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Preface

Why ?

As | am finishing this book, Science magazine is running a special issue about the
sequencing of the macaque genome. It turns out that macaques share about 93 per-
cent of their genes with us, humans. Previously it has been already reported that
chimpanzees share about 96 percent of their genes with us. Yes, the macaque is our
common ancestor, and it might be expected that, together with the chimps, we con-
tinued with our natural selection some 23 million years ago until, some 6 million
years ago, we departed from the chimps to continue our further search for better
adaptation. Actually it was not quite like this. Apparently it was the chimps that
departed from us; now that we have the macaques as the starting point, we can see
that the chimp’s genome has way more mutations than ours. So the chimps are fur-
ther ahead than we are in their adaptation to the environment.

How did that happen, and how is it then that we, and not the chimps, have
spread around all the Earth? Apparently at some point a mutation put us on a differ-
ent track. This was a mutation that served an entirely different purpose: instead of
adapting to the environment in the process of natural selection, we started adapting
the environment to us. Instead of acquiring new features that would make us better
suited to the environment, we found that we could start changing the environment
to better suit us — and that turned out to be even more efficient. And so it went on.
It appears that not that many mutations were needed for us to start using our brain-
power, skills and hands to build tools and to design microenvironments in support
of the life in our fragile bodies — certainly not as many as the chimps had to develop
on their road to survival. Building shelters, sewing clothing or using fire, we created
small cocoons of environments around us that were suitable for life. Suddenly the
rate of change, the rate of adaptation, increased; there was no longer a need for mil-
lions of years of trial and error. We could pass the information on to our children, and
they would already know what to do. We no longer needed the chance to govern the
selection of the right mutations and the best adaptive traits, and we found a better
way to register these traits using spoken and written language instead of the genome.

The human species really took off. Qur locally created comfortable microenvi-
ronments started to grow. From small caves where dozens of people were packed in
with no particular comfort, we have moved to single-family houses with hundreds of
square meters of space. Our cocoons have expanded. We have learned to survive in
all climatic zones on this planet, and even beyond, in space. As long as we can bring
our cocoons with us, the environment is good enough for us to live. And so more

IX



Preface

and more humans have been born, wirh more and mare space occupied, and more
and more resources used to create our microcosms. When microcosms are joined
togecher and expand, chey are no longer “micro.” Earch 1s no longer a big planec wich
infinice resources, and us, the humans. Now 1t s the humans’ planert, where we dom-
inace and regulare. As Vernadskii predicred, we have become a geological force that
shapes this planer. He wasn’c even talking about climare change ac chat nme Now
we can do even that, and are doing so.

Unfortunately, we do not seem to be prepared to underscand thac. Was there
a glitch i1 chat mutacion, which gave us the mechanism and the power but forgot
about the selt-control! Are we driving a car that has the gas pedal, but no brake?
Or we just have not found it yet? For all these years, human progress has been and
still 1s equared to growrh and expansion We have been pressing the gas to the floor,
only accelerating. Buc any driver knows chac ac high speed it becomes harder to steer,
especially when the road is unmarked and the descination is unknown. Ac higher
speeds, the price of error becomes faral.

Buc let us take a look at the other end of the speccrum. A colony of yeast planted
on a sugar substrate scares to grow. lt expands exponentally, consuming sugar, and
chen it crashes, exhausting che feed and suffocacing in 1ts own products of metabo-
lism. Keep in mind chac cthere 1s a loc of similaricy between our genome and that of
yeast. The yeast keeps consuming and growing; it cannor predict or understand che
consequences of 1ts acrions. Humans can, but can we act accordingly based on our
understanding’ Which part of our genome will cake over? Is ic che parc that we share
with the yeast and which can only push us forward inco finding more resources, con-
suming them and multiplying? Or is 1c going to be the acquired parc chat 1s respon-
sible for our intellect and supposedly the capacity to underscand the more distanc
consequences ot our desires and the actions of coday?

So far there is not much evidence m favor of the latier. We know quite a few
examples of collapsed civilizacions, but there aie not many good case studies of
sustainable and long-lasting human societies. To know, to understand, we need to
model. Models can be different. Economics is probably one of the most machema-
cized branches of science after physics. There are many models 1 economics, buc
those models may noc be che best ones to rake inro account rhe ocher systems chac
are driving the econemy. There 1s the natural world. which provides resources and
takes care of waste and pollution. There is the social system, which describes human
relationships, life qualicy and happiness. These do noc easily fic into the linear pro-
gramming and game theory chat are most widely used in conventional economics.
We need other models if we want to add * ecological ” o ™ economics. ”

So far our major concern was how to keep growing. Just like che yeast popula-
tion. The Ancient Grecks came up with theornes of oikonomika — cthe skills of house-
hold management. This is whac later became economics — the science ot production,
consumption and discribution, all for the sake of growch. And chac was perfeccly fine,
while we were indeed small and vulnerable, facing che huge hostile world out there.

Ironically, ecology, oikology — the knowledge and understanding of che house-
hold — came much larer. For a long rime we managed our household wichour know-
ing 1t, without really underscanding what we were doing. And chat was also OK, as
long as we were small and weak. After all, what kind of damage could we do to the
whole big powerful planec? However, at some point we looked around and realized
thar accually we were not that weak any more. We could already wipe out encire spe-
cies, change landscapes and turn rivers. We could even change the climate on che
planet.
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It looks as though we can no longer afford “ economics " - management wirhout
knowledge. We really need to know, to understand, what we are doing. And that is
what ecological economics is all about. We need to add knowledge about our house-
hold to our management of it.

Understanding how complex systems work 1s crucial. We are part of a complex
system, the biosphere, and we further add complexity to it by adapting this biosphere
to our needs and adding the human component with its own complexities and
uncertainties. Modeling is 2 fascinating tool that can provide a method to explore
complex sysrems, to experiment wich them without destroying them at the same
time. The purpose of this book 1s to introduce some of the modeling approaches that
can help us to understand how this world works. [ am mostly focusing on tools and
methods, rather than case studies and applications. | am trying to show how mod-
els can be developed and used — how they can become a communication tool that
can take us beyond our personal understanding to joint community learning and
decision-making.

Actually, modeling is pretty mundane for all of us. We model as we think, as we
speak, as we read, as we communicate — and our thoughts are mental models of the
reality. Some people can speak well, clearly explaining what they think. [t 1s easy to
communicate with them, and there 1s less chance for misunderstanding. In contrast,
some people mumble incoherent sentences that 1t 15 difficule to make any sense of.
These people cannot build good maodels of their thoughts — the thoughts might be
great, but they still have a problem.

Some models are good while others are not so good. The good models help us to
understand. Especially when we deal with complex systems, it is crucial that we learn
to look at processes in their interaction. There are all sorts of links. connections and
feedbacks in the systems that surtound us. If we want to understand how these sys-
tems work, we need to leam to sort these connections out, to find the most impor-
tant ones and then study them in more detail. As systems become more complex,
these connections become more distant and indirecr. We find feedbacks that have a
delayed response, which makes 1t only harder to figure out therr role and guess their
importance.

Suppose you start spinning a big flywheel. [t keeps rotating while you add maore
steam to make it spin faster. There 15 no indication of danger — no cracks, no squeaks —
it keeps spinning smoothly. An engineer might stop by, see what you're doing and get
very worried. He will tell you thart a flywheel cannot keep accelerating, that sooner or
later 1t will burst, the internal rension will be too high, the material will not hold “Oh,
it doesn’t look thar way,” you respond, after taking another look at your device. There
is no evidence of any danger there. But the problem is that there is a delayed response
and a threshold effect. Everything 1s hunky-dory one minute, and then “boom!” - the
flywheel bursts into pieces, metal is flying around and people are injured. How can
that happen? How can we know that 1t will happen?

Oh, we know, but we don’t want to know. Is something similar happening now,
as part of the global climate change story and its denial by many politicians and ordi-
nary people? We don't want to know the bad news; we hate changing our lifestyle.
The yeast colony keeps growing tll the very last few hours.

Models can help. They can provide underscanding, visualization, and important
communication tools. The modeling process by itself is a great opportunity to bring
together knowledge and data, and to present them in a coherent, integrated way. So
modeling 1s really important, especially if we are dealing with complex systems that
span beyond the physical world and include humans, economies, and societies.
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Preface

What?

This book originated from an on-line course that [ started some 10 years ago. The
goal was to build a stand-alone Internet course that would provide both access to the
knowledge base and interaction between the instructor and the students. The web
would also allow several mstructors at differenc locations to participate 1 a collabo-
ranive teaching process. Through their joint efforts the many teachers could evolve
and keep the course n the public domain, promoting truly equal opporctunicy in edu-
cation anywhere 1 the world. By constantly keeping the course available for asyn-
chronous teaching, we could have overlapping generations of students involved at
the same time, and expect the more advanced students to help the beginners. The
expectation was that, in a way that mimics how the open source paradigm works for
software development. we would start an open education effort. Clearly, the ultimate
test of this idea is whether it catches on 1n the virtual domain. So far it is still a work
in progress, and there are some clear harbingers that 1t may grow Lo be a success.

While there are always several students from different countries around the
world (including the USA, China, Ireland, South Africa, Russia, etc.) taking the
course independently, | also use the web resource in several courses | reach in class.
In these cases | noriced that students usually started with printing out the pages from
the web. This made me think that mavbe after all 2 book would be a good idea.

The book has gone beyond the scope of the web course, with some entirely new
chapeers added and the remaining ones revised. Sull, I consider the hook to be a
companion to the web course, which | intend to keep working and updated. One
major advantage of web tutorials s that new facts and findings can be incorporaced
almost as soon as they are announced or published. It takes vears to publish or update
a book, but only minutes to insert a new finding or a URL into an existing web struc-
ture. By the time a reader examines the course things will be different from what
[ originally wrote, because there are always new ideas and results to implement and
present. The virtual class discussions provide additional material for the course. All
this can easily become part of the course modules. The book allows you to work off-
line when you don’t have your computer at hand. The on-line part offers interaction
with the inscructor, and downloads of the working models.

Another opportunity opened by web-based education can be described as dis-
wributed open-source teaching, which mimics the open-source concept that stems
from the hacker culture. A crucial aspect of open-source licenses 15 that they allow
modifications and derived works, but they must also be distributed under the same
terms as the license of the original software. Therefore, unlike simply free code thar
could be borrowed and then used in copyrighted commercial distributions, the open-
source definition and licensing effectively ensures that the derivatives stay in the
open-source domain, extending and enhancing ir. Largely because of this feature, the
open-source community has grown very quickly.

The open-source paradigm may also be used to advance education. Web-based
courses could serve as a core for joint efforts of many researchers, programmers, edu-
cators and students. Researchers could describe the findings that are appropriate for
the course theme. Educators could organize the modules in subsets and sequences
that would best match the requirements of particular programs and curnicula, and
develop ways to use the tools more effectively. Programmers could contribute soft-
ware tools for visualization, interpretation and communication. Students would test
the materials and contribute their feedback and guestions, which 1s essential for
unprovements of both content and form.
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Same of chis is stil in the tuture. Perhaps if you decide ro read che hook and rake
the course on-lime, vou could hecame parr of this open-source, open-education cftort.

| believe that modeling cannot be really caught. enly lcarned, and that it s a skill
and requires a lot of practice ~ just as wher babies learn ro speak they need o prac-
rice saving words, making mistakes, and gracually learning to say them the night way.
Similarly, wich formal modeling, wichour going through the picalls and surprises of
modeting, it is not possible to understand the process properly. Learning the skill
must be a hands-on experience of all the major srages of madeling, from dara acquisi-
nen and building conceprual models o formalizing and iteratively improving sim-
ulatton models. That is why | strong.y recommend that vou look on the web, ger
voursel? a trial or demo version of some of the moedeling software that we are working
with i rhis bock, then download the medels thar we are discussing. You can chen
not just read the book, bur alse follow the story with the model. Do the reses, change
the paramorers, explore oir your own, ask questions and ery to find answers. 1 will be
way more fun that way, and it will be much more useful.

Best of all think of a topic that is of inrerest to you and start working on your indi-
widual project. Figure out what exactly you wish to tind out, see what data are availalle,
and then go through the modeling steps that we will be discussing in the book.

The web course 15 ar http/fwwwe likbes.com/AVISimmod. html, and will remain
open to all. You may wish to register and take i, You vl find where v averlaps with
the bouk, vou will be able to send your questions, ger answers and interact with other
students.

At the end of each chaprer, vou wili find a kikliography. These hooks and aroe
cles may not necessarly be about moadels in a convenncnal sense, hut they show how
complex systems should be analyred and how emergent properties appear from this
anatysis. Check our some of those references for mare in-depth veal-hfe examples of
different kind of models, svstems, challenges ard solutions.

Best of all, learn to apply your systems analysis and modeling skills i your cve-
ryday life when vou need to make small and big decisivns, when you make your next
purchase or go o vote. Learn tw look ac the system as a whole, ro identify the ele-
ments and the links, the feedbacks, controls and forcings, and o reahize how things
are interconnecred and how Ueportant it is to step back and see the big picrure, the
possible delayed effects andd the coitical states.
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1.1

. Models and Systems

Model

System

Hierarchy

The modeling process
Model ciassifications
Systems thinking

SUMMARY

What's a model? Why do we model? How do we model? These gaestions are
addressed in this chapter. It is a very basic introduction to the trade. We shall agree
on Jefinitions - what is a system, what are parameters, torcing funcuons. and bound-
anes! We will also consider some ather basic questions — how do we build a concep-
tual madel’ How are elements connected? What are the flows ot material, and where
is 1t actually intormation’ How do interactions create a positive teedback that allows
the system ta run our of control or, conversely, how do regative teedbacks manage
keep a system in shape” Where do we ger our parameters trom? We shall chen brefly
explore how models are built, and try to come with some dichctomies and classes tor
different models.

Keywords

Complexiry, resolution, spatial, temporal and structural scales, physical models,
mathematical models, Neptune, emergent properties, clements, holism, reduction-
ism, Thahdonude, flows, stocks. mteractions, hinks, teed>acks, plobal warming, struc-
ture, tunction, hierarchy, sustainability, boundaries, vanables, conceptual maodel,
modeling process.

Model

We model all the tme, even

A model is a simplification of reality though we don't think abouat

it. Wieh words thar we speak o

write, we builld models of what

we think. | used to have a poster in my office of a big gonlla scracching his head
and saving' "You think you undetstocd whar | said, but I''m not sure that what
| saidd is what | thought.” Cne of the reasons it 1s sometimes hard to communicate
is that we are not always goad at modeling our thoughts by the words that we
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Note that the models we build are detined by the purposes that they serve. It
for examgle, you only want to shaw a triend how to get to your house, you will draw
a very 5.|mp|e dl:cigTEITT‘I, avmdlng dt‘:&crlptlun of vanous plﬂcus of interest on the wWay.
However, if you want vour friend to take nouce of # particular location. you might
also show her a photograph, which s a
so are the unplementation, the scale and the details.

The best model, indeed, should strike o

s a model. [es purpose s very different, and

balance between realism and simplicity. The
The best explanation is as simple human senses secm to be extiemely well tuned

as possible, but no simpler. to the levels of complexity and resolution that
are requned o give us a model of the world

thar s adequate to our needs. Humans can
rarely disunguish objects thar are less than

Albert Einstein

L mm in size, bur then they hardly need toin
their everyday lite. Probably far the same reason, more distant oh.ects are madeled
with less derail ¢han are the clase ones. If we could see all the derails across, say, 4
5-km distance, the bram would be overwhelmed by the amount of intormanion
would need to process. The ability of the eve to tocus on individual objects, while
the surrounding prcture becomes somewhat blurred and loses detail, probably serves
the same purpose of simplifying the image the brain s currently studying. The model
is made simple, but no simpler than we need. 1f cur vision is less than 20020, we sud-
denly realize that there are cerrain important features that we can ne longer model.
We rush to the eptician for advice on how to bring our modeling capabilities back to
certain standards.

As in space, m nime we also register events only of appropriate duranon. Slow
mation escapes our resolution capacity. We cannut see how a teee grows, and we can.
not register the movement of the sun and the moon; we have to go back to the same
observation point w see the change. On the other hand. we do not operate too well
at very hugh process 1ates. We do not see how the fly moves 1ts wings. Even dniv-
ing causes prablems, and quite often the human bramn cannot cope with the flow of
imformation when driving too fast.

Whenever we are interested in more detail reganding time or space, we need to
extend the modeling capabilities of our senses and brain with some additional devices -
microscopes, telescopes, high-speed cameras, long-term monitonng devices, etc.
These are required for specitc modeling goals, specific tempotal and sparial scales.

The image created by our senses s stanic; it s a snapshot of realivy. It s only
changed when the reality iself changes, and as we continue observing we get a series
of snapshots that gives us the idea of the change. We cannot madify this madel o
muke 1t change in time, unless we use owr nagmation to play “what f?” pames.
These are the mental experiments that we can make. The maodels we create outside
our brain, physical models, allow us to study certan features of the real-life systems
even without modifving their prototypes — for example, 3 model of an airplane is
placed 1in a wind runnel to evaluate the aerodynamic properties of the real anplane.
We can study che behavior uf the airplane and its parts in excreme conditions, we
can make them actually break without risking the plane itself — which is, of course,
many tines more expensive than its model. {For examples of wind tunnels and how
they are used, see hrrp:/fwre.larc.nasa.gov/.)

Physical muodels are very usetul i the “what 17 analysis. They have been widely
used 10 engineering, hydeology, architecture, etc In Figurel.| we see a physical model
developed o study stream flow. It mimucs a real channel, and has sand and gravel o


http://wte.larc.nasa.gov/

Systems Scien and Modeling fo Ecologic Economics

A physical model to study stream flow in the Main Channel Facility at the St Anthony Falls
Laboratory (SAFL) in Minnesgta.

The model 1s over 80m long, has an intake from the Mississippi River with a water
discharge capacity of 85m? per second, and is configured with a sediment {both gravel
and sand) recirculation system and a highly accurate weigh-pan system for measuring
bedload transport rates (http://www.nced umn edu/streamlab06_sed_xpart)

represent the bedtorms and allow us ro analyze how changes in the bottom profiles can
affect the flow of water in rhe stream. Physical models are quire expensive to create
and maintain. They are also very hard ro modify, so cach new device (evenf 1t is fairly
sinular to the one already studied) may require the building of an entirely new physical
model.

Mathemarics offers another tool for modeling. Once we have derived an ade-
quare mathematical refationship for a certain process, we can start analyzing 1t in
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many different ways, predicting the behavior of the real-hfe object under varying
conditions. Suppose we have derived a model of a body moving in space described by
the equation

S=V-T

where S is the distance covered, V is the velocity and T 1s time.

This model is obviously a simplification of real movement, which may occur
with varying speed, be reciprocal, etc. However, this simphfication works well for
studying the basic principles of motion and may also result in additional Andings,
such as the relationship

T=__
V
An 1mportant feature of mathematical medels 15 that some of the previously
derived mathemartical properties can be applied to a model in order to creare new
models, at no additional cost. In some cases, by studying the mathemarical model we
can dertve properues of the real-life system which were not previously known. It was
by purely mathemaucal analysis of a model of planetary monon that Adams and Le
Verner fust predicted the position of Neptune 1n 1845. Neptune was later observed by
Galle and d’Arrest, on 23 Seprember 1846, very near to the locaron independently
predicted by Adawms and Le Verrier. The story was similar with Pluto, the last and che
smallest planer in the Solar System (alchough, as of 2006, Pluto is no longer consid-
ered to be a planet; it has been decided that Pluto does not comply with the defnition
of a planet, and thus 1t has been reclassified as a “small planet™). Actually, the model
thar predicted 1ts existence trned vut to have errors, yet 1t made Clyde Tombaugh
persist in his search for the planet. We can see that analysis of abstract models can
result 1n quite concrete findings about the real modeled world.
All models are wrong because they are
always simpler than the reality, and thus some

All models are wrong ... Some features of real-life systems get misrepresented
models are useful. ot ignored m the model. Whart is the use of

modeling, then? When dealing with some-
thing complex, we tend to study it step by
step, looking at parts of the whole and ignor-
mg some details to per the bigger picture.
Thart 15 exactly what we do when building a model. Therefore, models are essennal
to understand the world around us.

If we understand how something works, 1t becomes easier 1o predict 1ts behavior
under changing condinions. If we have built a good model that takes into account
the essential features of the real-hfe object, its behavior under seress will likely be
similar to the behavior of the protorype that we were modeling. We should always
use caution when extrapolating the model behavior to the performance of the proro-
type because of the numerous scaling 1ssues that need be considered. Smaller, simpler
models do not necessarily behave i a similar way to the real-life objects. However,
by applying appropriate scaling factors and choosing the right materials and media,
some very useful results may be obrained.

When the object performance 1s understood and 1ts behavior predicred, we get
additional information to control the object. Models can be used to find the most sen-
sitive components of the real-hfe system, and by modifying these components we can
cfficiently tune the syscem into the desired state or set 1t on the required trajectory.

William Deming
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energy (ught, heat, elecrricity, etc.}, maney, etc. It s something that can he meas-
ured and tracked. Also, if an element is a donor ot this substance the amount of
substance mn this element will decrease as a result of the exchange, while at the same
time the amount of this substance will increase in the receptor element. There 15
always a mass or energy conservation law in place. Nothing appears from nothing,
and nothing can disappear o nuwhere.

The second type of exchange is an infermation How. In chis case, element A gets
the information about element B. Element B at the same time may have no mfor-
mation about element A Even when element A gens information abour B, element
B does not lose anything. Infarmation can he about the state of an element, abour
the quantity that it contans, abour s presence ot absence, etc. For example, when
we sit down for breaktast, we ear food. As we eat, there 15 less food on the table and
mare food i our stomachs. There 15 a flow of material. At some point we look at the
clock on the wall and realize that it is me to stop eatng and go to work. There is a
flow of infurmanon from the clock to us. Nothing has been taken from che clack, yet
we learned something from the information fow that we used.

When describing flows m a system it 15 useful to identity when the flows play a
stimulaning or a dammpening effect. For example, cansider a popilanian growth process.
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Hierarchies in systems

Systems may be preserted as interacting subsystems. Systems thernselves interact as
parts of supra-systems. There are various hierarchical levels that can be iWdentified to
improve the descriptions of systems in models Elements in the same hierarchical level
are usually presented in the same level of detail in the space-time-structure dimensions.

same level. However, lower levels of those suntlar systems are hardly important tor
rhis system. They enter the higher levels in terms of their function; the individual
elements may be negligible but their emergent properties are what matter. Fiebleman
describes this in his theory of integrative levels as tollows: “For an organism at any
given level, its mechanism lies at the level below and 1ts purpose ac che level above”
(Fiebleman, 1954: 61).

For example. consider a student as a system. The student 15 part of a class, which
is the next hierarchical level. The class has certain properties that are emergent for
the set of students that enter 1t. Ar the class level, the only thing that is important
about students is their learning process. It does not matter what individual students
had tor breakfast, or whether they are tall or shorr. On the other hand, their indi-
vidual ability to learn is afiected by theuw individual properties. If a student has a
headache after the party on the night before, he or she probably will not be able to
study as well as a neighbor who went to the gym instead. The class as a whole may be
character:zed by a certain degree of academic achievement that will be different from
the talents and skills of individual students. yet that will be the benchmark that the
teacher will consider when working with the class. Fach student affects this emer-
gent property to a certain extent, but not entirely. On the conrrary, the class average
affects each indivadual student, setting the level of instruction that s to be offered by
the teacher. Different classes are assembled into a school, which 1s the next level in
the hierarchy. Schools muay be elements in 4 Regional Division. and so on.

At the other end of this hierarchy, we can stast by "decomposing” each individ-
ual student, looking at his or her body organs and considering therr functions — and
so on, until we get to molecules and atoms. There are many ways we can carry out
the decomposttion. Instead of considering a student as an element of a class, we may
look at that student as an element al a tamuly and build the hierarchy in a difterent
way. As with inodeling in general, the type of hierarchy that we create is very much
driven by the goals of our study The hierarchical approach 15 essential in order to
place the study object wichin the context of the macro- and micro-worlds — that is,
the super- and subsystems — relative to it
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According to T. Saaty (1982). “hietarchies arc a fundamental tool of the human
mind. They involve identifying the elements of a problem, grouping the elements
into homogeneous sets, and arranging these sets in different levels.” There may be a
variety of hierarchies, the simplest of which are linear - such as unwverse — galaxy —
constellanon — solar system — planet — ... — molecude — atom — nucleus — proton.
The more complex ones are networks of interactung elements, with multiple levels
attectuing each of the clements.

ft 1« important to remember
that there are no real hierarchies in
the world we study. Hierarchies are to understand a systew and to communicate
always creanons of our brain and our undevstanding to others.
arc driven by our study. They are
just a useful way to look a1 the system, to understand it, to put 1t in the context of
scale, ot other components that affect the system. There 15 nothing objecuve abodt
the hierarchies that we develop.

