeler draws a system, STELLA
keeps track of the components and their inter-
connecting flows. Equations must then be
entered by the modeler to describe how the in-
coming flow affects the components state. Chan-
ges made to the conceptual model on the screen
update STELLA’s internal mathematical repre-
sentation. The modeler does not have to write
code at all, only the necessary equations.

Further, STELLA takes care of integration,
timing, and has tools for output. Graphing tools
allow the user to watch several variables as the
simulation runs. Validation and analysis are
left to the user but this is still a considerable
step forward from the brute force technique.

Object-Oriented Programming

An object-oriented approach is a technique
that at first might appear as a small evolution-
ary step up from the brute force technique.
Equations must still be transposed into a com-
puter language and numeric methods and data
output must still be written or purchased. But
an object oriented approach provides an or-
ganizational structure that could allow large
simulations to be built and easily modified.

While it is beyond the scope of this paper to
review the object-oriented philosophy, the techni-
que shows its strength in individual-based
simulations (a simulation where each fish can be
considered individually instead of all fish appear-
ing as one lumped state variable). Sequeira
(1991) uses an object-oriented approach to simu-
late the growth of cotton. Individual organs of
the plant are modelled to capture their behavior
as a function of other plant organs. This object-
oriented approach is a step towards simulating
how individuals contribute to population pat-
terns.

While an individual based simulation could
be done in any language, the object-oriented ap-
proach provides a framework to make a detailed
simulation easier to construct. If more com-

plexity is needed in the simulation, objects can



be added with, conceivably, less pain than as in
the brute force technique.

Expert Systems

The use of expert systems in building
simulations was introduced earlier. The expert
system, given a set of rules, can assist a modeler
in building a simulation and help in avoiding
common pitfalls (error correction). It is conceiv-
able that the expert could be used to catch errors
like trying to represent carbon dioxide eating
phytoplankton.

Another area of expert system application
is in validation. Deslandres et al (1991) points
out that validation requires a high level of
knowledge. He proposes and demonstrates an
expert system which assists the user in choosing
an appropriate validation method, applying the
method appropriately, and with interpreting the
results.

Expert systems have been applied to
landscape ecology in a very interesting way. In-
stead of using the system to aid in simulation
development, it is used as a simulation tool.
Sterbacek et al (1990) demonstrates the use of
an expert system to make a prognoses on forest
structure changes due to emissions and climate
change. This approach eliminates mathematical
equations and replaces them with fuzzy rules.
The effects of 8 variables on a 9th are expressed
as rules along with a weighting factor on the
rule. The weighting factor expresses how cer-
tain (0-100%) the modeler is of the rule. Results
from the system have been unthought of, yet ac-
ceptable.

Artificial Life

While expert systems are full of intrigue
there is another technology being explored called
Artificial Life, or a-life. In an article by Stein
(1991) it is stated that biologists study living or-
ganisms from the top-down. A-life provides a
framework in which to study from down-up, to
see what could be. An example of an ant colony
is used to demonstrate the concept. In short, spe-

" cialized behavior evolves from originally random

events all trying to attain the same goal. In suc-
cessive generations of the artificial organisms,
the randomness is out-bread as only the most
successful organisms are allowed to reproduce.

Use of this concept is being applied to robot
control (Freedman, 1991). This article is about
Artificial Intelligence research being carried out
at MIT by Rodney Brooks. Multi-legged robots
are given a goal to reach, such as walk, with no
instruction. Sensors on the robot indicate suc-
cessful behavior. Initially a robot will randomly
twitch and flounder until a successful control
combination is found that achieves the goal of
walking. “Intelligent” behavior seems to evolve
with a minimum of programming and a mini-
mum of computer power. The small robots have
what they need on-board. This is in contrast to
systems where large, remote computers are
needed to control robots where the robot is given
a complex model of a “human’s” world.

Conclusion

This paper reviews the major steps of build-
ing a simulation model as a structure to review
the state of the art in wetlands modelling. While
examples were brought mostly from wetlands
and biological literature, examples from com-
puter science literature were brought in to show
that simulation technologies continue to be born
and evolve.

Currently, most simulations are still built
by the brute force method, probably due to the
low monetary investment required. But this low
cost approach limits model size and complexity,
complexity which needs to be modeled if models
are to approach reality. As the advanced tools
become cheaper and easier to use, ecologists will
be able to build larger, more complex models.

It may never be possible for a model to be
exact, but that isn’t the point. The point is that
models are an effective tool for organizing re-
search and testing hypotheses. In creating a
model we quickly have to confront what we don’t
know. Defining what we don’t know is progress.



Figure 1. Building a simulation in STELLA® based on an example from the STELLA Users Manual.

Step One - Definition

A stand of 5 mature trees and 10 saplings. One Harvested tree is replaced by one new sapling.
Natural natality and mortality are not considered. Many other factors such as climate are not con-
sidered. The simulation will show the effect of increased harvesting on the standing stock of mature
trees.

Step Two - Conceptualization

The diagram illustrates Saplings and Mature Trees. Planting creates saplings. As saplings come
of age, they are moved to the standing stock of mature trees. Harvesting of a mature tree causes
another sapling to be planted. (The cloud symbols represent the trees coming from and going to
anywhere. For our definition, this doesn’t matter.)

Saplings Mature Trees

planting coming of age harvesting

Step Three - Generating Equations

Within the Stella Tool each component must be given its mathematical meaning. The equations
below have been copied directly from STELLA’s equation sheet.

Mature_Trees(t) = Mature_Trees(t - dt) + (coming_of_age - harvesting) * dt
INIT Mature_Trees =5

INFLOWS:
coming_of_age = CONVEYOR OUTFLOW
OUTFLOWS:
harvesting = 10 + STEP(2,4)
Saplings(t) = Saplings(t - dt) + planting - coming_of_age) * dt
INIT Saplings = 10
TRANSIT TIME = 1

INFLOWS:

planting = harvesting

OUTFLOWS:

coming_of_age = CONVEYOR OUTFLOW




Figure 1 (continued)

Step Four - Computer Code

STELLA has done this for us. While we did have to go through the effort of entering the equa-
tions, all the routines for numeric methods, data storage, and plotting are taken care of by STELLA.

Step Five - Validation
This simulation has not been validated. But in a simple case, such as this, it is easy to see that
the model is performing as designed. (Validation is left as an exercise for the student.)

Step Six - Analysis

The plot below shows harvesting and number of mature trees as functions of time. Note that as
an additional 2 trees are harvested (12 total) in each time step, the standing stock of trees drops by 2.
Does this seem logical?
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