For example, consider the hierarchy that can be assumed when looking at the
Earth system. Clearly, there are ecological, economic and social subsystems. Neo-
classical economists may forget abeut the ecelogical subsystem and put together their
theories with unly the economic and social subsystems i mind. That 1s how you
would end up with the Cobb-Douglas production function that calculates outpur as
a tunction at labor (social system) and capital (economic system).

Environmental economists would certainly recognize the importance of the eco-
logical system. They would wane to take into account all three subsystems, but would
think about them as if they were acting side-hy-side. as equal components of the whole
(Figure 1.4A). For them, the production function is a product ot population {labor),
resources (land) and capital. All three are equally important, representing the social,
natural (ecological) and economic subsystems, respectively. They are also substiturable:

Hierarchues do not exist We make thew up

you ¢an cither work more or invest more o get the same result. You can also come up

Social

Social

Social

Ditferent ways 10 present the ecologicat-economic—social bierarchy in the Earth system.
Hierarchies are subjective and serve particular purposes of the analysis.
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Wa voll bo considenng sustainabilily and austainable developmant in moea detal in Chapiter 7.
Here, le1 us use 1this notion to damonstrale how aystama and herarches may ba 4 uselul 100l
ior some fas-ceaching conclusions The Workd Commission on Emvwionment and Development
WCED. 1987) introducad the idea of sustainability savaral dgcadas »0o. but thara 1s still no
single ageeod delinition for ir. Most would agree 1hat [1 implies that 2 aysiem is 10 ha man-
1ained a1 a certain lavel, hald vathin cartain [imuts Susianabdity denles tun-sway growih, but
also precludes any substantial sat backs o¢ culs Whila mast - probably all - natural systema
go thiough a renewal ¢ycle. whare growth is follovsed by decline and evaniudl disintegration.
austansbility in a way has the goal of preventing tha syarem liom declinng end collapang.
Onginally the Brunaand Commissio~ came up with the concapt of susta—abeity at the glo-
ba! level, 88 A way 10 protect our teosphere from becoming uninhahitable by humans, snd
human lives bacoming fu!l al suffering and tummail because of the tack of natural resourzes
and agsimilative capacity af the planet

However, samshow In the anviipnmental movemant the goai of sustanability was
transalaied nto tha regional and local levels. Indeed. me famous Schumacher 1028 of ~Think
gl'cbally - act locally™ apparertly means thal the abvious path 10 global susianabdity s
through making sure 1hal ouwf logal systems are sustiainabwe. 18 that really the ¢ase? Lel us
apply 1ome ol 1he 1deas about hiararehies and systams

Keep in mund that ranewal abowa ‘or raadusiment and adaptation Howewel it is the
nex1 hiorarchwca! lgved that henefits froen 1his adaptation Renswal in componenis helps a sya-
1am 10 peraisl; therefora. for a higrarchical sysiem 10 axtend (18 existance 10 be susiangbie.
i12 Bubsysiems need to 9o thiough conevat! Cycies. |1 ttus way. the death of subsystems con-
inbutes 10 the sustza~abily of the supra-systam, prowding materisi and space for reorgan
28%ian and adapistion. Costanza and Pangn {1995: 196), Ioeking 81 sustamability i 1erms ot
componant longawty or existance time. racognaed 1hal “evolution. cannal oCcur unless thaie
is hmited langawity af *he companent parts so that new alternanvas can be salectad *

Sustainahility of a system bonows ftom suslainabebty of a supra-svitern and rests on
lack of sustamabsiity in subsysiema. This awght De “ard 10 percavn, because ai first glance
it seams 1hat a systam made of sustainabla, lasting componenis should be sustginadls as
well. Hovaver, in sys1iems theory 1 has been long recognized that “the whole is mere 1than
the sum of parts® von BeralanHy, 1968 55}, 31 a aystem function is not provided only by
the functions of its companents, and therefdia, 1n facl. system sustainability is not a prad-
uct of sustainable parts and wica versa. Thia i eapeaally true fo° living, dynamicalty evalwng
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Exercise 1.4

1. Commider & (166 10 & lo as1 and deszrbe the [alevar t I gigln A" rwoond Le T wve 4
“above™ and "belows ¢ Moy 40 vOu tlscide vehat (O vt dde = mee~ w3

2. Think of an gxarmple ‘Aher a svsiam 3 a¥ected by & cvee™ ° Wwwe s aCOwE =
chy. but & not ¢'lestad Dy (ne syslem 2 vals aOove -© 154 =013 ™ 1 T8 D4 -T

3. 1 a systam apllapses «hea ofli can sudsya1eMms sufvve

The maodeling process
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all of rthem, or some of them are entirely unknown? Which are the limiting ones,
where are the gaps in our knowledge? What are the interactions berween the
elements?

We mighr already need 10 go back and forth from the goals to the data sets. If
our knowledge is insufhicient for the goal in mind, we need either to update che data
sets to better comply with che goals, or to redefine the goals to make them more fea-
sible ar the existing level of knowledge.

By answering the basic questions about space, time and structure, we describe
the conceprual model of the system. A conceprual model may be a mental model, a
sketch or a flow diagram. Building the righc conceptual model leads us halfway
success. In the conceprual model, the following components of the system should be
clearly identified.

1. Boundaries. These distinguish the system from the ovtside world in both time and
space. They are inportant in deciding what marerial and information flows into
and out of the system, which processes are internal (endogenous) and which are
external (exogenous). The outside world 15 something that we assume is known
and do not try to explore in our model. The gutside world mareers for the model
only in terms of irs effects upon the system thar we are studying.

2. Variables. These characterize the elements in our system. They are the quanrities
that change 1n the system thac we analyze and reporr as a result of the modeling
exercise. Among variables, the following should be distinguished:

o Srate variables, or ourput variables. These are che outputs from the model. They
are decermined by nputs thac go o the model, and by the model’s internal
Qrganization or wiring.

o Intermediate or auxiliary vaiiables. These are any quantities defined and com-
puted in the model. They vsually serve only for intermediate calculations; how-
ever, in some cases looking at them can help us to understand what happens
“under the hood” in the model.

3. Parameters. These are generally all quantiries that are used ro describe and run a
model. They do nor need to be constant, bur all their values need to be decided
before the model runs. These quantities may be turther classified into the follow-
INg categories:

o Boundary conditions. These describe che values along the spatial and tempo-
ral boundaries of a syscem. For a spatially homogeneous system we have only
inwrial condirions, which describe the srare of the variables at time ¢ = C when
we start the model, and the length of the model run. For spatally distributed
svstems. in addition we may need to define che canditions along the koundary,
as well as the geometry of che boundary itself.

e Consrants or paramerers in a narrow sense. These are the various coefhicients
and constants measured, guessed or found. We may want to distinguish between
real constants, such as gravity, g, and, say, the half-saturation coefficient, K,
in the Michaelis—Menten function that we will consider in the next chaprer.
While both of them take on constant values in a parricular model run, g will be
always the same from one run to ancther, but K may change quite substantially
as we improve the model. Even if K comes from observartions, 1t will normally
be measured wich certain error, so the exact value will not be really known,

e Forcing funcrions. These are paramerers that describe the effect of the out-
side world upon the system. They may change in time or space, but they do
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not tespond to changes within the systemn They are external to 1t dnven by
processes v the Ingher herarchieal levels, Climatie conditions (raiofall, 1em-
perature. vic.) vertainly affect the growth of tomatoes i my garden, but the
tomatoes hardly affect the temperature or the rontall parterns. It we build a
model of tomate groweh, thee wmperature will be a forcing tunction.

e Control functions. These are also parameters, except that they are allowed to
change 1o see how their change atects systems dynamics. It s like tuning the
knok an a radio set. Every nine the knok s disled o a cerram posicion, hut we
krow that it may vary and will result in a ditferent pertormance by the system.

Note that in some texis parameters wall be assumed only in the narrow sense of
constants that may somerimes chinge, like the growth rate or halt-saturation coet-
ficients. However, this may ke somewhat confising, since torcing functions are also
snch parameters (f they are fixed. Suppose we want to run a model with the tem-
perature held constant and equal o the mean over a certan peried of time - ~ay,
the 6 months of che growth scason tor a crop. Then suppose later on we want to feed
into the model the actual data thar we have measured tor temperature. Temperature
v now no longer o constant, but changes every Jday accordimg o the recorded rume
series. Does this mean that temperature will no longer be a parameter’ For any given
inoment ¢ will stull be a constant, Tt will anly change trom time ta rime according
to the data available. Frobably, 1@ would make sense seill w treat it as a parameter,
except now 1t will be ne lunger constant but will change accordingly.

Suppose now that we approximare the course of temperatures by a function with
same consbiinis [I'IH[ C(_lt‘ltf(‘)' TI'IL' fll‘rm ()i {hl.‘! funcion. Suppﬂbe WE 1R th‘ sne fIInC’
non and have parameters tor the amplhitude and the perind. Now emperature will na
longer ke a parameter. Note that we no longer need 1o define all the values lor tem-
peratnre before we hit the "Run™ button. Instead, temperature will become an inter-
medurte variable, while we will have two new parameters i the sine function that
now specthes temperature — wne parameeer (B = 4) will make the period equal w 6
months, the otler parameter (A} will define the amplinude and make the temperature
change from & mivumal valoe {Q) o the maximal value (40, of A = 20} and back over
this |1erind ol time, as m the fenction:

Temperature = A * SIN ¢ - 5— + A
365 2

where tis time, 7 v a constant ® = 3. 14, and A and B are parameters. [t B = 2, then
thie period will change from 6 to 12 months. Both A and B are set before we start
running the model.

(here may be o number of ways to determine model parameters, including the
fullowing.

L. Measnrernents in sitn. Thus s profubly the best method, since the measurements
denne the value ol exacely what 1s assumed in the imedel. However, such measuie-
ments are the mmst labor- and costantensive, and they also come with large mar-
gins of error. Besides, in many cases such measurements may not be possible ar all,
it o purameter represents some apgrepated value oran extreme condion that may
oot ocenr in realiey (tor example, the maximmal emperatare for o poputaton
tolerate — this may differ from one organism to another, and such conditions may
te hard to ind 1n reality ).
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2. Expenments 1n the lab (in vitro). These are usually performed when in siru exper-
iments are impossible. Say we take an organism and expose it to high remperatures
to find out the limirs of its tolerance. We can creare such conditions artificially in
a lab, but we cannot change the temperature for the whole ecosystem.

3. Values from previous studies found from literature, web searches or personal com-
munications. If data are available for similar systems, it certainly makes sense to
use them. However, always keep 1n mind that there are no rwo dentical ecosys-
tews, so tt is hikely chat there will be some error in the parameters borrowed from
another case study.

4. Calibration (see Chaprer 4). When we know whart the model output should look
like, we can always tweak some of the parameters to make the model perform at
i1ts best.

5. Basic laws, such as conservation principles and rherefore mass and energy balances.

6. Allometric principles, stoichiometry, and other chemical, physical, etc., proper-
tes. Basic and derived laws may help to establish relationships between param-
eters, and therefore identify at least some of them based on the other ones already
measured or estimated.

7. Common sense. This always helps. For example, we know that population num-
bers cannot be negative. Setting this kind of boundary on certain parameters may
help with the model.

Note that in all cases there s a considerable level of uncertainty present in the val-
ues assigned to various model parameters. Further testing and tedious analysis of the
model is the only way to decrease the error margin and deal with this uncertainty.

Creating a conceptual model is very much an artistic process, because there can
hardly be any exacr guidelines for that. This process very much resembles that of per-
ception, which s individual to every person. There may be some recommendarions
and suggestions, but eventually everybody will be doing it in his or her own personal
way. The same applies to the rest of the modeling process.

When a conceptual model 1s creared, it may be useful to analyze it with some tools
borrowed from mathematics. In order ro do this we need to formalize the model - thar
is, hnd adequate mathematical terms to describe our concepts. Instead of concepts,
words and images, we need to come up with equations and formulas. This is not always
possible, and once ugain there 1s no one-to-one correspondence between a conceptual
model and its mathematical formalization. One formalism can tum out to be better
for a particular system or goal than another. There are certain rules and recommenda-
tions, but no ultimate procedure 1s known.

Once rhe model 15 formalized, its further analysis becomes pretty much techni-
cal. We can first comparve the behavior of our mathematical object with the behavior
of the real system. We starr solving the equations and generate trajectories for the
variables. These are to be compared with the data available. There are always some
parameters that we do not know exactly and that can be changed a little to achieve
a better fit of the model dynamics to the one observed. This is the so-called calibra-
tion process.

Usually 1t makes sense to first identify those parameters that have the largest
effect on system dynamics. This is done by performing sensicvity analysis of the model.
By incrementing all the paramerers and checking out the model inpur, we can iden-
tify to which ones the model 1s most sensitrve. We should rhen focus our attention on
these parameters when calibrating the model. Besides, if the model has already been
tested and found to be adequate, then model sensitivity may be translated mto system
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sensitivity: we may conclude thar rhe system is most sensitive ro certain parameters
and therefore the processes that these parameters describe. If the calibration does not
lovk good enough. we need to go back to some of rhe previous steps of cur modeling
process (reiterate). We may have got the wrong conceptual model, or we did nor for-
malize 1t properly, or there is someching wrong in the data, or the goals do not match
the resources. Unfortunacely, once again we are plunged inro the imprecise “artistic”
demain of model reevaluatuon and reformulation.

If the ft looks good enough, we nught
want to do another test and check if the model
behaves as well on a part of the data that was
not used in the calibration process. We want
to make sure that the model indeed represents

You dow't build a weodel asing down a strasaht the system and not the particular case that was
path. You budd a 'ml?dé’!ﬁoﬂfﬁ w ceveles. described by the data used 10 tweak the param-

1.5

eters in our formalization. This is called che
validation process. Once again, 1f the fit does not match our expectations we need o
go back to che conceprualization phase.

However, if we are happy with the model petformance we can actually start using
tt. Already, while building the model, we have increased our knowledge about the
system and our understanding of how che systein operates. That 15 probably the major
value of the whole modeling process. In addition ro that we can start exploring some
of the condiuens rhat have not yet occurred i the real system, and make esumates
of 1ts behavior in these conditions. This is the “what if”" kind of analysis, or rhe sce-
nario analysis. These results may become important for making the right decisions.

Model classifications

There may be several criteria used to classify models. We will consider examples of
many of the models below in much more detail in the following chapeers. Here we
give a brief overview of the kinds of models chat are out there, and try to hgure ways
to put some order in cheir descriptions. Among many ways of classifying the models
we may consider the following:

1. Form:in which form is the model presented?
e Conceptual (verhal, descriptive) = only verbal descriptions are made. Examples
inctude the following.

- A description of direcrions to my home: Take Road 5 for § mules East, then iake
a left to Main Street and follow through rwo lights. Take a vight to Cedar Lane. My
house is 3333 on the left. Thus is a spatial model of wy house lucation relative
to a certain starting point. | describe the mental model of the route to my
house in verbal terms.

— A verbal portrawt of a person: He is wail with ved hair and green eyes, his cheeks
are pale and his nose s pompled. His left ear is larger than the night ome and one of
fus front teeth is missing. This is a static verbal model of a person’s face.

- Verbal description of somebody's behavior: When she wakes up in the morn-
ing, she is slow and sleepy unul she has her fast cup of coffee. After that she starts
0 move somewhat faster and has her bowl of ceveal with the second cup of coffee.
Only that brings her back to her normal pace of life. Thus is a dynamic condi-
tional verbal model.
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- A verhal description of a ranfall event: Ramfall occurs every now and then. If
rentperamure is heliae 0°(C) (22 F) the ratn is called snow and it is accumulated as
saow ar ice on the tervain. Otherwese 1t comes m liquid form and part of it mflraies
taca the subsurface laver and adds (o the unsaturated storage underground. The rese
stays on the surface as surface water.

Conceproal (diagrammaric) - in some

casts a guod drawing may be worth a

thousand words. Exanples include the

tollowing.

- A disgran thar may explain your
model even hetter than words.

- A drawing or an image s also a
madel. [0 some cases it can offer  we are here
much more informanion than the
verhal desciiption, and may be also
easier to understand and communi-
cate among people. Also note char
I same cases a1 digram can exclude some of the uncer-
tainties that may come from the verbal deseniprion. Far
exampte, the verbal model cited above menuoned the
left ear, but Jdid not specify whether it is the person's

b riles

left car o the person’s lett car as seen by the vbserver,
This ambipuity disappears when the image is offered.

- Dynamic featares can be included in an animation or a
Gutoon,

- A conceprual madel ot the bvdrologic cvcle.

Transpiration
.—)TJ\, Y
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L. oo ooh
Evaporation Precipitalion \\ WL
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\ i Y N\ 3
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Dwverlanc
flow Infiltrationjr
Surlace waler ’ Unsaturaled water
MF o e n KSurface— Percolation
saluraled & upflow
exchanges
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flow

s 'hysical - a reconstruction of the real object at a smaller scale. Examples
include the tollowing,
- Matchbox ty cars.
~ Remembur thuse munneguing they put in cars to crash them against a brick
wall and sce what happens to the passengers’ Welll those are models of
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humans. They are no good for scudying 10Q, bur they reproduce cerrain features
of a human body that are important to design car safety devices.

- Anairplane model 1n a wind tunnel.

- A fairly large (about 50-m long) model was created in the 1970s to analyze
currents in Lake Balacon (Hungary). Large fans blew air over the model and
currents were measured and documented.

— A physical model to study stream flow (see Figure 1.1).

e Formal (mathemarical) — chat is when equations and formulas reproduce the
behavior of physical objects. Examples include the following.

- Q=mC{f — ) —-amodel of heat emiccted by a body of mass m, when cool-
ing from temperacure £, to temperacure t-. C is che heat capacity parametet.

- Y = Yy 7" — a model of an exponentially growing population, where Y is
the intcial populacion and d is doubling time.

2. Time: how 15 time treated in the model?

e Dynamic vs static. A stacic model gives a snapshot of the realicy. In dynamic
models, time changes and so do the variables 1n the model. Examples mnclude
the following.

— A map 15 a static model; so is a photo.
— A carcoon is a dynamic model.
— Differential or difference equations are dynamic models.

e Continucus vs discrece. Is time incremented step-wise in a dynamic model, or 1s
it assumed to change constancly, in infinitesimally small increments’ Examples
include the following:

— You may warch a roy cac roll down a wedge. Ir will be a physical model wirh
continuous time.

— Generally speaking, systems of differential equations represent continuous
time models.

— A difference equation 15 a discrete model. Time can change, but it is incre-
menced in steps {1 minuce, 1 day, | vear, ecc.)

— A movie is a discrete model. Motion 15 achieved by viewing separate images,
taken at certain intervals.

e Stochastic vs deterministic. In a decerministic model, the stace of the system
at the next time step 15 entirely defined by the state of the system at che cur-
rent time scep and the transfer functions used. [n a stochastic model, there may
be several fucure states corresponding to che same current state. Each of these
future states may occur with a certain probability.

3. Space: how 1s space treated in the model?
e Spaual vs local (box-models). A point model assumes that everything 1s homo-
geneous (n space. Either it looks ac a specific localicy or it considers averages
over a certain area. A spatial model looks ac spatial vanabilicy and considers
spatially heterogeneous processes and variables. Examples include the following.
— A demographic model of population growth n a cuwy. All the population
may be considered as a point variable, the spacial discribution is not of inter-
est, and only the toral population over the area of the ciry 1s modeled.

~ A box model of a small lake. The lake 1s considered to be a well-mixed con-
camer, where spatial gradients are ignored and only che average concentra-
nons of nutrients and biora are considered.

— A spanal hydcologic model. The watershed 1s presented as an array of cells
with water moving from one cell to another downbhill, along the elevation
gradient.
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e Contmuous vs discrete. Like time, space may be represented either as continu-
ous or as a mosaic of uniform objects. Examples include the following.

- A painting vs a mosaic. Both represent a spatial picture and both look cuite
similar from a distance. However, at close observation 1t is clear that smooth
lines and color changes n a painting are substicuted by discrete uniform ele-
ments in the mosaic, which change their color and shape in a stepwise manner,

— Differential equations or equarions in partial derivatives are used for con-
tinuous formalizations.

- Finite elements or difference schemes are used to formalize discrece models.

4. Srructure: how is the model structure defined?

o Emprrical (black-box) vs process-based (simulation) models. [n empirical mod-
els, the output is linked to the mput by some sort of a mathematical formula
or physical device. The structure of the model is not important as long as the
input signals are translated into the output ones properly — that is, as they are
observed. These models are also called black-box models, because they operate
as some closed devices on the way of the informacion flows. [n process-based
models, individual processes are analyzed and reproduced in the model. [n any
case, it 15 not possible to go into all the details or to describe all the processes in
all their complexity (it would not be a model then). Therefore, a process-based
model may be considered as being built from numerous black boxes. The individ-
ual processes are still presented as closed devices or empirical formulas; however,
their interplay and feedbacks between them are taken into account and analyzed.

e Simple vs complex. Though qualitatively clear. this distinction might tum out
to be somewhat hard to quantify. [t 15 usually defined by the goals of the model.
Simple models are built to undersiand the system 10 general over long time
intervals and large areas. Complex models are creared for detailed scudies of par-
ticular system functions. The increased structural complexity usually has to be
compensated by coarser temporal and spatial resolutions.

5. Method: how is the model formulared and studied?

e Analytic vs computer models. Analytical models are solved by finding an ana-
lytical mathematical solution to the equations. Mathematical models easily
become oo complex to be studied analytically. [nstead, numerical methods are
derived that allow solving equations on a computer.

e Modeling paradigm.

Stock-and-flows or systems dynamics models assume that the system can

be represented as a collection of reservoirs (that accumulate biomass,

energy. material, etc.) connected by pipes (that move the material between
1eservoirs).

— Individual- (or agent-) based models. These describe individual organisms as
separate entities that operate in time and space. There are rules that define
the behavior of these agents, theii growth, movement, etc.

— Network-based models.

- Input/oucput models.

- Artificial neural networks.

6. Field-relaced classification: what field is the model in {e.g. ecology)?
e Population models. These are built to study the dynamics and structure of
populations. A population 1s easily characterized by its size, which may be why
population ecology 1s probably the most tormalized branch of ecology.
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o Community models take several populations and explore what happens when
they interact. The classic predator—prey or host—parasite systems and models of
crophic interactions are the most prominent examples.

o Ecosystem models atcempr to represenc the whole ecosystem, not just some
components of it. For example, a model has been developed for the wetland
ecosystem in the Florida Everglades (hrep://my.sfwmd.gov/pls/porealiurl/page/PG_
SFWMD_HESM/PG_SFWMD_HESM_ELMMavpage=elm). It includes che
dynamics of water, nutrients, plants, phvtoplankton, zooplankron and fish. The
goal 15 to understand how changes in the hydro-peried affect the biota in
that area, and how che biota (plancs) affects hydrology.

7. Purpose: what is the model built for?

o Models for underscanding would normally be simple and qualitative, focusing on
particular parts or processes of a system — for example, the predator—prey model
that we consider in Chapter 5.

o Models for education or demonstration. These are bult to demonstrate particu-
lar features of a system, to educate students or stakeholders. For example, the
well-known Daisy World model 1s used to demonstrate how the planet can self-
regulate 1ts temperacure, using black and whice daisies (See htep:/fwww.nfor-
matics.sussex.ac.uk/research/projects/daisyworld/daisyworld.htm! for more about
the model or huep://library.thinkquest.org/C003763/flash/gaial .hem for a nice
Flash animation).

o Predictive models are detaled and scrupulously tested simulations that are
designed to make real decisions. A perfect example is a weather model that
would be used for weather forecasts.

o Knowledge bases. Models can serve as universal repositories of informanon
and knowledge. In this case, the model structure puts various data in a context
providing conceptual links between different qualitative and quanoitavive bis
of information. For example, che Multi-scale [ntegrated Models of Ecosystem
Services (MIMES ~ hrepf/www.uvm.edu/giee/mimes/) organizes an extensive
body of information relevant to ecosystem services valvanion in five spheres:
anthroposphere, atmosphere, biosphere, hydrosphere, and hithosphere.

Systems thinking

In more recent years, people have really started to appreciate the importance of the
systems apptoach and systems analysis. We are now talking about a whole new mindset
and worldview based on this understanding of systems and the interconnecred-
ness between components and processes. Wich systems we can look at connections
between elements, at new properties that emerge from these connections and feed-
backs, and ac the relationships between the whole and the pact. This worldview 1s
referred to as “systems chinking.”

The roots of systems thinking go back to studies on systems dynamics at MIT led
by Jay Forrester, who was also the inventor of magnetic-core memory, which evolved
into the random access memory used in all computers today. Even though back in
1956 he never mentioned systems thinking as a concept, the models he was building
clearly chiseled out rhe niche that would be then filled by this type of holistic, inte-
grative, cross-disciplinary analysis. With his background in electrical and computer
engineermng, Forrester has successfully applied some of the same engineering principles
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ro social, economic and environmental problems. You can find a certain resemblance
between electric circuits and systems diagrams that Forrester has introduced. The ticles
of his most famous books, Industric! Dynamics (1962), Urban Dynamics (1969) and
World Dynamics (1973), clearly show the types ot applications that have been studied
using this approach The mamn idea 15 to focus on the system as a whole. lnstead of
cradicional analyeical methods, when in order to study we disintegrate, dig nside and
study how parts work, now the focus is on stud=ying how the whole works, how the
parts work togecther, what the funcrions are, and whar che drivers and teedbacks are.

Forrester’s works led to even more sophisticated world models by Donella and
Dennis Meadows. Their book, Limits to Growth (1972), was published in paperback
and became a nacional bestseller. Systems dynamics got a major boost when Barry
Richmond at High Performance Systems introduced Stella, the first user-friendly
icon-based modeling sottware.

Despite all the power and success of the systems dynamics approach, it still has
its limits. As we will see later on, Stella should not be considered to be the ultumate
modeling tool, and there are other modeling systems and modeling paradigms that
are equally important and useful. It would be wrong to think that systems approach
and the ideas of systems thinking are usurped by the systems dynamics methods.
Systems can be described in a variety of different ways, not necessarily using the
stock-and-flow formalism of Stella and the like.

Systems chinking is more chan just systems dynamics. For example, the so-called
Lite Cycle Assessment (LCA) 1s clearly a spin-off of systems thinking. The idea of
LCA is chat any economic production draws all sorts of resources from a wide variery
of areas. If we want to assess the true cost of a certain product, we need to take into
account all the various stages of 1ts production, and estimate the costs and processes
that are associated with the different other products that went into the production
of this one. The resulting diagrams become very complex, and there are elaborate
databases and econometric models now available to make these calculations. For
example, to resolve the ongoing debate about the efficiency of corn-based ethanol as
a substitute for otl, we need to consider a web of interactions (Figure 1.6) that deter-
mine the so-called Energy Return on Energy Invested (EROEL). The 1dea is that you
always need to invest energy to derive new energy. If you need to invest more than
you get, it becomes meaningless to run the operations. That is exactly why we are
not going to run out of oll. What will happen 1s it will become more expensive in
terms of energy to exrract it than we can gain from the product. That 1s when we
will stop pumping oil to burn it for energy, but perhaps will still extract 1t for other
purposes. such as the chemical industry or material production.

So it eg,, is the amount of energy produced and e;, 1s the amount of energy used
in production, then EROEL e = e, /e,, In some cases the net EROEI index 1s used,
which is the amount of ¢nergy we need to produce to deliver a unit of net energy to
the user: ¢’ = ey /(6w €n). Ore’ = ef(e—1). As we unwind che various chains of
products and processes that go nto the production of energy from corn, the EROE]
dramatically falls. The current estimarte stands at about 1.3, and there are still some
processes that have not been ncluded in this estimate. A true systems thinking
approach would require that we go beyond the processes in Figure 1.6 and also look
at social impaces as well as further ecological impacts, such as the eminent deforesta-
tion that is required for expanded corn production, and the loss of wildlife that will
follow. Taking all chat into account, the question arises: with an EROEL of 1.3 or
less, 15 1t worth 1t? To compare, the EROEI for crude oil used to be about 10C; nowa-
days it 1s falling to about 10.
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The modeling process 15 very well described by Jakeman, A |.. Letcher R A, and Norton ].P.
(2006). Ten iteratve steps in development and evaluation of environmental models.
Environmental Modelling and Software: 21( 3): 602-614.
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sthinkinglearn.html gwes a good overview of the field. Another good meroduction 1s avadable at
heep://www.thinking.net/Systems_Thinking/Intro_to_ST/mntro_to_st.hunl
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John Wiley & Sons.; (1973) World Dynamics, Wright-Allen Press; and a general overview in
his 1968 book. Principles ofi Systems, Pegasus Communications.
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. The Art of Modeling

Conceptual model
Modeling software
Modei formalization

“How to avoid false proof?

WN~

allow no hasty and predetermined judgment;

. decompose each difficult problem into simple ones that you can resolve;
. always start with simple and clear, and gradually move on to more

complex;

. make complete surveys of all done before and make sure that

nothing is left aside.”

Descartes

SUMMARY

There 15 really a lot of art i budding a good model. There are no clear rules, only
guidelines for good practice. These are constantly modified when required by the
goals of modeling, the data available, and the particular strengths and weaknesses
of the research team. In many cases 1t 15 possible to achieve the samce level of success
coming from very different directions, choosing ditferent solutions. However, there
are certain steps or stages that are common to most models. It s important to under-
stand these and learn to apply them. Any system can be described in the spatial,
temporal and structural context. It s important to be clear ahout these three dimen-
sions wt any model, to avoid inconsistencies or even errors.

We start with a conceptual incdel describing the system in general terms, qualita-
tively.  needed, we will then fnd the right quantitative formalizations for the proc-
esses involved. We may apply theoretical knowledge or rely on data trom another
similar system to do this, or we can base our search on data that are available only
tor the parnicular system we are studying and try ro reproduce these in our equations
As a result, we will get either process-based or empirical "black-box" models. They
both have their strengths and weaknesses.

A brief inuaducticn t Stella, a systems dynamics modeling package, is pre-
sented, with step-by-step instructions tor madel building using this formalism.

29
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lt 1s impartant to have a version of this or other similar sutoware (Madoana, Sinule,
Vensim, or the like) and start practicing, since modeling is like playing a piano — it is
hard to learn to do i only by reading books and listening o lectures. You have to get
your hands dircy and Jdo it yourself.

Keywords

Time. space, structure, conceptual models, resolution, Supertund, bialogical time,
grids, black bux models, empirical models, process-based models, Bonmunis paradox,
systems dynamics, software, Stella, stocks and flows, exponential growth, hmiting
taciors, Michaelis- Menten funcoion.

There is nv predefined prescription for how w build a good model 1o is the model-
budding process itself that is maost valuable tor a better understanding of a system, far
exploring the interactions between system components, and tor wWdenzifying the pos-
sible erreces of various toraing functicns upon the system. Once the model has been
built w15 a useful ool to explain the system properues. and in some cases may lead
e new luudiugs abowt the system, but i is clearly the process of modeling that adds
mast e our knowledge about and understanding ot the system.

Even though we do not know the ultimare model-making algorithm, we are
aware of some key rules that are always usetul ta keep in mind when creating a model.
By adhenng t them, a grear deal of frustration and various crises can be avoided. The
list of such rules can be quite long, and varies slightly for every modeler and every
modeled system. Therefore, as in arc in modeling — experience is probably che most
valuable asset, and there 5 no way to avard all errors. We can only try to Jdecrease
thesr number

Conceptual model

I mast cases. the madeling process stares with a conceptual model. A conceproal
mudel 15 a yualitative descripiion ot the system, and @ good conceprual madel 15 hali
the modeling ettart. To create a conceptual model, we need o study the systerm and
cellect as much intenmation as possible both abour the systemn wseli and about simi-
lar systems studied elsewhere. When creating a conceptual model, we start with the
goal of the study and then try to explain the system thar we have in cerms that weuld
march the poal. In desigring the conceprual model, we decide what tempaoral, spa-
tial and strucrural resclutions and ranges are needed for our study re reach the goal.
Reciprocally, the conceprual model eventually becomes inportant w refine the goal
of madel development. [n many cases the poal of the swudy 15 quite vague, and i1t 1s
only after the conceptual model has been created and the avaitable data sets evalu-
ated that the goals of modeling can become clear. Modeling is an essentially iteratve
macess. We cannot prescnibe a seguence ol steps that take us to the goal; it is an
adupuive process where the target 15 repeatedly adjusted and moved as we go along,
depending both on our modehng progress and on the external conditions thar imay
be changing the scape cf rhe study. ke s ke shaoting at @ moving rargel — we cannot
make the target stop to take a good gim and then stare the process; we need o learn
o readjust, 1o rehne our madel as we go. Bulding a goed conceprual model is an
important step on this path.
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Temporal domain

In the temporal domain, we hist hgure cut the specific rates (resolution) of the man
processes that we are to model and decide for how long (range) we want w observe
the system. If we are looking at bacterial processes with microorganisms developing
and changing the population size within houss, it is unlikely thar we would want to
track such a system for over a hundred vears. On the other hand, if we are modeling
a forest we can probably ignore the processes that are occurrg within zn hour, but
we would want to watch thus system for decades or even centurices.

If there is hittle change registered over the study pernied, the model may not need
to be dynamic. It may be static and focus on other aspects of the system. For example,
a photo can be a snapshot that captures the state of the system at a particular moment,
or a series of snapshots can be averaged over a certain time interval. In a way every
phote is hke that,
since 1t 18 never
really instantancous.
Some time needs t
pass  between the
moment the shut
ter opens and the
mement it closes. A
picture on a photo
can be just a lictle
Bit Elurred, repre-
senting the change
in the system while
the shuter  was
open, and we may

not even notice it
if the exposure was
short  enough.  In
some photos where
the expusure was
not set right this
comes  out  quite

A phero as a snapshot may nel be an instantansous
model. it may actually represent averages over time for
certain system components

clearly, and in most cases these photos end up in the trash bin, excepr when we actu-
ally wanted to see the trajectory of the ohject while it was moving and intentionally
kept the shutter cpen for o while. That would be a static representation of a dynamic
system, in o way showing its average stare.

If temporal change is impertant, we need to identify how this change occurs. In
reality, time is continuous. Hewever. in some cases it may be useful to think of tme
as being discrete and to describe the system using event-based formahism. Or we can
think of change in time as a sequence of snapshots. A seiies of snapshots creates a
better representation of dynamics. That is how a movie is made, when by alternating
many static images we create the feehng of moving objects.

If a dynamic approach is selected and warranted te answer the questions posed
i the study, we should start thinking about the appropriate resolution of our tempo-
ral model. To have the movie smoothly rolling, we need to display at least 16 snap-
shots per second. In this model that we watch on the screen, the temporal resolution
is then one-sixteenth of a second. This resolution is dictated by the goal, which is
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proporuon of the area of a cell.

impaossible to wark with. Agan, depending upon the system specifics and the goal of
our model, we would want to use different spatial resolutions.

It 15 not just the size of the grain that 1s important; the form of the grain also
matters. Should we use a gnd of uniform. equal-sized square cells, as we would do on
a rasterized map (Figure 2.3)? Or perhaps the cells should not be umiforin, represent-
ing the actual configuration of the ecosystem? And where do we draw the boundary
in this case — especially 1l there 1s an exchange of matenial across the boundary, as
is the case at the outlet nf a bay? And how small should rhe cells be (Figure 2.4)?
Perhaps a tnangulated gnd would be better (Figure 2.5)! This certainly works bet-
ter it we have non-uniform spatial complexity and need to describe certain spatial
entities 1 more deeail than others. Suppose we model a watershed. It makes sense
to have finer resolunion along rhe river to capture some of the effects of the ripanan
zone. On the other hand, vast stretches of forest or agricultural land may be pre-
sented as spatially homogeneous entities - there is no need to subdivide them into
smaller areas. The boundaries may also need a higher resolution. A triangular gnd
serves these purposes really well. But then other consideratons also come into play:
What Jata do we have! How much complexity can we atford with the type of com-
puter that we have at ow disposal? What are the visualization tools rhar we have to
make the most of the model results!?

Maybe instead of triangles we prefer to use hexagons (Figure 2.0). These can do
a better 10b describing dispersion, since they measure about the same distance from



A non-uniform grid of quadrangles used to model the Chesapeake Bay. There is also the third, depth dimension {as in Figure 2.2}, which is not
visible in this picture.
A. The original grid of 4,000 cells. B. Ar advanced gnd of 10.000 cells, which also expanded into the ocean to give a better description of the boundary cond:tions. C.
The latest 14,000-cell gric, with finer resolution in tributaries. tronically, changing fram one grid to another did not make the model any more accurate, hawever it did
help incorporate more processes.
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Bl RS  Polygons as spatial compartments.
The area 1s described by much smaller number of entities. Flows between compartments need special
attention. In most cases they are connected with some other processes, like nver How, for example

the center to the boundary and they are symmetrical 10 tenms of diagonal flows. No
marcer 1n which of the six directions we go, the hinks with neighboring cells will be
the same. This 1s not su 1n the case of square cells, if we want them to communicate
with eight surrounding cells, assuming diagonal flows.

Perhaps polygons could be used, as in the case of vector-based Geographic
Information Systems (GIS) such as ArcINFO (Figure 2 7). Here the space is described
by polygons, which are presented in terms of vectors of coonlinates for all vertices of
the polygons. Converting regular continuous geographic maps into vector-kased dig-
ial sets is usually pecformed 1n a tedious process of “digitizing,” using special equip-
ment that registers the coordinates of vanous points chosen along the boundary. The
more paints vou choose to describe the polygon that will approximate the area digi-
tized, the higher the preaision of the digital image and the closer 113 to the enginal.

Polygons are good for map and image processing, since they create a digital
mmage that 1> more accurate with far less mformation ro store. To achieve the same
accuracy with raster maps, we would nced many more cells and therefore much larger
data sets. However, for purposes of modeling, polygons are quite hard to handle if
you want to streamline processing Each polygon is unique, and needs to be spe-
aally defined. If something changes - say. land 1s converted from one landuse type
to another - then the model may need to be renitalized. Triangular grids seem to
present a good compromuse, offering preater flexibility: the size of each triangle might
vary, yet 1015 still a triangle, with three boundarics and three vertices, and each can
be handled in a similar way in the model.

Choosing the night spatial representation ind designing a good spatial grid 15 a
craft in 1ts own nght. As you have seen, there are eniform and non-uniform grids,
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triangular. hexagonal, square, etc. grids. For a complex model of a large spatial obyect,
say the Chesapeake Day or ant ocean, the design of a grid can rake many months if not
years. There are also software tools that help to design the nght gnid. Model perormance
and even resules can change substantially when switching from one gnd to another, so
the importance of this step in the model-building process should not be underestimated

Structural domain

Finally, we decide how ta represent the structure of the system. One important dis-
tincoon is between empinical and provess-based models {(Figure 2.8). An empinical
madel may be considered as a “black box,” which takes cerrain inputs and proguces
outputs in response o the inputs, Perbaps because we do not know, or do not care,
or cannot afford greater compunng resaurces or laxer dJeadlines, we make a deliberare
decision not o consider whiat happens and how wisule the hlack hax that presents
the systein. The mternal structure in this case 15 nat analyzed, and our only goal 15
to And the appropriate funcoon o rranslare wpues int aurputs. Thas s usually done
by stavistical methods. We have informartion abour the dara sets that describe the
inputs, and we have the dara regarding ourpur values. We then try to represent the
numerical values of outputs as mathematical tunctions of inputs. Below, we will con-
sider an example of how this can he done.

In the case of a process-hased or mechanistic model, we attempr 1o look inside
the black box and try t identify sume of the processes thar occur in the systen, ana-
lvze them and represent them in 2 series of equations. Process-based models crmplay
the additional informartion about the system rhat we inay have trom previous studies
of analogous systems, or about the individual processes that we are looking at. They
may use certan theoretcal knowledge coming from a variety of disciplines. In this
sense, a process-based model may be even more useful than the informanon avail
ahle ahout the system studied.

It should be noted, though, that all pracess-based madels are still empincal, in
a sense. We can never describe all the detads of all the processes i a system. It is

i

BOOES I8l A A black-box model, where the cutput is caicnlated as a function of the inauts:
b, = fla,,83,854,). without loaking at what is happening inside the system. B. A white-box model, where the
structure of the system is analvzed and represented in the moael.
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just that we go into further depth in the system, providing more detail abour the
processes in it. Yet we still end up with certam black boxes, which we do not wish to
or cannot consider 1n any more detail. If chat were not the case, we would hardly he
accomplishing the major goal of any modeling effort, which is a simplification of the
system description. We would be ending up with models as complex as the original
systems, and therefore delivering little value for purposes of synthests.

If we choose to build a process-based model, we may start describing the struc-
ture by using a diagram, representing the major components of the system: variables,
forcing functions and control functions.

When deciding on the model structure, it is important to match the strucrural
complexity with the goals of the study, the available dara, and the appropriare tempo-
ral and spatial resolution. For example, if we are modeling fish populations (Figure 2.9),
which grow over several vears, there is little use in considering the dynamics of bacte-
nal processes. which have a specific rate of hours. In this case we may consider the
bacterial population to be mn equilibrium, quickly adapting to any changes occurring in
the system in “fish ume”, which is weeks or months. We may sull wanr to consider the
bacrerial biomass for mass balance purposes, but in this case 1t makes perfect sense to
aggregare it with the detriral biomass.

However, cerrain fast processes may have a detrimenral effect upon the system.
For example, it 1s well known thar fish kills may occur during night-time and in the
early morning hours, when there is still no photosynthesis, but only respiration from
algae in the system. As a result, the oxygen content may fall below cerrain threshold
levels. The oxygen concentrations in this case vary from hour to hour, whereas fish

This model is not very detailed. It represents the chosen state variables and some of the forcing functions
(fertilizers, feed). Itis not clear what the other forcing functions involved are, such as environmental, climatic
conditions. There is also no indication of the spatial and temporal scale. Apparently this information is
contained in the narrative about the mode! that usually goes together with the diagram.
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bicmass changes much more slowly. We might want 1o consider oxygen as part of the
system, to make sure that we do not miss such critical regumes.

In the lake ecosystem model shown in Figure 2.10, in addition to trophic rela-
tions certain spatial properties are present. The diagram shows how the model struc-
ture is presented i the three vertical segments that describe the pelagic part of
the lake. In the upper part three phytoplankton groups (Al, AZ, A3) are present;
they are food for zooplankion (Z) and fsh (R). Various forms of nutrients (organic
and worganic nitrogen {(NOW, NIW?} and phosphorus {POW, PIW) are supplied
by decompositon of detritus (D). In the bortom segments. there are no bwota, only
autrients (PIS, POS, NOS, NIS) and detritus.

Conceprual models may present more than flows of material. Figure 2.11 shows
a diagram used in a simple model develeped to analyze sustainable development in a
socio-economic and ecological system. The model will be considered in more detail
i Chapter 7. Here, note that, in addition to the variables, the diagram also contains
mtormation about the processes and their causes. It describes both the flows of mate-
rial and information in the system.

When making all these decisions about the model structure, its spatial and tem-
poral resolution, we should always keep in mind that the goal of any modeling exer-
cise is to simplify the system, to seek the most unportant drivers and processes. If
the model becomes too complex to grasp and to study. its utilhty drops. There is lit-
tle advantage ir substituting one complex system that we do not understand with
another complex system that we also do not understand. Even if the model is simpler
than the onginal system, it is quite useless if it is still too complex to shed new light
on the system and to add to the understanding of it. Even if you can perform experi-
ments on this model that vou might not be able to do in the real world, is there
much value in that if you cannot explain your results, igure out the causes, and have
any trust 1in what you are producing’
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Tne rate and the level are two main icens that can be used to put together more complex diagrams such as the
one for the insect population {from: http:;//www.ento.vt.edu;~sharov/PopEcolileci/struct.html).

models for such systems as cities, industries and even the whele world. Similar formal-
ism was later used in several modeling software packages.

Odum created another set of symbols to model systems based on the energy
flows through them. He called them energy diagrams. and used six mawn 1cons (see
Figure 2.13). All systems are described in terms of energy, assuming that tor all varia-
bles and processes we can calculate the “embodied™ energy. In this case, energy works
as a general currency to measure all processes and “things.”

In many software packages (like some of those considered in the next para-
graph}, conceptual diagrams are used to input the model. For example, one of the
reasons that systems dynamics software such as Stella became so popular in modeling
is that they are also handy tools to put together conceptual diagrams, and, more-
over, these diagrams are then automatically converted into numeric computer moxl-
els. Figure Z.14 presents a sample conceptual model for a river svstem put together on
the Stella interface. Ir describes the river network as a combmnation of subwatersheds.
river reaches and reservoirs. The Stella interface can be used as a drawing board to
put together varicus conceptual diagrams and discuss them with other people in a
process known as participatory modeling. In this case, the major value of the interface
is that it 1s possible to easily add or delete variables and processes and immediately
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} Odum’s formalism for energy-
based conceptual diagrams.
A. Source of energy, B. Sink {lgss of energy from
system), C. Storage tank, D. Production unit {takes
in energy and informatior to create other quality of
energy), E. Consumption unit, F. Energy mixer or
work gate.

see the impact on model performance. The model wseli becomes a tool for delibera-
tion and consensus building.

Very similar diagrams can be put together using other systems dynamics soft
ware, such as Madonna, Vensim, Fowersim or Simile. In these scftware packages,
“stock-and-flow” formalism is used to describe the system. The diagrams are also
known as flew diagrams, because they represent how material flows through the
system.

As we will see below, a somewhat different formalism is used in such packages
as GoldSim, Simulink and Extend. Here we have more flexibility in describing what
we wish to do in the model, and the model dees not present only stocks and flows.
Groups of processes can be defined as submodels and encapsulated into special wcons
that become part of the icon set used to put wgether the diagrams. As usual, we
get more functionality and versatility at the expense of a steeper learning curve and
higher complexity of design.

Yet anather aption in building conceprual diagrams is provided by the Universal
Madeling Language {UML). which is a standardized specification language for abject
modeling. Tt is designed as a diagrammatic tool that can be used to build models
as diagrams, which can be then autematically converted into a number of object-
oriented languages, such as Java, C++, Python, etc. In this case vou are actually
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Using Stella to create conceptual diagrams as stock-and-flow representaticns of
processes in systems.

almost writing computer code when developing the conceprual model. Once agan,
even more universality and almost infAnite flexibility is achieved at the price of yet
greater eftort spent in mastering the tool. Figure 2.15 presents a sample conceptual
diagram created 1n UML to tormulate an agent-based model of a landscape used by
sheep farmers, foresters and Naztional Park rangers, who are interacting on very dif-
ferent temporal and spatial scales with different development objectives (sheep pro-
duction, timber production and nature conservation, respectively).

There are several types of diagrams that can be created using UML. One of them
1s the activity diagram, which describes the temporal dimension of your model. The
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A UML class diagram of a system can be used hoth as a conceptual diagram and as a
way to program the model ifrom: http://jasss.soc.surrey.ac.uk/6/2/2. htm|, reproduced with kind permission of
the Journal of Ariificial Societies and Social Simulation, Centre for Research on Social Simulation, Surrey)

class diagram presented in Figure 2.15 in a way corresponuds to the structural dimen-
sion, but also has elements of the spatial representation such as that displayed in the
lake medel in Figure 2.10. Most scftware tools designed o create UML diagrams,
such as Visuai Paradigm (heep:/fwww.visual-paradigm.com/product/vpumly), also pro-
vide code generators that will convert your LML diagram e computer code in a

language of your choice.
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More recently, there have been atcempts co standardize the conceprual, diagram-
matic represencacion of syscems using domain oncologies. A domain ontology repre-
sents a cerrain domain, ccosystem or part of an ecosystem by defining the meaning
of vartous terms, or names as they apply 1o those ecosystems. The idea 1s to define all
the various components of ccosystems and present their interactions in a hierarchi-
cal way, so that when you need to model some part of che world you can pull out
the appropriate sec of definucions and connections and have your conceprual model.
Several formal languages have been proposed to describe such ontologies. Among
them, OWI. is probably the best known, and is designed to work over the World
Wide Web. [c is yet to be seen how these ontological approaches will be accepted
by the nodeling community. As with ocher attempts to streamline and automate
the modeling process, we may be compromising ics most essential part - thac is, che
explorauon and research of the system, s elements and processes. at the level of
decail necded for a particular scudy goal. Any accempe to automare this part of the
modeling process may forfeit the explaratory parc of modeling and thus diminish the
new underscanding about the system that the modeling process usually offers.

To conclude...

Concepuual diagrams are powerful modeling tools that help design models and com-
municate them to stakeholders in case of a collaborauve, patticipatory modeling
efforc. [n most cases, building a concepeual diagram is che first and very »mportant
step in the modeling process.

“A maxim for the mathematical modeler: start simply and use to the fullest
resources of theory.”

Berlinski

When making decisions regarding a model’s structure, its spaual and tempo-
ral resolucion, we should always keep in mind char the goal of any modeling exer-
cise 15 to simplify che syscem and to seek the most important drivers and processes
(Descartes’s second principle). If the model becornes too complex to perceive and to
study, its utility drops. As stated above, there is lictle gan in substituting one com-
plex system thac we do not understand with another complex syscem that we also do
not understand. Even if the model is simpler than the original system, it 1s useless if
it is still too complex to shed new light and to add o the understanding of che sys-
tem. So our first rule is:

KEEP IT SIMPLE

le is better to start wich a simplified version, even 1f you know 1t 1s unrealistic,
and then add components to 1t. [t helps a loc when you have a model chac always
runs and the performance of which you understand. This is much becter than pucting
together a model that has everything in it w satisfy the most general goals and
requirernents. Complex models are hard o handle, they tend to go out of control,
they behave counter-intuitively and produce unreliable and uncertain results. At
every step of model development you should try o have a running and tested ver-
sion of the model, and you can then build more into ic. You will then always know
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at what point the model fails and no longer produces something reasonable, and thus
what kind of recenrt changes have caused rthe problem. Qur second rule is:

KEEP IT RUNNING. KEEP TESTING IT

Everything you know about the system 1s good tor the model. The more you
know about the system, the berter the model However, that does not mean that
all the available dara and information from previous or similar studies have to end
up as part of the model. Modcling and dara collection are iterative processes; one
drives another. You never know which data ar what stage ot the inodeling study will
be required, and how these will modify your interpretation and understanding of the
system. At the same time, one of the most tmportant values of the modeling effort is
that 1t brings together all the available information about rhe system in an organized
and structured format. The model then checks thar these dara are full and consist-
ent. Even if the model turns out 1o be a failure and does not produce any reliable
predictions and conclusions, by bringing the data together new understanding s cre-
ared and important gaps in our knowledge may be identihed. So the third rule is:

THE DATA DRIVE THE MODEL. THE MODEL DRIVES THE DATA

No matter whether the goal ot the model is reached or the model fails to produce
rhe expecred resulrs, the modeling effort is always useful. When building a model, a
great deal of informarion is brought together, new understanding is creaced, and new
netwarks and collaborations berween researchers, experimenters, stakeholders, and
decision-makers are emerging. This clearly brings a study to a new level. We there-
fore conclude that:

THE MODELING PROCESS MAY BE MORE IMPORTANT
THANTHE PRODUCT

Modeling software

There is a loc of software currently available thar can help to build and run medels.
Between the qualitative conceptual model and the computer code, we could place a
variety of software tools thar can help to convert conceptual ideas into a running model.
Usually chere 1s a crade-off between universality and user-friendliness. At one extreme
we see computer languages that can be used 1o translate any concepts and any knowl-
edge into working compurer code, while at the other we find realizations of particu-
lar models thar are good only for the particular systems and condicions that they were
designed for. In between, there is a variety of more or less universal tools (Figure 2.16).
We can distinguish berween modeling languages. which are computer languages
designed specifically for model development, and extendable modeling systems, which
are modeling packages thac allow specific code to be added by the user if che existing
methods are nor sufficient for their purposes. In contrast, there are also modeling sys-
tems, which are completely prepackaged and do not allow any additions to the methods
provided. There 1s a remarkable gap between closed and extendable systems in terms of
their user-friendliness. The less power the user has ro modify the system, the fancier the
graphic user incerface is and the easter it is to learn the system. From modeling systems
we go 10 extendable models, which are actually individuat models that can be adjusted
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Conceptual Model

Hierarchy of modeling software.

for different locations and case studies. In these, the model structure is much less flex-
ible, che user can make choices from a lumired list of options, and 1t is usually just the
parameters and some spatial and temporal characteristics that can be changed.

Models

Any model we run on 4 computer comes as a prece of software. Therefore, in some
cases, 1o solve a particular modeling rask we may try to find an appropriate model
that has been developed previously for a similar case, and see 1f this software pack-
age, if available, can be adapred to the needs of your project. This can save you rime
and money, another benefir is thar the model may have already been calibrated in a
vantety of locations and circumsrances, and thus be more easily accepted by a group
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of stakeholders. Some models are distributed for a price, while others are available
free of charge. The Register of Ecological Models (REM = hrrprfiecowizun-kassel.
defecohas html) is 4 mera-database for models in ecoloagy It can be a good starting
point if you are looking for a particular model. In some cases you will be uble to
download rhe executables frum the website, in uthers you will have o contact the
authors. For the vast majority uf models the source code 14 unlikely to he avalahle,
and we can never be sure what acnmlly poes on inside the processor. We can only
lock at the vurput and the documentation, run scenarios and analyze trends, but ylti-
mately we have to trust the madel developers that the model 1y programmed prop.
erly. We also can make ne changes ta this kind of maodel.

The fact that models come as siftware black boxes may be one of the reasuns thas
model re-use 15 not very common. It may ke a long time o learn and understand
an off-the-shelf mudel, and it can be uite frustracing if, after this investment of time
and effurt, we ind that the madel 1s nat quite applicable ta our case. It certainly helps
when models are well documented, have pood user pindes and tutonials, and come with
nice graphic user interfaces (GUL). Most of the models that are commercially distrib-
uted have very slick GUIs that help set up these twols tor pasticular applicacions. For
examnple, the WEAP {Water Evaluntion and Planning system — hrepefiwww.weapZl.
orgfindex asp) 15 a user-friendly software ool that helps with 2n integrated approach
to water resources planming. The core of the model 15 a water balance model that cal-
culates the dynamics of supply and Jemand m i nver system, To set np the model the
user is guided through a series of screens, which start with a river schematic that can
be arranged on top of an ArcView map, and then takes care of Jata input with a series
of dialogue hoges {or warer use, loss and re-use, demand management, priorites. etc.
The results are then displayed in the same GUI in charts and tables, and on the sche-
matic of the river system. Scenarios that describe ditterent demand and supply meas-
ures are driving the systerr, and are connecred with the various resules.

[hese user intertaces certainly help with using the models, however, extending
the madel capabilivies is not a straighttorwar ask, if it is possible ac all. In particular
when maodels are not open souree, it s usually an “all or nothing” deal - vou ercher
use the model as 1 is, or drop 1t entirely it 1t does ner have some of the features
reeded for your study.

Some models are deltberately designed as games, with special emphasis put on
the graphic ntertace and ease ot use. One good example 15 the StmCity compurer
game, which has a sophisticated sacio-economic and ecological model at its core, but
ne: one other than the model develupers has ever seen this model and users do not
know whether the mudel was calibrated or vabidated. The purpose here 15 tw enhance
the interacuive utility of the program, to maximize 1ty wer-friendliness and simplity
the learning process

Extendable models

Some models and modeling systems are designed in such a way that they allow addi-
tions to their structure. Fur example, (JASIS {Operational Analysis and Simulation
of Integrated Systems) is a software package designed to model niver, reservoir and
hydropower systems o develop operating policies and optimize water use. QASIS
has a graphical user interiace that allows easy conhguratuon of rhe systen. You can
describe bow the nver system looks, locate rhe inputs and withdrawals, and enter
historical daza sets that the system s to work with. Inaddition, there is an Operation
Control Language (OCL) - a special language used to enter rules and canstramnts that
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arc specific for your case study. OCL also acts as a bridge from OASIS o other com-
puter programs. Users can express all operatimg rules as operating goals or operating
constraints, and can account for both human control and physical constraints on the
system. This takes care of all sorts of “it-then™ operations, which can go beyond just
operational rules. To model any system, the problem must simply he appreached as
a set of goals and constraints. The software then works out the best means of mov-
g water through the system to meet these gouls and constraints. OCL allows dara
to be sent and received between OASIS and other programs while the programs are
running, and each program can then react to the information provided by the other.
Thus vou are Jdealing with a prefabricated “clused” system, yet have some flexibility
to modify 1t to the particular needs of a study. There is clearly more flexibility than
in case of a pre-packaged model, however, the user is still operating within the set of
assumptions and fermalizations embedded in the model core of the sottware. There
are also limitations to what QCL can handle as extensions to the OASIS system.

Modeling systems

Unlike pre fabricated models, which are after all developed for specific systems, there
arc also gencric software tools that can help to builld models of any systems. These are
prebably most interesting to consider when a new modeling task is in order. However,
the more versatile and powertul the system gets, the harder 1t becomes to master 1t
and the more inclined modelers will be to stick to what they already know how to use -
the well-known "hammer-and-nail” paradox, which we will revisit in Chaprer 9.

Here, we will give a briet overview of some software tools that are available for
modeling, along with some recommendations about their applicability. 1t should
be noted thar there 1s a great Jeal of development in progress, and new features are
being added 1o the software packages quite rapidly, so 1t 1s always recommended thot
vou check out the latest developments on the respective web pages. Note that nei-
ther of these touls implies any kind of core model; they can be used te put together
any models. However, each one assumes a particular modeling paradigm and there-
fore has certam lunitations.

Systems dynamics tools

Most of these appeared as an outgrowth of the systems dynamics approach of Jay
Forrester and his DYNAMO language. Stella was mspired by Forrester's formalism,
and quickly gained worldwide recognition. In the following years a number of other
software packages have appeared that are better than Stella in many aspects, and are
certainly worth investigating and comparing prior to any purchase decisions.

STELLA - isee systems {formerly HPS), http://www.iseesystems.com/ - Free Player
and 1-month trial version - Mac/Win

Most used in academia, and has much legacy code developed. Over the past decade has been heavily pri-
oritizing the User Interface teatures with mice capabilities to create game-like models, where the modeling
part can be hidden from the user and only the front-end, which is similar to a Flight Simulator dashboard, is
provided. Recent addition of 1see NET Framework promises more integration with other tools, but is not exten
sively used and tested yet.
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Vensim - Ventana Systems, http://www.vensim.com/ - Free Vensim PLE (personal
learning edition) - Mac/Win

Same basic features for stock-and-flow modeling as Stella, with recent addition of some important function-
ality, such as calibration {will automatically adjust parameters to get the best match between model behav
10r and the data), optimization (efficient Powell hill-climbing algorithm searches through the parameter space
looking for the largest cumulative pay-off), Kalman filter, Monte Carlo analysis, Causal Tracing {a tree diagram
shows a selected vanable and the vanables that "cause” it to changel, etc. Vensim DLL 1s a way to commu-
nicate with other applications such as Visual Basic, C, C——, Excel, multimecia authoring tools, etc. The DLL
allows access to a Vensim madel from custom-built applications; it can send data to Vensim, simulate 2 model,
make changes to model parameters, and collect the simulation data for display

PoweRrsiv - Powersim, http://www powersim.com/ - Free Player and trial version,
Win

This modeling tool has mostly been catering for the business community. Communicates with MS Excel. Powersim
Solver is a companion product that handles calibration, optimization, nisk analysis and risk management

Mapbonna - UC Berkeley, http://iwww.berkeleymadonna.com/ - Free RunTime
version, Win/Mac

Runs many times faster than Stella. Will do parameter calibration {curve fitting), and optimization. Has several
more numeric methods to solve ordinary differential equations. Stella compatible will take Stella equations
almost as is and work with them.

MobeLMAakeRS - Exeter Software (formerly Cherwell), http:///www.exetersoftware.
com/cat/modelmaker.html - No free versions, Win

Same as the others in this category, plus quite extensive optimization and numeric methods. including
Marguarct or Simplex methads, simulated annealing and grid search methods of initial parameter estimation,
ordinary, weighted. and extended least squares methods of error scaling, comprehensive statistical report
ing; Monte Carlo global senstivity with 14 distnbution types, 5 different integration methods - Runge-Kutta,
Mid-Point, Euler, Bulirsch-Stoer and Gear Gear's s an appropriate solver lor stiff simulations where processes
happen on very different timescales.

SIMILE - Simulistics {formerly open-source AME, Agroforestry Modelling
Environment), http://iwww.simulistics.com/ - Free Evaluation Edition, Mac/Win/Linux

Allows object-based representation that handles disaggregation and individual-based modeling. auto-
generates C~~ model code, plug-and-play modules. Supports modular modeling: any part of a model can be
extracted and used separatefy. Has plug-in displays, allowing field-specific graphics. Also has options for spa-
tial models with scme basiclinks tc GIS
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The basic mathematical formalism and the interface conventions used in all chese
packages are quite similar, so once you have mastered one of them 1t should be quite
easy to switch ro another if you are looking for certain special features.

Pros: The development of all this modeling software has certainly sunplified the
process of building models. to rhe extent that programming 1s no longer needed
to put together models, and only very basic numeric and mathematical skills are
required. Systems dynamics has become widely used in a variety of applications.

Cons: There is also a reverse side to 1. Most of the software developers advertising
their products will tell you that building a model is now as simple as clicking your
mouse. Unfortunately this is srill not qurre so, and can hardly ever be so, since modeling
is primarily a research process that requives knowledge and understanding of the system
to generate more knowledge and more understanding. By simply putting together dia-
grams and pretending thar now you can run a model of your system, you may gener-
ate false knowledge and illusions. The modeling systems are indeed very helpful if you
know how to build madels; orherwise, they can become deceptive distractions.

Systems diagrams

An outgrowth of the systems dynamics approach is what we called systems diagrams
tools. The software discussed here has many mote icons than the stocks, flows and
parameters that the systems dynamics tool operates with. Whole submodels or solv-
ers for mathematical equanons, say, parrial differential equations, may be embed-
ded into specially designed icons chat later on become parr of the roolbox for furure
applications. Once again we get more functionality and flexibility, but certamly at
the expense of a much steeper learning curve.

ExYeno - Imagine-That, http://www.imaginethatinc.com/index.html| - Free Demo,
Win/Mac

As follows from the name of the product, the system is extendable. It encourages modulanty, providing
the functionality to encapsulate certain processes and subsystems into blocks that can be further reused.
Extend models are constructed with library-based iconic blocks. Each block describes a calculation or 8 step
in a process. Interprocess communication allows two applications to communicate and share data with one
another. This feature allows the integration of external data and applications into and out of Extend models.
Information is automatically updated between Extend and Excel, can be connected with databases (Open
DataBase Connectivity), has embedded ActiveX or OLE {Object Linking and Embedding), and works with DLL
{Dynamic-Link Library). Block-building is based on ModL - a language that provides high-level functions and
features while having a familiar loak and feel for users with experience programming in C. Also allows script-
Ing ta develop “wizards” or self-madifying models. Evolutionary Optimizer employs powerful enhanced evolu~
tionary algorithms to determine the best model canfiguration.

GoLbSim - GoldSim Technology Group, http//www.goldsim.com - Free Evaluation
and Student version, Win

Uses the same approach based on an extendable library of icons {“hierarchical containers”) for a variety of
processes. The user contrals the sequence of events, and can superimpose the occurrence and consequences
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of discrete events onta continuously varying systerns Other teatures inciude particularly strong stochastc,
Mante Carlo simulation component to treat uncertainty and nsks inherent in all complex systems, embedded
optimization, sensitivity analyses {e.¢. fornadg charts, statistical measuras); external dynamic finks to programs
ang spreadsheets, and direct exchange of data with DDBC-compliant databases. Models can be saved as
player files. There are several extension modules (e.g. tor Contaminant Transport using solvers for PDE, finan-
cial analysis, etc.).

SimuLink — The Mathworks, http:/f'www.mathworks.com/products/simulink/index.
htm! — Free trial and web demo, Win/Mac/UNIX

Built on top of MATLAB {see belowl. Prowides an interactive graphical environment and a customizable set
of block libraries, which can be extended for specialized applications. More power, but harder to master. Can
generate G code for your models, which can be further embtiedded into other applications. Based on the same
concept of expandable libraries of predefined biocks, with an interactive graphical editor for assembhng and
managing block diagrams, with functionality to interface with other simulation programs and incorporate
hand-written code. including MATLAB algorithms. Has full access to MATLAB for analyzing and visualizing
data, developing graphical user interfaces, and creating model data and parameters.

Pros: Power, versaulity, liexitihity, expandabiloy.,

Cons: In a wav the pros become rheir cons, since after investing much tme 1o fully
imaster these systems 1t is maost likely thar they will hecome your “hammer” for rhe
future. Besiles, when becoming wedded 10 proprietary software there is always a nisk
ol running inte limitations that will ke hard to evercome.

Modeling languages, libraries and
environments

Compifations of madel languages, libraries appropriate to specihc applications, and
software environments wie even more general, rely less on some embedded assump-
tions about rhe model structure and the logic ot computations, but require more pro-
gramming etforts,

Spreadsheets

The well-known spreadsheets are probably the most widely known software apph:-
cations that can also help build quire sophisticated inadels. Microsolt Excel is by
far the best-known and widely used spreadsheer. However, there is also Lotus 123,
which actually pioneered che spreadsheet concepe and is now owned by IBM, or
the apen-source Open-Office suite. Both offer very similar funcuanalicy. The other
aption is 1 use Google spreadsheets, which are found on rhe web and can bhe shared
among several developers, who can then access and update the document from any-
where around the world using just an Internet hrowser.

The basic tuncuonahty that comes with spreadsheets is that tormulas can be
programmed using some very sunple conventions. For dynamic models these formu-
las can be reiterated, using a TIME column, and using the results of previous calcula-
tions {rows) to generate the values lor the next time step
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Pros: These tools are free or almost free, since they come as part of Micresoft Office,
which is more or less standard these days, or can be downloaded as part of Open-
Office, or can be used over the Intermet with Google. Another advantage 1s that
many users already know how to use them.

Cons: Spreadsheers can quickly get very cumbersome as model complexity increases,
especially if you are trying to add dynamics to 1t. There is no good GUI for modeling,
so models may be hard to present and visualize. Only the simplest numeric methods
can feasibly be implemented (say. Euler for ODE).

Mathematical solvers

There are several specialized mathematical packages designed to help solve marh-
ematnical problems. As such they can be useful for modeling, since, after all, mod-
els are mathemauical entities which need to be solved. These packages are not very
helpful m formulating models. In this regard they are as universal as spreadsheets,
but unlike spreadsheets, which are quite well known and intuitive to use, rhe math-
ematical packages have a steep learning curve and require learning specialized pro-
gramming languages. On the benefit side, the computing power and versanlity of
mathematical methods is unsurpassed.

MATLAB -The MathWorks, http://www.mathworks.com/products/matlab/ — Free
trial version, Mac/Win/Unix

This is a high-level technical computing language and interactive environment far algorithm development, data
visualzation, data analysis and numernc computation. Itis faster to master MATLAB than C or Fortran, but it cer-
tainly requires a major investment of time. Includes mathematical functions for linear algebra, statistics, Fourier
analysis, filtering, optimization {including genetic algorithms), and numencal integration; 2D and 3D graphics
functions for visualizing data; tools for building custom graphical user interfaces; and functions far integrating
with external apphcations and languages, such as C, C++, Fortran, Java, COM, and Microsoft Excel. May be
a great tool to analyze models, but offers little help in conceptualizing and building them. There are sister prod-
ucts, such as Simulink {see above) ar Simscape that are designed to handle the modeling process.

MaTvemaTica —Wolfram Research, http://www.wolfram.com/products/
mathematica/index.html — Free web seminars and demos, Mac/Win/Linux/Unix

The software integrates numeric and, importantly, symbolic computations. It prowides automation n algorith-
mic camputation, interactive document capabilities, powerful connectivity, and rich graphical interfaces in 2D
and 3D. It is based on its own advanced programming language, and it needs time and effort to master this.
Has no specific tools to support modeling per se, but can be very useful to solve, run and analyze already
built models. Can be very useful to study individual functions that are used in your model —for example, to test
how parameters impact the functional response (see, for example, http;//www.wolfram.com/products/
mathematica/newin6/content/Dynamicinteractivity/FindSampleCodelnTheWolframDemonstrationsProject.htmil.

Pros: Machematical power chat 1s hard to match.

Cons: Steep learning curve, requires a solid mathematical background.


http://www.mathworks.com/products/matlab/-
http://www.wolfram.com/products/
http://www.wolfram.com/products/
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Environments

Up to 80 percent of a madeling code may support various mput/output functionality
and mterfaces with data and other programs. It makes pertect sense to build software
packages that would take care of these data-sharing and communication procedures,
so that modelers can focus on the actual formalization of processes and systems.
There are numerous modeling environments develaped to support madeling and o
increase model functionality.

OreniVl - OpenMI Association, http://www.openmi.org/openminew/ - Open
source, platform-independent

OpenMI stands for Open Modeling Interface and Environment, a standard for model linkage in the water
domain. OpenMI avoids the need to abandon or rewrite existing applications. Making a new component
OpenMi-comphant simplfies the process of integrating it with many olher systems. It provides a method to
link models, both legacy code and new ones OpenMI standardizes Ihe way data transfer is specified and
executed. it allows any model to talk to any other model {e g. from a different developer) without the need for
cooperation between model developers or close communication between integrators and model developers.
Based on Java and NET technology, currently QpenMI has some 20+ compliant models in its library.

SME - UVM, http://www.uvm . edu/giee/IDEAS/Imf.htm!| — Open source,
Mac/Linux/Unix

The Spatial Modeling Environment (SME) links Stella with advanced computing resources. It allows modelers
to develop simulations in the Stella user-fniendly, graphical interlace, and then take equations from several
Stella models and automatically generate C++ code to construct modular spat:al simulations and enable dis-
tributed processing over a network of parallel and serial computers. It can work with several GIS formats, and
also provides a Java viewserver to present results ot spatial simulations in a vanety of graphic formats.

SAMT - ZALF, http://www.zalf. de/home_samt-Isa/ - Open source, Linux

Spatial Analysis Modeling Too! {SAMT) is a modeling system with some GIS features, designed to help with
spatial analysis. It1s an open system that inks to diferent models {especially fuzzy-models, neural netwaorks,
etc.). It can also link to a general-purpose modeling language DESIRE.

Pros: Added functionality to other models and modeling tools.

Cons: Haddly any, stnce modeling environments mostly serve other modeling para-
digms rather than imposing any of their own upon rhe user. In most cases, 1t is the
next level of madeling that may require quite good modeling and systemic sk:lls.
Usually, user and developer groups are quite limited and are very much driven hy
enthusiasm. Therefore, future developrent and support inay be quite uncertain.

Agent-based tools

Agent-based modeling requires more comphcated formalism to describe the helav-
ior and dynamics of individual agents and their spatial distribution and behavior.


http://www.openmi.org/openminew/
http://www.uvm.edu/giee/IDEAS/lmf.html
http://www.zalf.de/home_samt-lsa/-Open
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Ferhaps for this reason there are no "drag-and-drop” and “click-and-tun™ software
packages available so far. All software ol in this area aic designed around some
programming language. It can he cicher versions of high-end full {ledged program-
ming languages such as C++ or Java, or a simplified language such as Logo. However,
it still requires sume programsuing ro gel the model to run. All packnges have links
ro G153 daca, thoush some make a special effore o emphasie that This connecnion
usually goes m one direction, and s proveded by routings that ouport daca from ragier
G1S (ArcView, ArcG1S) and make i available for the modeling rools.

Swanrm ~ Swarm Development Group, http #Awww swarm.org/wiki/Swarm_main_
page — Open source, any platform

This 1s a collection ol sollwaie libraries, written in Objective C, originally developed at the Santa Fe institute
and since then taken up as an gpen-source project with developers all over the world. Swarm s a software
package for multi-agent simulation of complex systems. It 1s specifically geared toward the simulation of
agent-pased models compased of large numbers of objects. EcoSwarm is an extension library of cade that
can be used far individual-based ecological models (hitp://www.humboldt edu/~ecomadel/index.htmi

ReprasT - ROAD (Repast Organization for Architecture and Develapment), http://
repast.sourceforge.net/ — Open source, any platform

Repast {REcursive Poraus Agent Simulation Toolkit) is an agent-based simulation tealkit eriginally developed
by researchers at the University of Chicago and the Argonne National Laboratory. Repast borrows many con-
cepts Irom the Swarm taalkit. 1t s different in its multiple pure implementations in several languages {Java, C#,
Net, Python} and its built-in adaptive features, such as genetic algorithms and regression. Includes idranes
far genetic algorithms, neural networks, random number generation, and specialized mathematics, has butlt-in
systems dynamics modeling capabilities, has integrated geagraphical information systems {G1S] support

MASON - George Mason University, http:/cs.gmu.edu/~eciab/projects/mason/ -
QOpen source, any platform

MASON Stands for Mulu-Agent Simulator Of Neighborhoods ... or Networks ... or something ... the develop-
ers are not sure It contains both a Java model library and an optional suite of visualization tools in 2D and 30.
It can regresent continugus, discrete or hexagonal 20, 30 or Network data, and any combination of these.
Provided visualization tools can display these environments in 2D or in 30, scaling, scrolling or rotating them
as needed Documentation is limited

Caormas - Cirad, http://cormas.cirad.fr/iindexeng.htm — Freeware

Programming environment 1o model mulu-agent systems, with focus on natural-resources management. It is
based an VisualWaorks, a programming environment which allows the devetopment of applications in SmaliTalk
programming language and is freely available from a third-party website.
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OprenSTarLoGo — MIT, http:/feducation.mit.edu/starlogo/ — Open saurce,
Mac/Win

A programmable modehng environment for exploning the behaviors of decentrahized systems, such as bird
llocks, tratfic jams and ant colonies, and designed especially for use by students. Itis an extensicn ot the Logo
pragramming language, which allows contrel over thousands of graphic individuals called "turtles™ in parallel,
Comes with a nice nterface, making it user-triendly and ready to use. Some basics of the | oge language are
simple to learn, and users can start modeling in less than an hour

NeTLoco - Uri Wilensky {Northwestern University), http:/ccl.northwestern.edu/
netloga/ - Freeware, Mac/Win/Linux

Netlogo, a descendant of Stail ogo, 1s @ multi-platlorm general-purpase complexity modefing and simulation
envirgnment. The design is similar to StarLogo; it also kas a user-interface. IUis written in Java and mcludes
APls so that it can be controlled trom external Java code, and users can write new cammands and reporters
in Java. It comes with hundreds of sample models and code examples that help beginners to get started. Itis
very well documented, and also has a systems dynamics component

Pros: These systems otler perhaps the unly pussible way to identify emergent proper-
nies that come from interacrion between agents. Maost of the applications are open
source, which creares mfinire possthilives for inkages. extensions, and improvements

Cons: Require programmung skills, theretare may take a considerable time t learn.

Wrap-up of software

[t should be noted that there are hundreds and mavbe thousands ol sottware pack-
ages that can be related to modeling, and by no means can we overview even a simall
fraction of them. My goal here was to loak at some representative examples and try
to put them in some arder. Clearly, fur heginners, especiatly those with no or tew
quantitative and programming skills, ir makes more sense to stary ot the easier end ot
the spectrum and explore some of the existing models or modeling systems. They will
take care of much of the tedinus model organization and make sure that the model
is consistent, they may help with unit conversions and logic of computations, and
they will immediately offer some numenc methods to run a simulation. In some cases
they may actually work as is, "off-the-shelt,” for some applications thac are repeated
frequently for similar systems. As tasks become more complex, there will probubly
be the need to mave higher up the diagram in Figure 2.16, and explore some of cthe
mere sophusticated modeling tools and methods.

Most of the sottware toals, like living organisms, go chrough hie stages: after they
are born, they devewp, reach matunity, and then sometumes decline and Je. It is hard
to predict what the tuture of imany ot these oraducts will he, especially when they are
corporately owned and depend upon the dynamics of warld markets. In this regard,
well-developed ¢pen-source produces promise mere continmity, but vven they cun
fade away or be replaced with something better. This is what we are now seeing with
Swarm, which tends o murph nte ather products, such as Repast. Sicilacly, SME
has been handly developing over the past few vears. In the proprietary world, there
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does nort seem to be much progress in the ModelMaker development. Stmilarly, Stella
seems to be relying on 1ts previous success and has not shown much improvement over
the past several years. There are also the models that are offered by federal agencies,
which are free to download and use, but for which the source code 1s closed and gro-
prietary. Excepr for the price factor, there is no big difference between these and the
closed commercial products; in both cases users have very lictle to say about the future
development of the software and entrely depend on some obscure decision-making
process and funding mechanism, either in cthe corporate world or by the government.

The bottom line s that we need o keep a close eye on all these systems, and
be flexible enough to migrate from one to another. The “hammer—nail” syndrome
should be avoided. No modeling software 15 universal; chere are always systems that
could be better modeled using a different formalism and different mathematics and
software. If you confine yourself to only one modeling system, you may start to think
that modeling is only what the software is offering. In reality, there are numerous dif-
ferent approaches, and all of them may be worth considering when deciding how to
model the system of interest.

Models built using open-source software are most desirable, since they can be
modified to meet particular needs of various applications. Moreovet, they can be tested
and hxed if errors are found. While commercial proprietary software comes as closed
“black boxes”, where you can never be sure what’s inside, open-source models are
open, and the source code can be viewed and modified. On the other hand, commer-
cial products tend to be betrer documented and supported. One rule of thumb 1s that if
a project has involved a great deal of brainpower and enthusiasin, go for open source;
if chere is good funding for the project, go for commercial products.

Modeling is iterative and interactive. The goal is frequently moedificd while the
project evolves. It 1s much more a process than a product. It becomes harder to agree
on the desired outcomes and the features of the product. Thus certainly does not help
when choosing the right software package to support modeling eftorts. There is also a
big difference between software development and modeling, and software engineers
and modelers may have differenc attitudes regarding software development. For a
software engineer, the exponennal growth of computer performance offers unlimited
resources for the development of new modeling systems. Moedels are viewed by soft-
ware engineers merely as pieces of software that can be built from blocks or objects,
almost automatically, and then connected, perhaps even over the web, and distrib-
uced over a network ot computers. It s stmply a macter of choosing the right archi-
tecture and writing the appropriate code — the code is either correct or not; either
i works or crashes. Not so with a research model. Instead, scientists would say that
a model is useful only as an eloquent simplification of reality, and needs profound
understanding of the system to be buile. A model should tell more about the system
than simply the data available. Even the best model can be wrong, and yet still quite
usetul if it enhances our understanding of the system. Moreover, it often takes a long
ume to develop and test a scientific model.

As a result of this difference in point of view and approach, we tend to see
much more rapid development of new languages, software development tools, and
code- and information-sharing approaches among software engineers. In some cases,
new software packages appear faster than their user community develops. In contrast,
we see relatively slow adoption of these tools and approaches by the research mod-
eling community. The applied modeling community, driven by strice deadlines and
product-oriented, may be even more reluctant to explore new and untested tools,
especially since such exploration always requires additional investment for acquisttion,
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installation and learning The proliferanion of modeling softwave, as in the case of sys-
tems dynamics modeling tools, may even be considered an umpediment, since 1f there
were only one or two madeling tools generally accepted by all then these could he
used as a common modeling platform, as a communicatien tool te share and distrib-
ute models With so many difterent clones of the same basic approach we get a whole
variety of dialects. using which it may be harder to ind common greund.

In this book we will mostly be using Srella for our demonstranions. Seella’s suc-
cess 15 largely due to its user-triendly graphic intertace (GUI) and a farirly wise mar-
keting program thar mosrly rargers students and university professors. Stella helps to
illustrare a lot of modeling concepts. 1 do not intend o endorse or promote Stella in
any way; it 15 1o berter than the ather software packages available. 1t s juse a marrer
of my personal expernience and the legacy code that 1s available. Therefore. you will
need ro ger ar least a rnal or Plaver version ol Stella ro be able ro do the exercises
and study the models that are presented in this book and can be dewnloaded from
the hook webhsite. Doing rhis un alternative packages 15 an apoion that s anly encour-
aged. Some systems dynamucs tools described above offer tools to read and run Stella
maodels. For example, Maconna will rake Stella equanions and, with some minimal
tweaking, will run rhem - actually many umes raster - and otter some additional
exciting teatures. We will see how this works in Chapter 4.

The basic marhematical tormalism and rhe interface conventions used in all
these packages are guire similar — so once you have mastered one of them, it shonld be
quite easy t¢ swach 1o another it you are locking for certain special fearures It you are
untamiliar with Stella, some limired instructions are available below. As mentioned
above, the GUI in Srella is extremely user-friendly and the learning curve ss gradual,
so 1t should not take long for you to be able to use it for the purposes of this course.

A very quick introduction to Stella and the like

Before you start learning Stella or some of the other modeling packages described above,
please ensure that you realize there are different modeling paradigms used n these packages
and In certain respects this makes it hard to compare them. n this book we are mostly studying
dynamic models, so we will be locking for software that can help us with this kind of modeing.
The dynamic teature means that the system that we study changes over tme and that there
are vanables that evolve. This also means that there are certain imitations and certain corven-
uons There are systems that are not very well suited to mode inc with Stella and the ke It
we simply want 10 use Stella for certain calculations we may prcbably dc it. but this may not
be the best way to go - using, say. Excel may be much simpler Fcr example. certain standard
economic systems, which are usually formulated in terms ¢t scme equilibnium state, may be
hard 1¢c define in Stella, unless we move away from the equilibnium and consider the transiien
processes as well. Stella has very imited capabitities for statistical analysis { a simpie empincal
mcdel 1s all you need, you may be better oft with a statistcal scfiware package. which would
also be much better fcr analyzing uncertainty and generating mcre sophisticated stanust¢s

Keep in mind that Siefla and some other dynamic modeling packages assume the
sc-called “stock-and-flow" fcrmalism, where the system is to be described in 1erms ¢f res-
erverrs, called stocks, which are connected with pipes that carry flows S:ccks are therefore
always measured in terms of certain guantities ¢of material, energy, bicmass, peopulation
numbers, etc., while flows are always rates ot material wansferred per unit of tme. or
energy passed per unit ct time, etc So when using Stella we start with identifying the state
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vanables, which will be called stocks, and then figunng out what makes these variables
ngrease (because there are fiows of matenal ¢r energy coming ini, or decreass (because
there aie flows that go outl. While all soits ol formulas can be used to detine the flows. the
stocks can be changed only by the flows; they canrot be calculated in any other way

Steila ¢coens with a graphic menu that contains & number of icons.
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The rectangles are to represent the
state varables, which are also
called “Stocks” in Stella. They are
to describe tne elements in your
system. These are the quantities
that change in the system thai you
analyze and which you report as
results of the modeling exercise
For each of Ihe state variabie a
ditterential (difterence) equation
(see Chapter 3) will be created n
Stella
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The flows represent Ihe prccesses
in which matenals (or quantities)
are taken from cne slate vanable
and added to annther The cloud is
used to show that material is
excharged with Ihe oulside ol he
system.

Circles represent parameters or
auxiliary variables (also called
“Converters” in Stella. These are all
the quantities that are either
constant in the model or will be
calculated based on the values of
the state varnables.
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Mair building blocks in Stella. Note hat thay are the same in Madonna, Simile
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To builld & model using these taols, first click on the State vaniable icon and then somewhere
in the window, where this variable will be located on the diagram. The vanable appears with a
“"Nename” name. Click on this title and type the name that you want this vanable to have.

"STELLA® Research 5.0 B
O=zol [l oF | [ [ ]] i

SYaRIABLE

Next, click on the Flow icen and cheese where you want to draw the flow that will go inte ¢r
from the state vanable. Then hold on the mouse button and drag the cursor from where the
flow staits to where it goes. If you want a state variable to receive a flow or 1o be drained by
3 flow, make sure that the State variable icon 's highlighted as you put the cursor on top of
it. If 11 does, then it will be attached to the flow; if it dees not, then it wili not be associated
with the flow - and this might create 3 preblem in the future if you do not notice that there is
a cloud placed somewhere on top of your State variable or nght next to it. You will ke thinking
that the flow s there. while i reality it is not.

As you drag the flow from one element to ancther, you can make it angle if vou hit the
Shift key. This 1s usefu! to keep the diagram tidy and clear. Then give a name to the “Noname”
flow similarly to the above.

| STELLA® Research 5.0 - 2=
olzlofs] o [ [ [ 1 [A NPIESE
S YARIAERLE
NIV .
FLOW

You may now need to add an auxiliary variable. In 3 similar way to above, choose the cirzle
icon and place it secmewhere on your diagram. Give it @ name. If you click and hold on any
ol the narnes ¢i the elements in the diagram, you c¢an drag the narme around the icon that it
belongs te. This i1s useful to keep your diagrarm tidy.
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Finally, use the connector arrows t¢ link variables, flows and state variables. Just as with
flows, after choosing the connector icon vou click the mouse on the crigin of informatien and
then drag the arrow to connect it with the recip.ent of the information

By drawing this diagram, you have already fermulated one differential {or rather differ
encej equation that will go into your model

S_VARIABLE) = S_VARIABLE{t — dti + FLOW* dt
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Next. vou need to specify the actual size of FLOW and the initial condition for S_VARIABLE
Before you go any further, switch the model from the so-called "Mapping Mode” to the
“"Modelng Mode!” To do this, chick on the button on the left-hand side that shows the globe
You may notice that “?" will appear on all elements in the diagram that need further definition

a FSTSaGe STELLA® Research 5.0 =]
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If you double ¢hick on the parameter 1con, this dialogue window appears:
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ARRAYN AN

_ ARRAYSTDDEV
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) PARAM & .

{ Pace right hand side of equattan here. )
Become Graph || Docunent || message_ |I cmulJ' oK |

Even though 1t requires that you “place the right-hand side of equation here" in reality all you

need to do is give the value for the parameter that you want to use in your model Suppose

the rate you want to use 1s 0.07. Simply type that value in instead of the highlighted words, and

click on the "OK™ button [or hit the "Enter™ key) If for some reason vou prefer only 1o chck,

you can also use the numerical pad offered in the dialogue box. You can also use some arith-

metic expressions, like 1/100, or choose some of the built-in functions that are listed t1ere.
Next we double click on the fiow icon and open this dialogue box
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Now indeed you are to “place the nght-hand side of equation here” The required inputs are
hsted above, and if you click on any of them they will be copied :nto the equanon field. Here,
descnbe the flow as a product of the available stock in S_VARIABLE. and the rate coefficient
that has already been specified in PARAMETES. PARAMETER*S_VARIABLE ¢oes into the
equauon lield

Chck "OK™ and similarly doudle chick on the State variable icon This opens the dialogue
window 10 specify the imitial conditions

[JS_VARIABLE
& Reservolr {) Conveyor ) Queue ) Oven
[ Non-negative
O Array
Allowable Inputs @I:(:]@E]
* FLOW (7)8)(9)()
) PARAM HEED)
MWERE)
0 LI
CJINITIAL(S_VARIABL D) = ...
{ Place initial value here..}
Document Message... I Cancel oK

The hst of “Allowable inputs”™ may be somewhat coniusing, because 1t 1s only rérely that you
will need any ¢t the flows or other state varables to specity the nitial conditons. In most
cases you will simply type a censtant - say, 10 Or you may store this constant as a param:-
eter and then refer 101110 this bex.

Note that there :s a check-box that says “Non-negative” By default, all state vanables
come chocked as non-negative. This can be quite misleading. You want the flows in your
model tc make sense and to work in such a way that the stocks do not get depleted and
negative. By ciamping them with this check-box, you lose track of what 15 really happening
in your mogel. You may well be generating some totally crazy behavior that 1s supposed to
mazke a stock negauve, hovvever, you will not even notice that if that vanable 1s clamped. 1115
recommended that you keep this Dox unchecked, unless you really know what you are doing
and have a clear understanding cf the effect of varous flows on the state variable

Now that all the question marks have gone, your model 1s ready to run. You can also
check out 1the equations that you have generated by chicking on the downward arrow in the
upper let-hand corner:
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INITS YARIABLE = 10
INFLOWS

o/
() PARAM=0.1

menus, you can get something done by simply pressing a
button in the diagram. The nex1 icon allows you to group
certain vanables and processes into sectors. this 1s useful
to achieve more order in the diagram It also allows you to
run only certain parts of the model. The third 1con allows
you 10 wrap certain details about processes and display
them as ¢ne icon in the diagram. this also mostly serves
esthetlic purposes.
The nex1t group of four 1s the Quipul Tools

The equation here describes the exponential growth model:

FLOW = PARAM"S YARIABLE

Systems Science and Modeling for Ecological Economics

F1 S_YARIABLE(t) = §_YARIABLE(t - dt) « [FLOW) * dt

Before you start running the model. specify what you want the output 1o lock Iike. Returning
10 the other icons at the 1op of the window, the next group of three is mostly for conven-
ience, these are not essential 10 create models The first one allows you te place buttons in
the diagram, which may be handy for navigation or for model runs. Instead of going through

LA® Research 5.0

= m A B
Create | pigplay Create

graphic | value text

box

Create table

Chick on the Graph icon. choose a place on the thagram, and click again. A new window is
opened to display the graphs. Double click anywhere in that window. and a dialogue box
is opened. By double clicking on any of the values in the left-hand side you add them to
the list of vanables on the right-hand side. These will be graphed (no more than five per
graphic). You ¢an check out the different puttons and options avallable The most useful
15 tne scaling. whrch is controlled by highlight:ng (clicking once} a veriable among those
se'ected and then clicking on the arrow to the nght of it You can then change the minimal
and maximal values for this var.able that will define the scale in the graph.

Graph Type: @ Time Series (O Scatter ) Bar O Sketchable
[ Comparative — Connect Dots [ Benchmark
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(@ show Grid []Thick Lines
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Scale: Set Page:
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¢ | 3 very similar way. you car: define a Table using output values that variables take during
the course of the simulation. Choose the Tahle 1con, click anywhere in the diagram. and a

Table window opens. dodble chck anywhere in that window, and a dialogue box opens.

Report interval: I—__l

[] Every DI

Title: |Untitled Table

Allowable Selected
Blank Line [J S VARIABLE
S VARIADLE
| <<
O PARAM -
l< >
, . . A C—=>f
Table Type: Orientation:
[[] Camparative A vertical
Repaoart: Report flow values:
Beginning balances Instantaneous
(O Ending balances O Summed
Page: |

Cancel | 0K
_Cancet J [

e Cnce again, choose the variables that you want 10 display and specify some of the charac-
teastics of your Table. Similarly, you can generate output for an individual varnable. In this
case, you will get the value that it attains by the eng of the simulation

* As aresult, for the model being bunt 1t I1s possible to design the output and run the model
by chioosing "Run” from the Run mernu, or pressing Coirmand-R (on 3 Mac) or Ctrl-R (in
Windows). In this case, the graphic of exponential growth is displayed

NN

I

0 I e A
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Finally. look at the Editing Tools presented by the tourth groug of icons
* “he navigation cursor (the hand) i1s the one you will iostly

B
be using 10 open and close windows and to arrange ele-
ments of your diagram The paintbrush icon 15 0 add |
some color to the diagram - you can color inawidual ele- ¢

ments Or change the color of your graphics. The "dyna-
mile’ icon is used 10 delete things in the diagram. Be
careful - there 1s no "undo™ in Stella until version 8. 1f you
blow something up, 1t 15 gore! To use th's tool, click on
the dynamite icon, choose the element you want 10 delete. and click on it. this will high-
haght what 1s 10 be blown up. Do not release the mouse button until you have venfied that
what 1s highnghted 1s really what you want to get rid of!

The "ghost” is very useful when you need to connect elements that are very far apart
in tne diagram. In that case, the diagram gets 100 busy «f you do all the connections directly
Click on the ghast icon, then on any of the elements in the dhagram you want to ghost
A cory of it will be created that can be put anywhere else in tne dagram.

Once acain, here are the mam buillding elements in Stella

Navigation | Delete [ |

" Irformation flows (Awdhary var:able
\ between components \_asayraph

This brief overview covers only some of the basics of Ste1a However, it may oe sufficient as
a starter, since most of the dialogue boxes and menu options are quite self-explanatory and
may be mastered 2y the good o d tnal-and-error method Please note that:

* Yoy cannct connect two stocks with an information flow, only material flows can change
3 stock. The information about a stock can afiect a material flow or an auxiliary vanable but
not the information flowv.

e A matenal flow 1s assumed 10 be positive |If 11 hecomes negative. Stella wili clamp it to
zero. A negative inflow 15 actually an outilow; iherefore, since you specify the direction of
your flow. the sign matters, and Ste'la makes sure that all flows are positive. If you need a
flow that can become negative. use the biflow option A biflow ¢an go in both directions.
Mazke sure that you have the positive flow associaied with the direction in which you first
drew the biflow. The negative flow will then go in the opposite direction.

e You cannot ccnnect auxilary vanables with material flows. Only nformation flows are
appropriate in this case
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Also please note the follow:ng rules of good styie when builaing your madels

e Try to keep your diagram tidy. Avoid long connectors and confusing names, and avord cnss-
crossing flows. The easier it is to read your diagram, the less errors you will make and the

more appealing it will be to anyone else who needs 10 uncerstand the mode:

e There 15 no such thing as 100 much decumentation. Every vanable or flow in Stelia has
a document option, which 1s usetul 10 record your 1\deas and comrmrents about what you
are modeling and the assumptions you are making. It 1s extremmely important both for the

model ceveloper and the model user.

mare detail)
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As mentioned above m our review, general-purpose spreadsheet software is a
simple alternative to Stella and the like. For example, Excel may be used o build
many models considered 1in this beok (see Figure 2.18). You can download this
model (Model_Of_Exponential_Growth) trom the book website, and experiment

g J File Edit View Insert Format Tools Data Window Help

oD ol |v- - Q4% T A5
i Helvetica - 10 B 7 U §§i$ % . 53 B iE
B6 =B5+3$B$2%35 « formulate the value in the
| next cell based on the value
= 5 in the previous one o
1_Equation: ~OxJdl=ax exponential grovthmodel
2 o= 0.1 gromdhrale
3 x0= 10 initiel conditton
4 Time
n3 1 n
_%_J 2 121 160000 —
! 3 13.31 ]
] 4 14 41
] H 161051 140000
10 6 17 71561
" 71348717
[ § 214358881 | 120000
9 235734769
4 10 25 9374248 100000
. 13 285311671
g 12313842838
a7 13 34.5227121 80000
16 14 37.9749834
[I] 15 41.7724817
20 16 455437269 | 60000
21 17 50 5447028
22 13 555991734 4
23 "9 §1153090¢ 0000 :
20 67.2749995 : ‘
21 740024954 20000 {
22 814027450 |
23 895430243
24 98.4973268
25108 3470€9 1121 31 41 51 £t 1 81 Q1

An example of a spreadsheel model for an exponential growth system (see Chapter 5 far
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2.3

with the paraneter and the formalization of the equation. It becomes quite difficul,
if possible at all, to do this modeling for numerical methods other than Euler. Also,
it gets very complicated as the model structure becomes more complex. Check out
another example (Predator_Prey_Model), which 15 a two-vaniable model of preda-
tor—prey dynamics. It 1s sull doable, but not as much fun as in the systems dynamics
software.

Model formalization

The model formalization stage requires rhat each of the processes assumed n the
conceptual model in a qualitative form be described quantitatively as a mathematical
formula, logical statement or graph. This 1s what you do in Stella when you double
click on any of the flow icons and get the dialogue box that invites vou to spec-
ify the night-hand side of the equations. Choosing the right mathemaccal descrip-
tion to represent your qualitative ideas about a process may be quite tricky and
ambiguous.

At this stage, describe how you envision the rates of flows between various
variables. Suppose you are describing the growth rate of a bactenal population.
The variable 15 the population size. There are two processes associated: the birth
rate and the mortality rate. You need to decide how to describe both of these proc-
esses as functions of the state of the system (the current size of the populanion 1n
this case) and the state of the environment (temperature, available food, space,
etc.). Suppose that it is known that the reproduction rate 1s a function of tem-
peracure, such chat at low temperatures the divisions are rare, and as temperature
grows the number of divisions steadily increases until it reaches a maximal value.
Suppose that, based on the available data, you can describe this relationship by a
graphic shown m Figure 2.19. In this case, m is the maximal growth rate that
we know.

How do you input this information into the model? One option would be to use
the Stella graphing option and redraw the graphic in the model.

One possible limiting function for temperature-dependent multiplication rate.
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In the Stella model that you have started 1o build, rename the vanables to reflect the system
that s being considered now

NP _ — —
R ,
NP . -~"Deaths ~— " M param

B param Population
,—\ R {\\
./ L .
T imitation Temperalure

Now you have the stock that represents the population imeasured here in biomass units
instead of numbers). The size of the stock 1s controlled by two flows: the inflow 1s the births,
simitar to befcre, but now there is also the outflow, which 1s the deaths in addition to simply
having the births propottiorial to the size of the population, the temperaiure limitation 1s intro-
duced by inserting the T_limitation function in the equation

Births = B_param*T_limitation * Population

T_limitation should be a function of temperature, as described above. To use the graphic tunt-
ton in Stella to define 1. double ciick on the T_imitation parameter 10 cpen the regular dia-
logue box that has temperature listed as the required input. Note the “To Graphical Function”
button at the bottom lefi

Q T_umiation

‘_ Aray

Required inputy Buiiting

ABS

AMD

ARCTAM
ARRAYMEARI
ARRAYSTDOEV

CCROWTH
COOKTIME
08
COSWAVE

Q@ 1, mtation « Gragh of .

Temperature

To Craphscal Function Message.. -« Cancel

If you click on this button. you will see another panel, which 1s designed specificaliv t¢ input
a graphic that 1s 10 define what value this T_limitation parameter is to return, depending upon
the value that the temperature parameter will teed in
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Giaphical Funclion

1000 | e o
| E T o Temperature T Iimization
! B 0.000 0.000
[ - 6.000 0.240
| T R 12.00 0.465
limitatio : 18.00 0.660
n e 24.00 0.815
30.00 0.905s
36.00 0970
42.00 0.995
: 4800 1.000
i $4 00 1.000
0.000 '/ 60.00 1000
0.000Q &0 00
Temcerature Data Points: 11
Edit Output
To Equation " Delete Graph “Cancel oK

In this case. a functicn 1s designed that will change between 0 and 1 {ike most of the limiting
functiens). while the temperature values ate anticipated 1o be in the range hetween 0 and 60.
Here the units for temperature are degrees Celsius, while the output of the imiting function
itself is dimensicnless — it will be a modifier for the birth rate that will slow down growth to
zoro when temperatures are low, and will have optimal growth values at temperatures close to
50°C. Perhaps this is good enough for bacterial growtt. The actual values are then either typed
as numbers in the table provided n the dialogue box, or produced when you draw the graphic
using your cursor Now the miting function s finished wath, but it is still necessary to figure
out how to provide the data for temperature Certainly, another graphi¢ can be produced:

Graphical Function

40.00 N
e \ Time iemperature
0.000 0.000
i : 3128 4.000
: ]‘ : 62 50 13.40
Tempera A : 93 75 24.40
ture ; 125 00 34 20
! 156 25 40.00
/ : 187 50 40.00
21875 35.80
250 00 29.00
281 25 14.00
0.000 31250 4.800
0000 o < » 37300 34375 0.600
0.000 1000.00 37500 0.200
Time Data Poits 33
Edit Output
To Equation 1 Delete Graph Cancel ) { OK

Here. a imesenes for temperature I1s presented. using a built-n called TIME to describe
how temperature is changing in with ime n the model. Some real climatic data can be cop-
ied fromr an Excel spreadsheet or text editor and then pastea into the table in the graphical
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function, cr the graph can again be drawn using the curser. In this case. a senes of annual
temperature cycles 1s defined where temperature varnes trom 0 to 40°C over a time per.od of
abeut 365 days There aire data tor about 3 years {or 1000 days). which can be seen in fuill in
the graphic iIf the "ALT" key cn the keybcard is gressed and held:

Graphical Function

/ Time Termgerature

0.000 0.000

31.28 4.000

I 62 50 15.40

93.7S 24.40

125.00 34.20

156.25 40 00

187.50 40 00

218.75 35 80

‘ 250.00 29.00

\/ 281.25 14.00

312 50 4.800

©137500  343.75 0.600

J— Time Data Points 33
Edit Output
To Equation } ( “Delete Graph ! ( Cancel - ( OK

This graphical function is a nice feature, but it has one major drawback. If madifica-
tion of the function 1s required to retlect some newly acquired knowledge, it 15 neces-
sary to go into the graphic and manually redraw it. Suppose that you want to change
the curvature, so that the optimal birth rate is attained (aster, or suppose that the
maximal birth rate shonld be increased - in all these cases, every time the graphic
needs to be redrawn. This may become quute boring. As an alternative to the graphic
representation of the data, you can assume a function that would generate the kind
of response that you need. For example, tor the temperature dependency shown
above the funcrion

can be used, where m is the maximum birth rate and t. repiesents the temperature
at which the birth rate is half the maximal. This function happens o he known as
the Michaelis-Menten function, widely used to model growth kinetics and popu-
lation dynamics. Now there are two parameters that can easily modify the shape
of the function. By changing m it is possible to raise or lower the asymptote, the
maximal value to which the function tends. By moviag ¢, the function can be
mide to grow faster (smaller ¢,) or slower (larger t.). All these modifications are
made without any need to redraw acy graphics, but simply by changing a parameter
vitlue.
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Similarly, the tmesenes tor temperature can be defined as a formula instead of a graph Of
course. if you are using real climatic data it makes perfect sense to stick to it and wnport 1t
into the graphic functicn, as descrnibed above However, if the timeseries is hypothetical, it
might be easier to have a formula to preseni it. For example, 1t is possitle to generate the
dynamics very similar to the graphic used above by using the following eauation

Temperature = 20 * SIN{TIME/365 * 2* PI+ 3 * Pl{2) + 20

It does take some effort to figure out the nght amplitude and phase for the SIN funciion;
however. even with some very basic knowledge of tngonometry and a few trial-and-e~ror runs
in Stella. this can be done It can even be made more realistic if some random fluctuations in
temperature are added. using the RANDOM function - another bult-in in Stella {just like SIN,
Pl or TIME - all these can be found if you scroll down the list of Stella built-ins that appear in
any parameter of flow dialogue box)

Temperature = 20 * SIN(TIME/365 * 2 * Pl + 3 * PI/2) + 24 + RANDOM{—4 .40}

The output from this model looks like this.

It may be hard quickly to nnd the right tuncuon to represent the kind of response
that you have in mind tor a particular process. 1t helps a lot if you know the behavior
of some hasic mathematical functions; then you can put tegerher the righr response
curves by combining certain functions, the hehavior of which you know. Figure 2.20
contains a collecuon of some useful functions that may be used as building blocks to
describe various processes.

Note that for the numerical realizaton of the model you will need w provide
actual values for all the parameters that are used in the functions. Therefore, the
fewer parameters a function uses, the easier 1t will be 1o find all the values needed.
It also helps a lot if the parameters used to describe a function have an ecological
meanmg. [n that case, you can always think of an experiment to measure their value.
For example, in the temperature function considered above, m can be measured as
the hirth rate at opumal conditions, when temperature 1s not limiting. Smularly, 1,
can he estimated as the temperature value at which kirch is approximately equal to
half the maximal. Both these parameters can be measured and can be then used in
the maodel. This is one of the basic differences between pracess-based and empincal



The linear function i$ protably the simplest and
computationally the most ellicient one. You can comgine
several hnear functions with “if ... then” conditions to describe
more complex behavior The disadvantage of sucn

piecewsse linear description is the lack of smoothness.

which may sometimes result in madel crashes if the tirne
step DT s too large

a - inchination of the line.
b~ the offset

Michaelis—Menten tunclion. Widely used in enzyme kinelics
Algo xnown as Monod function in population dynamics.
A very useful lunction lo describe growth with saluration
At Jow concentrations ol substrate x, il limits growth.
——————— growth is proportional to |he avaiability ol the sutstrate.

At very high concentrations of substrate growth tends tc
— a maximum value and does not exceed it.

a — maximum growth rate, oelines the saturation level,
b - hall-saturation coefficient
U=a/2 whenx ~-b

The s-shaped function is a rriodification of the
Michaelis-Menten lunction. By increasing s you can make
the lunclion sleeper. decreasing :he transition penod

from low growth rale lo saluration Also important that the
funclion approaches zero with a zero derivative. Makes
compulations more stable in the vicinity ol zero.

a — maximum growth rate, gefines the saturation level;
b - half-saturation coeffic.ent
U= a2, whenx =b

b+ x®

Vanations ol the hyperbolic function. Used 1o describe
processes thal are very last at low values of the controlling
vanable and then rapidly cecrease 10 a conslan! saturation
level. This can be. say. the dependence of lish montality
on oxygen concentralions in water. Al anoxc conditions
TTTe—— the mortalty sharply increases

e a - controls steepness 0! decline:
b - offsed

U=aix+b

A list of formulas to facilitate your choice of the mathematical expressions that can
properly describe the processes in your model.
Certainly there are many others that you might find more appropriate for your particular needs. To check
out how a function performs with different parameters and to choose the parameters that will best suit your
particular needs, you can input the function into, say, a spreadsheet program such as Excel, and build graphs
with various parameters. Another application that is especially useful for these purposes is the Graphing
Calculator It comes as part of the Mac 0S-X, and probably therg are also versions for Windows. It should
be noted that in mast cases using a formula with parameters is preferred, rather than inserting a graphic, to
describe the process in your model. One significant advantage 1s that certain parameters that change the
form of the curve can be easily used to study the sensitivity of your model to these sorts of changes Similarly,
changing graphics i1s a much more tedious job and more difficult to interpret.
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The exponent should be used wilh caution because il

always lends to grow too fast. It 1s uselul only if 1he maximum
values for x are well delined and you can ba sure that

thev will not be exceeded

a - offset;
b - sleepness

U=at bx

Variations for the parabolic lunchon Especially useful with

¢ </ 1. Otherwise 1t 1s very much like *he exponent — grows 100
last and lends tc gel out of control. When ¢ << 1 1] seems to
reach a saluration level, but actually it still continues 1o grow
bul very slowly.

a - offsel at zero
b — contrels behavior at larger x values. whereas s controls
behavior at lower x.

U=1-exp(-ax)

viev function. Alsc used 1o describe growth with saturation.
The satluration level can be controlled by ar additional
parameter that multiphes the whole lunchion. Michae!is-Menlen
function does pracucally the same. bul is simpler
compulationally

a - controls steepness

U - axexp(l - bx)

Steel function. A bell-shaped function that is useful to
describe processes nhibited bolh at .ow and hgh values of
tne controlling factor Has been originally designed io limit
phyteplankton growth by light

a - modtfies the maxnmnum rate as well as |he rale ol lail at
nhibiding values,
b ~ defines the optimal values ol Ihe controlling factor

cu5aa2 3005
t=3 3ed5p-92
c-322a-050b-3002
(el am)pel

all=we¥ it v ¢

fxz¢

Universal bell funclisn A more complicated formulation

lor the bell-shaped function Otten used to desciibe lemperature
Iimitaton. Disadvantage - many more parameters lo

oefine Advantage — much more flaxibility and conlrol over
behavior. Can descibe prelly much any bell lunction torm

a — value at zero,

b - value taken when x = @,

c - optimal value, where Ihe function 15 maximal,

s - contiols the sleepness, when s »» 1 the range ol oplimality
can be made really big.

{Continued)
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3. Essential Math

3.1
3.2
3.3
3.4

Time

Space
Structure
Building blocks

The full set of dynamic equations of a given physical system presented in one

of the approximate forms, along with the corresponding boundary conditions
and with the algorithm for the numerical solution of these equations — inevitably
containing means from a finite-difference approximation of the continuous fields
describing the system — form a physico-mathematical model of the system.

AS. Monin

SUMMARY

Many models are based on some mathematical tormalism. In some cases it may be
quite elaborate and complex; in many others it is straightforward enough and does not
require more than some basic high-school match skills to understand it. In all cases it
can help a lot if you know what the mathematics are that stand behind the model
that you build or use. Most of the systems dynamics models that we use in this book
are based on ordinary differential of difference equations. Some basics of those are
explained in this chapter. We look at hew models can 1end to equilibnium conditions,
and explore how these equilibria can be tested for stzbility. If the spatial dimension is
added. we may end up with equations in partial derivatives. We will see how the advec-
tion and diffusion processes can be formalized. Finally, in the structural domain we may
also ind models that will be struceurally robust and stable. Such models are preferable,
especially when there is much uncertainty about model parameters and processes.

Keywords

Discrete vs continuous, initial conditions, ordinary differential equations, state van-
ables, difference equations, exponental growth. time-step, numerical method, Euler
method, Runge-Kutta method, equilibrium, stable or unstable equilibrium, box
models, compartmental madels, contunuous models. advection, diffusion, equations
in partizl derivatives, rigid and soit systems, structural stability.
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Maodeling and  systems analysis st appeared as mathemancal  disciplines.
Reciprocally, much ot modern mathematics has originated from models 1n physics.
Unul recently, a solid mathematical background was a prerequisite of any modeling
eftort. The advent of computers and user-friendly modeling softwaie has created the
{eeling that mathematical knowledge is no longer needed to build realistic models,
even for complex dynamuc systems. Unfortunately, this illusion results in many cases
in faulty models that either misrepresent the reality entirely or represent it only in a
very narrow domam of parameters and forcing functions, while the conclusions and
predictions that are made are most Likely to be presented as being quite general and
long lasting.

This does not mean that modeling cannot be done unless you have a PhD in
mathematics or engineering. Many of the software packages that are currently avail-
able can indeed help a lot in the modeling process. Thev can certainly eliminate
most of the programming work needed. It 15 important, however, for the modeler 1o
know and understand 1the major mathematical principles that are used within the
framework of those packages, otherwise the models will ke prone to errar. David
Berlinski offers some noteworthy examples of how models can be misused, misunder-
stood, and in error when the mathemarics is ignored.

Let us take another look at the model that we have developed in Stella. Open the moder and
click on the hule arrow pointing downwards in the upper left corner. {ia more recent versions
of Stella tre interface has been changed and vou have separate 1abs on the left of the win-
duw for the interface. the maodel and the equations.

Stella_primer2.stm

Ox»04%¢ OM me AL

- -
(QO= 2 o

H paam Popaton M param
SN ¥d ‘3‘ PR

\"— A N N /"

S po¥am T smetaton Temperanse

What you get is a list of equations

ene Stella_primer2.stm

RS

[J Population(t) = Population{t - gt) + (Births - Deaths) * ot

INiT ~opulaton = 10

INFLOWS.

<% BiIrths - B8_param*T hmitation”Populaton
OUTFLOWS:
Deaths = M_param“Poputation

O B_param - 01
O M_param = 005

S_pavam = 12

Tempelature = 20°SIN(TIME/36572°P1+3°P1/2)+ 24 +RANDOM(-4 4.0)

© T_limitation = Temper alure/(S_param-Temperature)
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So these will be the actual equations that the model will be solving. The Graghic User
Interface has reaily just one ourpose: to formrulate these equations and then display the
results of solving them What are these equations, and how do they work?

3.1

As we have seen in the previous chapter, a system may be considered in chree dimen-
sions: temporal, spana! and struciural. In the temporal dunension we decide how the
system evolves 10 time; in the spatial dimension we research the spatial organiza-
ton of the system; and in the structural dimension we define the complexity of the
maxdel. For each of these tacets inathematics are used in modeling.

Time

Most computer models aperate in discrete time. The tme s represented as a sequence
of snapshots, or states, which change momentanly every given time interval. The
major question te be answered when considering this temporal evolution of a system
is, what will be its state at time ¢ if its state 1s known at the previous ume 1 — |7 If we
know how the system changes state, then we can describe its dynamies once we know
the initial state of the system. Suppose we have a population ot five cells and each
cell dhivides into twa over one time-step —say, | hour. Then after | hour we will have
10 cells, since each cell 1s to be replaced by twa; after 2 hours there will he 20 cells;
after 3 hours there will be 40 cells, and so on

This ts a verbal model of a system. Let us formalize it on describe 1t in math-
ematical terms. Let 1(n) be the number of cells ar time-stepn = 1, 2, ... Then the
doubling process can be described by

aln+ 1) = 2x(n) (3.1)

If we provide the niual condiion A({() = a, we can calculate the number of
cells after any n time-steps:

n) = al” (3.2)

This is a simple model of exponenual growth. The nice thing about the mathematical

formahism is that it provides us with a general solution. Instead ot doing erative

(1.e. repeatng) calculations to ind out the number of cells after, say, 10C divisions,

and redoing these calculations it instead of Aive initial cells we were ta consider six of
them, we can immediately provide the result based
on the gencral solution (3.2).

However, this model can only Jescribe systems

How did we get from (3.1) to (3.2)? that are very well synchronized in ume, where all
Certainly, it xin+ 1) =2xn), then the cells divide simultaneously and similarly. This
similarty X{nl = 2xin — 1) and x(n — 1) = is quite rare for real populations, where Jivisicns
2x(n — 2). Substituting, we get: xin) — occur all the time, and theretore the process is not
2x{n - 1)=2-2xin— 2), and so on, so discrete. In this case it makes sense to assume
xin=2-2 ... 2x{0). Keeping in mind a different model that we formulate in terms of
that x0) =4 and that 2-2 ... 2(n growth rate. Suppose that cach cell produces one
times) = 2¢, we get the result in (3.2) new cell once an hour. This is more-or-less equiva-
lent to the ahove model, but new we can remove
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the synchronization. In two hours one cell will produce two cells, and in half-an-
hour a cell will preduce half of a new cell. This may not make sense for an individual
cell, but with no synchronization this makes perfect sense for a population of, say,
100 cells. It simply means that in half-an-hour 50 new cells will be produced. We
can then reformulate (3.1) as:

e+ At) = x(1) + x{(t)- A: (3.3)

We have substituted ¢ for n to show that time no longer needs to change in inte-
ger steps. At 1s the time increment in the model. Note that if At = 1, model {3.3) is
wdentical to model {3 1):

x(e+ 1= x(e)+ x(t)- 1 = 2x(¢) (3.9
However, if we run the same model with At = 0.3, we ger a different result:
x(t +0.9) = x(1) + x{t)- 0.5 = 1.5x(¢)
Then similarly
x(t 4 1) = x(t = 0.5) + x{¢ +0.5)-0.5 = 1.5x(t + 0.3).

Substituting from the above, we get:
e+ 1) = 1.5 1.5x(0) = 2.25x(t),

which is different from what we had for At =1 1n (3.4). We see that when we
change the time-step Az, we get quite different results (see Figure 3.1). The more
often we updare the population of cells, the smaller the ume-step in the model, the
faster the population grows. Since new growth is based on the exisung number of
cells, the more often we update the population number, the more cells we get to con-
tribute ww further growth.

Indeed. let us take a closer look at Figure 3.1 and zoom in on the first two steps
{Figure 3.2). We starr with a certain initial condition - say, 2. We decide to run the
model with a certain time-step — say, At = 1. According to (3.3), the next value ar
x(1) = x(0) + x(0) - Ac =2+ 2-1 = 4. At ume O we define (3.3) for the first time-
step, and we know that during chis period of ume nothing is supposed te change in
the equation. Ouly when we get to the next point in time do we re-evaluate the
variables in (3.3). Now we change the equation and diverge from the straight bold
line that we once followed: x(2) = x(1}Y + x{1)- At=4+4-1 =8§.

If we had chesen to run the model with a time-step At = 2, then we would have
stayed on the course longer {the broken line in Figure 3.2), and then x(2) = x{0) + x(0) -
At =2+ 2-2 = 6. See the difference’

Alernatively, if we had chosen to run the model with a time-step of At = 0.3, we
would have corrected the trajectory already after the first half-step taken (the dashed
line in Figure 3.2). and then later on every half-step we would have been correcring
the course. As a result, by the time we got to time 2 we would have got to a different
value, a substantially different one compared with the case with At = 2. So the smaller
the time-step we use. the move often we correct the course, the less the computational ervor.

Note that equation (3.3) is similar to the kind of equations that we saw previ-
ously, generated in Stella. Remember wher: we were clicking the little triangle in
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to rhe model formalization: 2.72 in (3.7) 15 not that much larger than 2 in (3.2)
However, the exponenr thar 1s used in rhe model blows up this difference tremen-
dously. The rime-step used in rhe model becomes a crucial factor. This is samerthing
to remember: models with vapidly changing variables ave extremely sensitive o the size of the
time-step used.

So what does 1is mean in terms of our little Stella model? As we have seen above, there s
a gtin the equations tile. So now we know what 1t 15 all about There 1s also a way to change
this at. Click on the “Run” menu, and then choose “Run Specs.” This will open a dialogue box
that contains the time specitications tor your model run. “From” will specify at what ume you
start the ssmulation, "To" tells when 10 end. “DT" 1s the time-step to use In the simulation.

Run Specs
Length of simulation: Unit of time: Run Mode.
~
From: 0 = Hours g Normal
Z Days 7 Cycle-time
. S
To: 100 by Weeks Interaction Mode
orom { Months ) Normal
0 (\' .
{ Quarters _ Flight Sim
DT as fraction  Years
Pause
interval: © Other
Time
Integration Method: Sim Speed:
@ Euler's Method 0 real secs = 1 unit time

Runge-Kutta 2
C Runge-Kutta 4
Analyze Mode: stores run results in memory (0.0 MB required )

Min run tength: O secs

i Cancel 1 f= OK ~=d

Let us start with DT = 0.25 and run the model The result shouid 0ok something
like this
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If we now change the time-step to DT — 2 we will get a similar picture, but not exactly
the same

Notice that with 3 larger t me-step we see that the temperature changes less frequently,
and. besides, the population grows to a smaller size. See the scale on the Population axis: it
has changed from 400 maximum to 300 Something we could expect: ust as in Figure 3.2,
we see that the growth 1s slower when the time-step Is larger, the vanables are updated less
frequentiy. and therefore the growlih base .s smaller in each ume-step

Eguavion (3.3) in a more general form s
x(t) = x{e — de) + fle, x(1), a)de (3.8)

where f(t, x(t). a) 15 the transiion function that describes how the system changes ac
time . It depends upon the current state of the system x(¢), and a vector of parameters
a — {a),m.....a,). These parameters do not change over time. Sometimes we assume that
the parameters are lidden and wrice simply f(t, x). As a differential equation, this will be:

" fle, x,q)
Differental equations are very useful in formulating various dynamic models. The
lefc-hand side dx/d: is the instantaneous change in the size of variable x. On the
right-hand side, we can specify what the processes are that contribute to this change.
In the example above we have a very simple transition function: f{¢, x{t), a) = x{z).
In real models, the function can be quite complex.

Some of the more simple differential equations can be solved analytically.
However, once we start putting together realistic models of systems, very quickly we
arrive at equations that are too complex for an analytical solution. These equarions
are then solved numerically. using a numerical method on a computer. The sinplest
numerical method 1s given by the approximation that is used in (3.8). The equation
in {3.8) is called a difference equation, and 1t is a numerical approximation of a dif-
ferential equation. As we have seen above, such difference equations are discrete and
can ke solved on a computer by going through all the time-steps starting from the
mitial condition. The equation in (3.8) is also called the Euler method, which is the
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The more complicated and most often used version of the Runge~Kutta algo-
richin uses a weighted average of several approximated values of f{t. x} within the
nterval (¢, ¢ + dr). The formula known as the "fourth order Runge-Kurta formula™ is

given by

x(t + de) = x(e) +

where

ky = fle,x(@)), k= f|z +£,x(r) +

= |t 2k 2k )

’r+dz—‘..\—(r)+ dey

de |
7
ky = flt + de, x{0) + de ky)

To ren the simulation, we also start wath the

In our population model, if we choose
the Runge-Kutta 4 method we get the
population of exactly 1,484 after the
100 days of a run. That is a perfect
match with the analytic solution. Quite
outstanding!

initial conditon, at ry, % = x{ta) and hnd x; =
x(ta + i) using the formula above. Then we plug
L= ae J — 2

in x; to hnd x» = x(6 + dt) = x(e + 2d), and so
on. Once agam we pay a price for the nnproved
accuracy of calculations: now we have to calculate
the transition function four times.

The Runge-Kutta algorithm is known to be

very accurate and behaves well for a wide range of

problems. However, like al’ numerical methods,
it is never perfect and there are models where it
faills. One unmiversal rule 1s chat the smaller the tme-step, no matter what method
we use, the better the accuracy of the sunulanon. T ensure that you are getang the
night result with yowr numerncal methad, you may want to keep decreasing the time-step
unal vou do not see any difference m the results that you are generuting. There are some
adaptive step-size algorithms that do exactly that autemaucally. Other algorithms
are also available, such as the Adams method er Bulirsch-Stoer or predictor—correc-
tor imethods, that can be way more elhcient for some problems, especially when very
high accuracy is essenuial. Just remember that there 1s alwavs a price to pav for higher
accuracy. The smaller the ume-step, the longer it takes to run the model. The more
accurate the method, the longer 1t takes to run the model. However, sometumes one
method is simply better for a particular type of a madel — it runs taster and gives bet.
ter accuracy. So it always makes sense to try a few methods on your model and see
which one works best.

We have already seen that the size of the tme-step chosen for the numencal
solution of the model can signihcantly change the cutpur produced. Let us consider
another example. Suppose we are modeling a stock of some substance that is accu-
mulated due to 4 flow coming in and is depleted by an outflow:

Stuff

-
3

T S N

e AN

In Qut
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The equations for this model will be-

[T Sttt = Stutt{! = gh + {in = Out) « ot
INIT Stutt = 0
INFIL.OWS:

In=1
OUTFLOWS

Out = GRAPH{StuH)
_— (000.0.09}, 10 ¥, 0.63), (0 2, 1 06). {0.3. 1 32). (0.4 1.47) {0.5 1.56), (0.6, 1.62),
L (0.7 1.67). {08,1.72),(09.1.75). (1,1 77)

The inflow 15 constant, whereas the outflow 1s a tunction of the substance accu-
mulated. It may be described by a simple graphic tunction of the form:

2.000
Stuff Out
0.000 0.090
0.100 0.630
; : 0.200 1.060
out | - : 0.300 1.320
- : : 0.400 1470
; ; 0.500 1.560
- ' 0.600 1.620
? / ' 0.700 1.670
g L , 0.800 1.720
T S T S 0.900 1750
[0000_] BRI 1000 770
41

I | 0.000 1.000
— Stuff Data Points: D

If we Arst run the model with DT — 1 using the Euler method, we get a very
burapy ride, and an oscillating trajecrory:
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The very same model bur with a smaller ume-step of DT = .25 produces
entirely different dynamics:

1 Stuff
1 030«
orgold s g e et
...... -
000 T y 1
000 300 600 300 1200
Time

Finally, 1t we switch to the Runge-Kurra, fourrh-order merhod, we ger very
smooth hehavior, wirh the trajecrory reaching satmanion level and staving therc:

1 Swrft

Time

The very same madel produces entirely hfferent dynamics by simply changing
the nme-step assumed. Clearly you do not wanr to run your model wirh too small a
DT, since it will require more computarional tune and may become more difhiculr to
analyze properly. However, roo large a DT s aiso inappropriate, since the results you
produce may be entitely wrong.

Here 1s ver another example rhat shows that DT marters and that ir 1s always
imporrant ro remember the equations thar are solved to run your model. Quute ofren
in models we want o do somerhing to the entire amounr stored 1 one of rhe var-
ables. For example, ar certain times we need to deplere a reservour, and rhen stair
flling it all over again. Or we may be looking ar an age-structured population, when
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after reaching a certain age the entire population moves from one stage (say, eggs) to
another stage {say, chicks).

Let us consider a stmple model of a flush tank that we all use several times a day.
Water flows into the tank at a constant Flow_Rate = R, which is altered by a floater
attached to a valve. As the water level tends to a maximum, the valve shuts the flow
of water off. Knowing the volume of the tank Tank_Capacity = V, we can describe
the inflow as

E. = Rl 1- I‘
V

where T 1s the current volume of water n the tank.

The outflow is such that every now and then somebody opens the gate and all
the available volume of water 1s flushed out. To describe the outflow, let us assume
that Use = u 1s a random value between [0, 1], and let us define Flush as:

F - {0, if u<0.99 }
T. otherwise

It we just put these equations into Stella, we will get this model:

Tank

) ] N
O—C 0 O

Flow Rate Use

Tank Capacity

[t can be downloaded from the book website.
Using the Euler method and dt = 1, we will get:

1 TROOD |7 o r serrer neaaeaas Penear e aee e PN

L

250 00 0 o0

Orph 1 thite @ 17:0c 104809
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which looks exactly how we wanted. Every now and then the tank 13 empniad, and
then it is gradually rehlled. Suppose now that instead of dr — | we wish to get a more
accurate solution and make de = 0.9, Now, the output looks quite different:

RN

o=/ e | LhEmed s IPRLERTT T

Not guite as expecred. The tank does not get emptied any more. Whar has hap-
pened? Let us look at the Stella equanions for this model:

[ 1 Tankty) = Tankit - on + (Intiow - Flush) * ot
INIT Tark =4
INFLOWS
Influw - Flow_Rate*(1-Tank/Tank_Capacily)
CUTF.OWS:
Flush = IF Use»0 999 THEN Tank ELSE 0
(O Flow_Rate = 0.1
) Tenk _Capucity =12
(3 Use = RANDOM{0,1,14}

It is clear that, contrary tu what we intended, the cotflow iz not T, bne T - de.
That s why dt started to modify the model outpur so dramatically. Tt should be
remembered that whenever a flow s described in Stells or another similar package,
it is then multiphed by di when 1t 15 inserted into the real equations to be solved
Therefare, of 12 s actually the entire stock that you want to move, you shonld
descrnibe the flow as T/de. Then when it is inserted into the equations, the dt gets
cancelled aut and we can really flux the entire amouns as 10 was intended

Thercfore, the correct Stella equations should be:

[ 1 Tank(f = Tank(t - & + {intlow - Flush) * dt

INIT Tank = 0
INFLOWS:

Inflow = Flow_Rale®|1-Tank/Tank _Capacity)
QUTFLOWS. — T

5 Flush = IF Usa>0.995 THEN.Tank/agELSE @ Y
C Flow_Raiz =09 — |

O Tank_Capacity = 12 Note this change!
{0 Use = RANDOM(0.1 14)
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In this case the left-hand side is the variation 1in your account, measured in $ per
month. We make sure that the flows on the right-hand side are presented in similar
unuts. For example, 1t 15 umporeant to remember that the interese rate k 15 monthly,
and should therefore be recalcutated from the more frequently used annual interest
rate.

When dxfd: — Q, there 1s no change in the vanable. If the intlows and outflows
ave balanced, the vaniable 15 at equiltbrium, it does not change because nothing is
added to 1t and nothing 15 taken away. By setuing dxfdt — C, we can calculate the
equilibrium conditions in our model. From (3.9) we get:

kx+p—-g=0,

- (3.10)

If vou make {g — pYk your mtal condition: x(C) = {g — p)fk, there will never
be any increase or decrease in the value of the variable; your account will remain
unchanged. A nice guideline to balance vour account! However. what will happen if
your initial condition 1s shghtly larger or smaller than che equilibrium (3.1C)?

In madel (3.9)1f we are even shghtly below the equilibrium: x < (g — pY/k then
dxfdt < 0. The dernivative 15 negauve when the function is decreasing. Therefore,
lor vilues less than the equilibrium equation, (3.9) takes us turther away from 1t
and we will be getuing decreasing values for the account (Figure 3.3). Simularly, of
we start even slightly above the equilibrium, then x > (g — p)fk and di/dt > C. Now
the derivative 15 positive, so the function grows, and therefore again we start mov-
ing away from the equilibrium. The farcher we move away from the equilibrium, the
larger dx/dr gets, the farther it takes us away from the equilibrium. Thus posinuve feed.
back sets us on a path of exponental growth. The equilibrium state 1s unstable. [t you
take one step away from the equilibrium. even a very small one, you will slide furcher
awav from 1t. Small deviations from the equilibnium will only increase with time.

Here is another example. Suppose a population of woozles lives on a small island
that has enough grass to support only A woozles. If there are more woozles than

Unstable equilibnum. Small displacements from steady slate result in increasing divergence
from it
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1000.

0. 30. 60. 90. 120.

Stable equilibrium. When system is perturbed Irom steady state A — 1000, it returns 19 it.

A, they die off {rom hunger. We can use the tollowing formalism to describe this
system:

X (3.11)
dt A

Here, k is the growth rate of woozles and A is the carrying capacity of the island. As
x approaches A, the multiplier (1 -- x/A) effectively slows down the growth rate dx/
dt, making it zero when x = A. If somehow x becomes larger than A, this same mul-
upher makes the growth rate negative, previding that the population size decreases
until it reaches the size x = A (Figure 3.4).

We see that x = A isan equilibtium point. Thete is vet another equilibrium point,
whete dxfdt = C. This is x = . From Figure 3.4. we readily see that when 0 < x << A
the derivative 1s positive and therefore x giows. It x could be negative (not the case in
our system, but it could be if the same formalism was used for a different system), then
dx/dt < 0 and therefoie x further decieases, tending to —. The equilibrium x = 0 is
clearly unstable. On the contrary, as we can see when the system 1s perturbed from
the equilibrium x = A, the sign of the derivative is opposite to the sign of the pertur-
bation {negative teedback) and the system is returned to equilibrium. This equilib-
rium s stable.

A classic illustration for the difierent types of equilibriuin is the movement of
a ball put in a coenvex bowl cr on the same bowl turned upside down {(Figuie 3.5).
Even if vou manage to balance 1t on top of a rurned-over bowl. the slightest dis-
turbance fiom that state of equilibnum will allow the fotce ot gravity 1o move the
ball further away. You do not even need to balance a ball inside a bowl; it will find
its wav to the pomnt of equilibrium by uself. The third, so-called neutral type of
equilibrivm happens when the ball is placed on a flac surface. In this case, pertur
bations from the stare of equilibuum do not cause any further movement of the ball
(Figure 3.6).

Analysis of the equilibrium and 1ts stability mav prove to be extremely impor-
tant for understanding model behavior. In some cases the model produces trajectories
that seem to converge 1o a certan state, no matier what changes are made to model
parameters. In that case, chances are that the trajectory is at equilibrium and there
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Exercise 3.3
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2, Aro thaig any equidbiid i the vaizzips model’ Arg fhey s1anle !
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The importance of initial conditions ...
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spatially homogeneous component, also called a comn-
parcment. These are then linked together by flows of
material or energy. In effect, a compartmental model is
a number of box models joined together. For example,
this is how we might want to present a small stracified
lake, where the upper part of the lake (epilimnion) 1s
separated from the deep waters (hypohmnion) because
of the temperacture gradient. The warmer water stays
on top and gets well mixed by wind-induced currents,
making this upper layer spatially uniform. However,
the currents are strong enough to mix only a certain
portion of water; the rest of the cooler water is not
involved in the turnover and remains somewhat sepa-

rated from the epilimnion. It makes sense to represent each of these spatial unirs as
separate box models and link them by certain fluxes, such as the sedimentation process
of material across the boundary of the two compartments.

Each of the box models may be described by a system of differential equarions

with initial condiuons:

ax,

dt
ax,

de

dt

= EX,(,P,),X,0) =X,

F(X,(0). P), X, (0) = X,

B (X, (1), £,).X,(0) = Xy,

On

Here, once again, X. 15 the vector of the state varnables in compartment 1, P, 1s the
vector of parameters used in the model in compartment i, Xy, is the vector of inirial

conditions for compartment 1.

As a discrete interpretacion, simular to thar which Srella generaces, we ger a sys-

tem of differenual equations:

X, (1) =X, (t —dt) = (X, (t — dt), P)de

X, () =

X, (€ = de) + F, (X, (¢ = di), P,)dt

These are then linked by flow equations:

X0 = Xt =dn) + [ X, e —d) Q, = X, (= d)-Q,

L J# il

+ 3D, (X (1 —di) = X, (e — do) 1 i

Here, we distinguish berween two types of flows: advection and diffusion. Advection
describes motion caused by an external force (such as gravity, which causes sedimenta-
tion). Q defines the advective flux. Q, represents the flows that flow into the ith com-
partment from the surrounding jth compartments; Q, are the flows that flow out of
the ith compartment. Diffusion 1s defined by the gradient or difference berween the
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Time and space scales ...

Continuous models
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wheth is Quie 3 distance! Somaibeng qimetar 16 taund in 1the subatomic woild. As we
Fava sean, 1the nny parisclas of the micrcworld hove litatunas o' less 1tkan 8 milbonth of &
sacond. This 18 extremely shom in the human Iimaescale. Howewer, 1heir 526 18 also very
small and Ihay traval at kgh:ning-1ast welocitiey Ta make moxe sense of 1his compansan,
physzicisis hava coms up with & measure called a “particle sacond” - 8 unit af 1ima equal
19 10”23 secands, winch 14 1he 1me needed far 4 paMicie 10 travel Over a distance 3 few
fimes ils own size Various parucies have lisiemes 1hat vay batween 10 a~d 100,000 parsicle
secongs

Such resalutions do nO! mzke any sense if we are cansidenng geclegical change, mave-
ment of conhwanis af nsing of rounaims However, coclain slgw processes may he ahiupily
«erupted by {as1 and viclent Hluctuations Slaw geolagica’ changa vields 10 an eartrquake,
when (N minutes and hours we see mare distuihanca than over 1the 1hausand years teloe
1ha1. Modsling processes that accur on a varialy af scases is a hig cha'lange, since it is pro-
haiitively hara 16 tegvesent try skiw pxQuedses a1 the sca'e of 1he ragid ones Hewvever. i we
gnare Ma singular1ies completoiv 'wa may miss same really impartans cnanges angd 1rans’ar-
manons in the sysiem

When swzes den't diflar 1that much, 1there 18 na exact ielaticnahig heiwean 1amporal and
apatial scales For instance. s4ails reguier thér envitinment onde (N cvesy 4 Seconds. Even
though humans are larger, thay can do a terter poh For us, the world araund us changes
appromimately ance every 1724th of a second. “his resolution of ours i1$ what defnes 10e rale
ol change af snapghots in movies 1hat ve waich. i we do 11 18ss fiequently, we sea how
1ne Mmolon hecomes discontinuous. fifudes S1ar1 10 move in jorks. [ wo do it faster, we will
not se¢ the diffarence. We can aclusity insen anather frame and we will not rogister i1. "hey
say that 1theie is 8 methad of manipulaiing pacple. called 1%¢ “25th {framea” Th.a is when a
251h frame 19 ingevied ana the mownies run a1 1j261h of a secand Thes singha 281n frame can
be enlnely oul ¢l context and humans 10 not consciously register il. Mowever, sppa‘ently
11 affects our subconsoioud and ke informatian finds i13 way 10 1he 1ight pansa ¢of the brain,
influencing aur apinions and decisking

This would not be possible far a fly, wiwch acang 1he arawanmant 20 imes fagte: 1haa
wa do. & {ly would s1816 at 1ma 2E1h {rama for long anough to realize 1hat scnwething tosally
oul of cantex! was being displaved On the other hand, a sned woukd rever even see this
frama Maoioover, d you move fast enough, in 4 seconds you can peck a snail from 1ha grourd
and put it in vour haskat For the anail tis kind ot ransiarmatwon will eccur instanianeousiy.
it will nover knaw how i1 gat {.om ane place 10 another. Tsese considcraticns aro mpoxtant
when choosing 1he *.ght resalutions far your models.

. | - i P
Let m take o lonch ot aumgle ot eamze ey o e ik szl ot equatee’ caa iy

denvel

Modeling advection

Costsnder i chanfust ey of aLemare s ien! v srae aal ew Suppsis we ace
one spat ]l bimensen necbaps < lore pipe 0 acsn

ter sputta Leterugorer  we w2l apanse that b whole bl of 1re ooyl € Iy

Jocded mee v segients, eactt Aa by The coaweamanae - cthe ai=tavve in

rach emuenanir wel roorborr o tunc e ! teel B and !el:gl!l Cir ) Wilse Ay

arge endatt we can thank ahsot th s mcsiel 1 comnnanmentesi e and am e
the Loraimy dewnled givaa-
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Ci. X-aXx) C{t X) CiL X+ 3K

X

We also assume that there 15 a certam velocity of flow in the canal, r, and that it
Is constant.

Let us now defne the concentranion of the contents in any given segment at rime
t + Ar, assuming that we know the concentration there at time ¢ Since calculating
concentranion may be conlusing, let ws wute the equation for the toral amount of
matcrial in segment v at ime £ + Ar

Cli+aLx)-Ax=Cle.x)-Ax+ Cle.x — Axd-r A — Cle,x) - Ae

aplin e m e e #logd ot s sennrm
hehow
Rearranging the tenms, we get.

Cle+ A, ) Ax—Clt,x) Ay =Cle, v — A r- Ac— Cn x) - - Ar

Dividing both sides by AvAr:
Cle+ AnLx) Ax—Cl v} Ax - Cle,x— A -r-Ar—Clex) v - At
Ax - At Ax- Ag
Or, cancelling Ax on the lett-hand side and At on the nght-hand side:

Clt + A x) — Clt,x) . Cl,a = Axd = Cle, x)
At Ax

Now if we let Ax — Oand At — 0, we get the well-known advection equation
as a partial differential equarion:

dc
Iel Ix

In discrete notation, the equation for cancentration at the next nme-step is:

[Ce,a) Cle,x — Ax)]-7- At
Ax

Clt + At xy = Cle.ay — (3.12)

It we know the concentration at the previous tme-step, we can caleulate the con-
centranon at the next rime-step. To be able to use this equation at any {x, 1}, we sl
need 1o debine two more condinons. First, we need to know where to start — whar was
the distribution of matenal zlong the canal at the beginning, at time 1 = 0. That will
he the inoal conditon:

Ci0, x) = ¢yix)

Besides, it you look at equation {3.12) you may notice thar to solve 1t for any ¢
we need to know what the concentration at the lett-most ¢ell is, where x = 0. Thart
is the boundary condirion:

C{,0) = b1
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There may be other ways to inirialize equarion (3.12) on the boundary. For
example, instead of defining the value on the boundary, we may define the flow,
assuming, say, that

C(t,0) = C(1.1)

This will be a condirion of no flow across the boundary, and will also be suffi-
cient to start the irerative process to solve equation (3.12).

Modeling diffusion

Ler us now consider diffusion as the driving force of change in the concentrarion in
our system. The force that makes the substance move in this case is the difference
between concentrations in adjacent segments. It is also good to remember that in
this discrete approximarion we are actually dealing with points on a continuum, in
this case a line Ox. The concentrations that we are considering are located ar these
points. We are dealing with average concentrations for the whole segments, and are
assuming that these averages are locared at these nodes. Therefore, if there 1s no out-
side force to move the material, it would be reasonable to assume that the farcher
away the points we consider are, the less material can be moved between them by
the concentration gradient.

Cl, X —4X) o, X) C{t, X + AX)

AX

Just as before, let us define the concenrration of material in any given segment
at time t + At, assuming that we know the concentration there at time t. The equa-
tion for the total amount of material in a segment at time ¢ + At is:

Clt+ At,x) Ax =

Cl,x) - Ax + -D At + -D- A
Ax Ax

Clt,x + Ax)  Cle,x)
Ax
the diffusive flux between two adjacent segments. D 1s the diffusion coefficient thar
characrerizes the environment, the media; tt tells us how fast diffusion can occur in
this kind of media.
Afrer some rearranging we get:

In this equation, ts the empirtcally derived equation for

C(t,x — Ax) — Clt, x) B C(t, x) — Clr, x — Ax)
Clt + At, x) = C(t, x) N Ax Ax
At Ax
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Once again, it we let Ay — 0 and At — 0, we get the well-known diffusion
cqualion as a partial differential equation:

at dxt

In discrete notation, the equation tor concentrativn at the next ume-siep
becomes:

. S, x — Ax)— 200, x) X : .
Clo+ At x) = Cle.x) + [Cle,x = Ax) = 2k ; + Clr,x + AxJ D- At (313)
X

If we knew the conceniration at the previous time-step, we can calculate the
concentration at the next time-step. lust as m the advecnon example, 1o caleutate
this cquation at any (x, £} we need w define the inittal condinon:

C{0,x) = Calx)

As for the boundary conditions, in thes case we will need two of them. We can.
not use equation (3.13) to calculate the value both on the leit-hand side boundary
C(r, 2 and oo the right-hand side houndary Cir, N), where N is the number of che
maxumal segment that we consider. Therefore, we need two boundary conditions:

Cle, 0y =500, C{,N) =i

Similarly, there may be orher tvpes of boundary conditions, such as:
Cie,=C{t, 1), Cu N-—=1)=C{, N).

This will be a condinian of no flow acrass the boundanes.

Structure

Consider a community of two competing species that eliminate one another. We can
deseribe this system by the following two (DEs:

dx
A
dy
dt

14}

where g and b are hunting ethiciencies of species ¥ and x respectively. This mudel can
be resoived analytically:

dx by
dy ax
ax dx = by dy,

bl
axs — byt — const
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A good way to look at system dynamics, especially in case of two variables, is to
draw the phase portrait, which presents the change in one variable as a function of
the other variable. Figure 3.7 presents the phase porrait for model (3.14). It can be
seen that the two populations eliminate each other following a hyperbola. The minal
conditions define which trajectory the system will follow. In any case, one of the two
spectes gets eaten up first, while the other species remains. [f the initial condition 15
on the line equation V’(nx) = /(by). then the two populations keep exterminating
each other at infinite length, tending to complete mutual extermination. If the int-
tial conditions are below this line, then y is exterminated and x persists. If the iniual
conditions are above this line, then y wins. Models like those considered above may
be called ngid {Arnold, 1997 ); their structure 15 totally defined. In contrast 10 a rigid
maodel (3.14), a sofi model would be formulated as:

dx

— = -b{x, ¥y

e (3.15)

at

where a{x, y} and b{x, y) are certain functions fromn a certain class. It may be shown
that for moest functions a{x, ¥) and b(x, ) the phase portrait of system (3.15) is quali-
tatively similar to the one in system (3.14) (Figure 3.8). One of the species is sdill
exterminated. but the threshold line is no longer straight.

An important feature of maodel (3.15) is its structural stabilicy. Changes in func-
tions a{x, ¥) and b{x, y) that describe some features of the populations do not change
the overall qualitatve befavior ot the system. Since in most cases our knowledge about
the objects that we model is not exact and uses a good deal of qualitative description,
soft models are more reliable for predicting the system dynamics. Unfortunacely, there
are very limited analytical methods to study the structural stability of models. The only
way to analyze structural stability in broader classes of models is to run extensive sen-
sitivity analysis, varying scme functions and relations in the model as well as changing
parameters and initial conditions.




F-!_ R N T Y - o . oo

Essential Math 107

Structural analysis of maodels requires quite sophisticated machematics. Even tor
a simple maodel like that above, analysis of its structural stabilicy lies way bevond the
scope of this book. In general, Table 3.1, from von Bertalanfty (1968), shuws that
there 1s a very small domain of mathematical models that can be analyzed by analyti-
cal methods.

Most of the real-world models turn out ta be non-lincar, with several or many
equations. Besides, most of the systems are spaually distnbuted, which almost pre-
cludes analytical methods of analysis. However, there are numerous examples of
quite successful and stimulaung analytical studies that have led to new theories
and new understanding. Physics especially has an abundance of this scrt of model.
Probably this is why most of the mathematics that is used in modeling came trom
physical applications.

5000 | e

> 25.00

0.00
0.00 25.00 50.00

Phase portrait for the soft mode! of mutual extermination.

Mathematical models that can be analyzed by analytical methods

Linear equations Non-linear equations
.
Equation One Several Many One equation | Several Many
equation equations equations ecuations equations
Algebraic Trivial Easy Essentially | Very difficult Very difficult  Impossible
impossible
Ordinary Easy Diffscult Essertially  Very difficult Impossible Impossible
differential impossible
Partial Difficult Essentialy  Impossinie | Impossible Impossible Impossible
differential impossible
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Ecology, social sciences and economics have yer ro develop adequate mathemat-
wal methods of analysis. Up ull now, most of the models i these sciences have been
numerical, analyzed by means of computer simulations.

Building blocks

Let us consider seme of the main types of equations and formulas that you can encoun-
ter in dynamic models (Figure 3.9). If you have a good feel for how they work, you can
pur togecher quite sophisticated models using these simple formalizations as building
blacks While, indeed, complex non-linear models are notorious for springing surprises,
for their unexpected behavior, 1t 15 always nice to have some level of contral regarding
what is going on in the model. Knowing some of the math behind the equations and
formulas in a modeling software package such as Stella will add some predictability to
how your model may behave. Knowing how some of the very simple formalizations
perform as stand-alone modules will help you to construct models chat will be better
kehaved and easier to calibrate. Certainly, interaction of these processes will create
new and uncertain behavior, which it will be hard ar impossible o predict in some
cases. However, in many other cases you will be able to have a pretty good expectation
of what the output will be when you put together the building blocks.

(A) Constant growth

ax/dt = a

where a = const

.\ﬂ] I

Solulion: x = ¢ - at. Q"'w
- n
¢ — nihal condition for x \ _—

There is a constant flow of material inlo the stock. If there 1s also a constant outflow, then consider
a as the net rate of flow, a = in -- out

(B) Exponential growth

00 00 l
dx/0l = ax |
X

where a = const |
i
X 60 )
. ]
Solulion x - ¢ e® ” i

The added positive feedback creates exponential growtn. Dynamics can easily get out of control
because ol the very last growth. Keep a small, especially at first when you are only testing the model

wFigu SN Gowth (A) Constant growth; [B) Exponenual growth, {C} Growth with saturation;
(D) Growth with peaking; {E} Delayed response
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(C) Growth with saturation

dwat = ax - bx? .

where a ang b = const

ST
ace . g )"(\/\

SO'U'IOn' rN= - - Out
atbec(e® -1)

The exponential growth 1s now dampened by exponential decline At smaller populations the linear
funclion {ax) dominates As numbers increase the parabola (bxZ) overwhelms and shuts down growth
The soltution 1s the so-called fogistic equation Note ihat the model is identical to the model with
carrying capacily’ ax - bxZ = ax(1 — bx/a) The carrying capacity in this model is then a./b.

When x = a/bthe growth is zero ang the model saturates

(D) Growth with peaking

LY

dax/dt - ax — bxS!

where a, b, and s = consl - R

o O N

A simple way to make the model peak and then decline is to have a variable exponent in the outllow part
and make this outflow grow with time. In this case again at lirst the outflow is very small and the system
grows. Later on the outflow becomes dominant and gradualty reverses the dynamics eventually getting
the system down to zero. Used less often than the first three blocks but still may be handy.

(E) Delayed response

where a and b = const

At - is time delay | ’

ox/dt = ax - bx3(t aw, ’

000 B wm

A powerful way to get pretty confus ng results. in this model of saturated growth (see above) we assumed
that mortality is controlled by the population size several ime-steps ago. This may be if we assume |hat
montality is due lo a8 disease and the disease has an incubation period of &t If At = 1 we still have a
saturation. If At = 2 we suddenly run into oscillations as shown in graph. With At > 2 we have a population
peak and collapse somewhat similar to the dynamics in the previous block. The delay lunclion should be
always used with caution, since it can easily des:abilize your model

{Continued)
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Further reading

If. you feel that your math is too flaky you may want to vefresh it Any textbook in calculus will
be more than enough. Try this one for example: Thomas, G.B, Finney, R.L. (1989). Elements of
Caleulus and Analytic Geomerry Addison-Wesley These days you can also find « lot on the web.
Just type “differential equations” mio Google and you will get quute a few links with precey good expla-
nations to choose from.

Berlinski, D (1978). On Systems Analysis An Essay Concerning the Limutanons of. Some
Mathemanical Methods i the Soctal, Polincal, and Buwlogical Sciences. MIT Press — This does a
really good job explaming why mathemagcs can be quite important for building good models Berlinsk:
may be overly critical of some of the classic modeling creanses, mcluding books of Bertalanffy and
Meadows, however most of his criticism makes a lot of sense. It is important to remember that mod-
els are more than mathemaucal objects, and that in some cases they may be useful even wath flawed
or inadequate mathemacs.

Viadmir 1. Arrold has been stressing che difference between soft and ngid madels in his {997 presen-
tanons. His classic hook: Arnold, V. 1. (1992). Ordinary differential equations. Springer-Verlag —
Can be recommended jor those who want to get a beuwer understanding of modeling with ODE'’s and
master some analyucal techmiques.

von Bertalanfty, L. (1968). General System Theory. George Braziller — Contans some imporwnt
mathemauics and ideas about the bulding blocks in modeling.



4. Model Analysis

4.1
4.2
4.3
4.4

Sensitivity analysis
Model calibration
Model testing
Conclusions

SUVIMARY

There are many wavs in which a model can be analyzed and tested, and some of them
have become more-or-less standard for the trade. There may be many unknowns or
assumptions that go into the model. Sensitivicy analysis 15 a wav to figure out how
important these assumptions are and what effect they may have on the model perform-
ance. Sensitivity can be tested by disturbing a model component that 1s not known for
certain (a parameter, a function, a link), and then seeing how this disturbance propa-
gates through the model structure and how diterent the results that come from the
disturbed model are. A second standard analysis is performed to see how closely the
model can be made to reproduce the experimental data (qualitative and quanuta-
tive). This is model calibration. The madel parameters are modified to mininuze the
difference between model output and the available data. Finally, other tests can be
conducted to validate the madel and venty its performance. This analysis includes dif-
ferent methods, ranging from diligent debuggmng of software code and mathematical
formalizations to cernparisons with independent data sets, and extensive scenario runs

Keywords

Uncertainties, parameters, initial conditians, critical parameters, inverse problem,
data model, error model, Theil's index, R* index, weighted average, empirical model,
trendline, process-based modeling, objective function, minimization, trial and error,
optimization, Madonna software, curve fitting, open systems, CLIMBER model, vali-
dation, verification, scenario, crechnhity.

x R %

Choosing variables and connecting them witk flows and processes is not enough to
build a madel. Actually. this is just the beginning of the madeling process. By 1den-
tifying the variables and formalizing the processes that connect them, in Stella or in
anv other modeling tool, only one possitle description of the system is created. We
still need to make sure that this description really describes the system, and then try
to use the model in a meaningful way to genzrate additional knowledge about the
system. Why else maodel at all?

I'his stage of testing and working with the preliminary model bwlt is called
model analysis. 1l the model is a mathemartical formalization - say, a system of ordi-
nary differential equations — we may try to solve the equations. It this 1s possible, we
get a tunctional representation for all model variables and can pretty much say what

111
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they will be at any time or place, and see clearly how different parameters affect them
However, as previously indicated, the chances are quite slim that we will ger an ana-
lytical solution. We may still try to analyze the phase plane of the model variables anc
derive some general understanding of the model behavior - perhaps by testng for equi-
librium conditions, or trying to identify when vanables grow and when they dechine
The more results we can denve from thus analyucal analysis the better, because all the
analytical tnformation we obtain is general and 1t describes the system behavior lor al
kinds of parameter values thar we may insert into the mode! - not just the single set of
parameters that we use when we run the model numerically on the computer

Sensitivity analysis

Il no analytical analysis is possible, we have to turn to numerical methods. Using
Stella, in order to see how the model performs we need to "Run” 1t. By doing thas,
we numerically solve the system of difterence equations that Stella has put together
based on the diagram and process formalizations that we have formulated. A numeri-
cal solution of a model requires that all parameters take on certain values, and as a
result 15 dependent on the specified parameter values. The result of a model run s
dependent on the equations we choose, and the initial conditions and parameters
that are specified. Some parameters do not matter much; we can vary thein quite sig-
nificantly, but will not see any large changes in the model dynamics. However, other
paraieters may have a very obvious effect on the model pertoumance. Even small
changes in their values result in dramaucally different solutions.

Analvzing model pertormance under various conditions 1s called sensitivtty analy-
sis. It we start imodifying a parameter and keep re-running the model, instead of a
single trajectory we will generate a bunch of trajectories. Sinularly, we can start
changing the inital conditions ur even some of the formalizations in the process
descripuions. By comparing the model output, we get an 1dea of the most essential
parameters or factors 1y the maodel. We also get a better teeling of the role of indi-
vidual parameters and processes in how the model output 1s formed, what parameters
attect what variables, and within which ranges the parameters may be allowed to
vary. This is very important because, in contrast to an analytical sclution where we
could find an equauon relating mmodel outpur 1o the input parameters, with numeri-
cal models we do not have any other way to learn what the connection 15 berween
the various parameters and the model output, except by rerunning the model with
different paramneter values. Whereas in the analytical solution we can use a formula
that clearly shows how a parameter allects the output, in case of numeric runs we
know nothing about what to expect from the output when a parameter changes.

In Stella, there is a method of making estirmastes for model sensitivity & Help
Choose “Sensi Specs. ” in the Run menu A window will open that will $-Run xR
allow you to set up your sensitivity test | a0

The following steps will be required: Sector Specs...

1. Double click on the parameter that you want to test for model
sensitwity. It will be moved 10 the nght pane
2. Highlight the parametet in the right pane

Sensi Specs...  ¥Y

Run Specs... X ¥R
Range Specs...

. Check Unlts




3. Set the number of parameter vaiues that you wish 1o test for.

4. Choose how you want the parameter to change its value.

5. Make sure you ciick the Set button to [ill in the table on the right, where parameter vaiues
will be automaticallv calculated to run the model.

Sensitivity Specs

Allowable
CiFcpuiation

O M_pacam
© S_param

Varaton Type
® tncremental

o ribution

- mc 4
[

7 Paste data

Start.  0.01
€nd: 05

If vou now click "OK.” the model will run several times In a row for the different values of
the parameter chosen. Before you do that, you need to prepare your output. Make sure you
create 3 "Comparative” graph 1o see the difference in the output that you will be generatng.
For example, in the modei that we were buildirg above, If we start changing the Birth Rate
palameter we will produce a family ¢f curves, which show that the model 1s quite sensitive to

changes in this parameter

Define Graph
Craph Type: @ Time Series " Scatter

M Comparative
_, Allowable

[« Births

[« Deatns

{O B_pazam

iO M_param

O S.raram

O Temgesature
O T hmaaton

Tit.e. [Untitled
W) Show Numbers On Plots W1 Thick Lines
™ Show Crid 7 Hide Detall
_'Make 5 Grld Segments _ Mack for exporn
Min Max
Scale:
From To
Dlsplay: 0 200
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Selected (Value)

Cannect Dots

B_param (0.1)

Run# Value

i1 0.0l

i2 0.133 m
3 0.25%

q 0.378

S fth *

W Sensltwvity On
T Print Setups

Cancel i = OK

Cigar

__ Hide Y-axis Labels

Page: 1
[

(Concel) &
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it you modify ancthet parameter, say the one that is related 1o the effect of temperature,
you will get another bunch of trajectories.

You may already notice that apparently the change in this parameter has a less prorminent
effect. While you can see some considerable vanation, you do not get the curve to decline to
2ero - at least not for the values ol the parameter chosen for this experiment

Sensituvity analysis explores the parameter space and can help us ilentity some
of the ¢niucal parameter values, where the model might, for example. crash or run
away o infimity Every combination of parameter values translates into a specific
model output. It 1s like testing the landscape for hidden surprises and trying to cap-
ture trends 1in model behavior in response to the changing combinations of parameter
values, figuring out how to make certain varbles grow, or decline and at whar time.

Later on m the modeling process, when we collect evidence of the model actually
representing the system. and have suthcient confidence in the model performance, we
can perform turther sensitivity analysis to the point where we make conclusions about
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O~y —ax: ¥y =dxy t b= gx, +y —ar,
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Qualitative comparison may become difficult as we close on our target, getiing
the model output almost dentical to data. We may be stll improving the resules
somewhat, but we can no longer distinguish the gains by simply staring at the graph-
ics. Another case 1s when we ger a better match between outpuc and data in one
time range for one set of parameters, but achieve a better match with a different tune
range for another set of paramerers. Which parameters do we choose then? In these
cases, visual comparisons can fail. Quanotative machematical formulas can then
become vseful. One simple formula for the error model is:

(4.]

where x, are the data points and vy, are the values in the madel output thar coure-
spond 1n time or space to the data points. Note thar this formula tracks che relacive
proximity of the two models — thac 1s, for larger values we allow larger errors. The
smaller the error, E, the hetter the model calibration. This index is quite similar to
Thel’s measure of forecast quality:

E (4.2)

22

i ‘Zr

In some cases, we may be concerned only with cthe average values over certain
ume penods. Then we can compare the mean values:

2.6 (4.3)

E — =] =1

Very often, the metric used to compare the models is the Pearson moment prod-
uce correlation coefficient,

n ‘ n
=1

or the R? value, which is equal to r*. This correlation coefficienc is good for matching
the peaks. Note that unlike the above error models, where the best fit came with the
minimal value of E, here the best fic 1s achieved when v = 1.

These formulas become more cumbersome if we calibrate for several variables
at once. In che sunplest case, we can always take an average of error modlels for indi-
vidual stace variables:

J

J
S

Ef= ——
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Experimental model of the microbial system.

where E are the individual erross calculated using equations {4.1)-(4.3) or similar met-
rics. In some cases, calibration with regard to one variable may be more important than
the fi for the other ones. For examnple, when we lave the best data model for a certain
variahle but very approximate mformation about the others, we would want to make
sure that we calibrare more to the reliable information, while the importance of other
data sets may be secondary. In this case, we may want to :ntroduce certain weights into
the formula so thar particular variables ger more attention m the comparison:

where w, are the weights associated with k different vanables,

d_w, =
=1

The error model 1s then affected most of all by the variable that has the higher
weight. This means it is more efficient to get the error down for that variable as far as
possible, since the rotal error then gets reduced the most

Ler us consider an example. Suppuse that we have been running an experiment in
rhe laly measuring the growth of 2 batch of microorgarisms over a period of 100 hours,
taking a sample every » hours. We then use a spreadsheet program to store the results
and to present them in a graphic format (Figure 4.1). Also suppose that we are measur-
ing a certan lunuting factor - say, temperature, or substrate availabilicy - that describes
how suitable the lab environiment is tor the growth of the organisms that we are observ-
g (Figure 4.2). We are normalizing this measured value to bring 1t within a range ol
[Q,1]. This can be done it we divide all the data by the maximum observed value.

Let us buikl a model al the system. Suppose we are not mterested n the struc-
ture of the system and want to build an empirical, “black-box” model.

Empirical model

The autput thar we have consists of the data about the number of arganisms. The
input is time, and the information about the temperature i the environment. One
sunple empirical model can be created immediately in a spreadsheet program. For
example, in Excel it is called "adding a uendline to the graph.”
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A trencline 2s a black-box model that uses time as input.

In this case. the only input information that is used is time. The model is the
equation of the line, which is a polynomial of order 2:

y==0.0978x% + 14.554x — 81 443

As we can see in Figure 4.3, the trendline does a pretty good job of representing
the rodel results, though there 15 obviously a difference between the model output
and the data points availalle. Note that Excel labels the independent variable x, while
in our case it should rather be ¢ for ume. By adjusting some of the parameters in the
model, we may make the model output closer to or further away from the daca pomnes
measured 1 the experiment. Actually, this is exactly how Excel came up with this
equation. It took a general form of a second-order polynomial and started to tweak the
three coefficients. We can see how this works if. instead of “Adding the wendline” in
the Chart menu, we set up a general form of polynomial and use che “Solver” option
in the “Tools" menu. We will then be able actually to see how the values of the three
cocfhcients will be modified while Excel will be optimizing something to get the two
curves to match as closely as possible.

This process of tweaking the model parameters i an attempt to get a better
representation of the data available is the calibration of the model. In our case, the
coefficients of the polynomial are the unknown model parameters that have been
varied in an attempt o get the pelynomial trendline as close as possible to the data
pQints.
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y - —1€ 08x%+ 1E - 07x5 + 0.0004x* - 0.0527x? + 2.2704x? - 23.969x + 52.391
A% = 09775

The R-squared value for the model described above is R? = 0.9232. Recall that
this error model s such that the fit is getuing better as R- 15 approaching 1. If we use
another model, a sixth-order polynomial, we can improve the R* value and raise 1t
to R = 09775 {Figure 4 4) In this case we will have 1o guess the best values for
seven parameters instead of three. Even though we get very high R~ values from
these models, they have the problem of generating negative output at certain times.
This should be prolbited due to the nature of the modeled process — the population
numbers cannot be negative.

The simplest way to avord this 1s to clamp the model with an “if” statement:

[0 f —0.0978x- +14.554x = §1.443 < 0
[-0.0978x- +14.554x = 81.443,  otherwise

This would be then our empirical model, where the numeric coefficients are the cali-
brated values.

There are other statistical tools that are available in Excel {(such as the Solver or the
Goal Seek tools) or in other packages that may be further used for a refinement of our
calibration. We may also try to bring in the other available data set — that 1s, tempera-
ture — arcl run multiple regression for time and temperature to try to improve further our
empirical model; however. this will require more sophisticated statistical tools than Excel,
unless we formulate our own equation and use the Solver to muimize the error model.

In anv case, what 1s important is that, when building these empirical models, we
entirely rely on the information that we have in the data sets. We come up with some
type of equation and then quite mechanically adjust the parameters in an attemprt to
reproduce the data as well as possible. All the information we know about the system 15
in the data. It mav be somewhat risky to use the same model in different conditions -
for exarnple, when the temperature is consistently 5° lower. Temperature has not been
included in this model at all. and clearly the results will be totally off if it changes

Process-based model

Instead of further exploring the empirical model, let us try to build a process-hased
model for the microbal system that we are studying. We will draw on some of our
understanding of population growth. consider some of the processes that may be
involved. and describe them m the model. This brings up a whole ditferent paradigm
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ot madeling, where, in addition to the information contained in the Jata sets. we
bring in other informartion available tfrom similar studies conducted before on sumilar
systems, or from general ecological theory, or from mass-conservation laws, or simply
from common sense

For the microbial systern that we are considering, just as for any other population, the proc-
esses of growth and death are most hikely playing an important role. Perhaps we can try
to describe the lfe of the whole population in terms of these two processes. The simplest
mode of population growth can be then presented by the following Stella equations:

Population(t: = Populationit = dt} + (Growth — Mortality) * at

INIT

Population = 10

INFLOWS:

Growth - GrowthRate*Lim_factor* Population* (1 — Population/C_Capacity!}

OUTFLOWS:

Mortality = MortalityRate * Population
C_Capacity = 500

GrowthRate = 0 6

MortalityRate = 0.15.

We can alsc insert the values for the imiting tempersture factor as a graphic:

Lim_factor = GRAPH(TIME}
{0.00, 0. 305}, (100, 0.47), (20.0, 0.65}, 130.0, 0 815, i40.0, 0 71, (50.0, 0.505), {(60.0, 0.745).
{70.0. 0.93), {80.0, 0.861, (90.0. 0.71). {100. 0 00}

By looking at the cata points we see that after the imtial period of rapid growth, the
population size seems 10 saturate at a certain level As we have seen above. there is a simple
way 1o control growth in the model by introducing the Carrying Capacity. which represents
the maximum number ol organisms that can survive in the lab environment With the param-
eters listeg above, the mocel produces the following gdynamics:

Hours
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Curve 111 on the graph represents the experimental values that we nave been observ-
ing. while curve (2) 15 the simulated behavior Here, 100, we see ihat there 1s 3 certain
error or distance between the two models The size of this error depends on the parame-
ter values used in the model. Let us run sensitivity analysts for the three parametars in this

model

uailed
, Population. 1 =23 -
1 - .
§
H
{
i
—
Page Months 1741 Swn, 29 Dct, 2006
la XA XA tintitle
Population 1 = 2-%-4-5
[
1
! |
Page 1 Months 17 22 Swn, 29 Oot, 2006

These graphics show how the model reacts to changes in GrowthRate tfrom 03 to
0.8, C_Capacity lirom 300 to 700} and MorralityRate {from 0.1 to 0.3) We may notice that
changes in arowsth rate and mortality have a rather similar effect. mostly altering how the pop-
ulation changes during the initial growth perod As might be expected, the carrying capacity
value defines where the population saturates later on We may already start t0 make some
mean ngful changes to the parame-ers, trying to make the output closer to the data
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To keep track of our gains and losses, we can put together an error model. Described in
terms of Stella equations, tne error model might be as follows

Error(t) = Errorit—-ct) + (Er_In) * dt
INIT Error =0

INFLOWS:

Er_In = Population — DATAjA2/DATAA2

This formula reproauces the metncs described above as the sum of squares E in {4 1)
Notice that at each ume-step we add another error term, whicn makes 1t equivalent to the
summation that we see In {4.1). Keeping in mind the results of sensitivity analysts, we can
now start to tweak some ol the model paramelters and see how thig changes the gistance
between the data ana pooulation tnat i1s also measured by the etror variable. Most ukely
the GrowthRate will nesd to go down a little to make the nopulation grow slower, but the
C_Cacaaity snould probably go up to mmiake il saturate at @ higher level. That should bring the

~oael output somewhat closer 10 the Data Tus 1s an itarative tnal-andg-error process that
nay 0F may not get us o ine perfec: maten

You may have noticed that there 1s a difference in calibrating empirical and
process-based models. In empirical models, we rely entirely on the information that
we have in the dara sets. We corme up wirh some rype of equarion, and rhen quire
mechamically adjust the parameters in an attemprt t reproduce the dara as well
as possible. All the information we know about the system s 10 the dara, and the
parameters usually can take any values as long as the error model is minimal.

In process-based models calibration s different, since we are restricted by the
ecological, physical or chemical meaning of the parameters that we change Besides,
there are usually some esumates for the size of the parameters: they are rarely pre-
cisely measured, but at least the order of magnitude or a range is usually known.
Moreover, there are other factors that way play a role, such as conhdence n the
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available estimates for the parameter, sensitivity of the model to a parameter, etc.
These are unportant considerations in che calibration process.

At the bottom of any calibration we have an optimization problem. We will
learn more about optimization in Chapter 8, but here we just want to note chat
optimization in this case is about seeking a minimum for che error model. We have
certain parameters for which values are known and others that are only estimated
within a certain domain of change. We call the latter ones “free” parameters. These
are the ones to change in the model in order to minimize the size of the error. To per-
form optmization, we first formulate a goal function (also called an objective function).
Then we try to make this function as lictle {or as large) as we can by changing differ-
ent parameters that are involved. In case of calibration, the goal function 1s che error
model E — (P, C, R), described as a function of the paramerter vector P, the vector
of initial conditions C and the vector of restrictions R. So we search for a minimum:

min E

over the space of the free parameters P and initial conditions C, making sure thar
the restrictions R (such as a requirement chac all state variables are positive) hold.
lc is rare chat chere is a real system model chat will allow this rask to be solved ana-
lytically. Ic s usually a numerical procedure chat requires the employment of cerrain
fairly complicared software.

There are different ways to solve thus problem. One approach is o do it man-
ually, as we did above with the so-called trial-and-error method or educaced-guess
approach. The model is run, then a parameter s changed, then the model is rerun.
the output is compared, the same or another parameter i1s changed, and so on. It
may seem quite tiresome and bortng. but accually chis process 1s extremely useful in
underscand ing how the system works. By playing with che parameters we learn how
they aftect oucput (as in the sensitivity analysis stage), but we also understand the
synergetic effects that paramerers may have. In some cases we get quite unexpected
behavior, and it cakes some thought and analysis to explain how and why the spe-
cific change 1n paramecers had this eftect. If no reasonable explanation can be found,
chances are there is a bug in the model. A closer look at the equations may solve the
problem: something may have been missed, or entered wich a wrong sign, or some
effect may not have been accounted for.

In addition co the educated-guess approach, there are also formal mathematical
merhods that are available for calibration. They are based on numerical algorithms
that solve the optumizacion problem.

Some maodeling systems have the functionality o solve the optimizacion problem
and do the curve fitting for models. One such package 1s Madonna. One big advan-
tage of Madonna is that it can also rake Stella equartions almost as is and run them
within 1ts own shell. Madonna also has a nice graphic user interface of its own —
5o it is as well for us to start putting the model together directly in Madonna, it we
expect some optimization o be needed.

To do the parameter calibration for our Stella model in Madonna we will have to:

* (o to the Stella equations
¢ Save them as a text file {(File -> Save As Text)
¢ Open the file from Madonna, using the Open command in the File menu
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¢ {Alternatively you can “choose all” and “copy” the equations from Stella, and then “paste”
them directly into an Equations window in Madonna; however, in this ¢ase you will have to
remove al' the "INFLOW." and "QUTFLOW:" statements in the equations by handj

* Detine the control specs such as the STARTTIME, STOPTIME. and DT

The madel is now ready to rur in Madonna.

Running the same population model, built now in Madonna. we get the following cutput,

which is - not surpristingly - identical t¢ the Stella cutput:

500 . .
450 C e AT SN
8 400 fr et eme e FOPPOR O C
E 350 e e e gy
................................ i [SIARTTIME <6
8' 300 ....................... STOPT‘;M-: Tio0
a i for 002
s 250 e e e SR e
® i |oTOUT -0
g 250 e e PN pivadig 2
2 P INIT Ereee -0
8 150 i : INIT Population =10
G Gagaci =590
100 (Growmpsts 08
Montal 316
50 ahtyRate
0 : | , N YR - NP
10 20 30 40 50 50 70 80
Time

As we start running the madel. the first thing we notice 1s that Madenna ruris much
faster than Stella. That is because in contrast 1o Stella, which interprets the equations on the
fiv, Madonna has a built-in compiler that first compiles cur model and only then runs . On
scme models, the difierence is quite significant, up t¢ orders of magnitude. This is especially
essential for gptimization, since all optimizatior algorithms require numerous model runs t¢

be performed

The next thing we need 10 do to calibrate our medel 1s input the data into Madonna. This
is done as part of the optrmization dialogue. which in this case is called Curve Fittng In the

"Parameters” menu, we choose “Curve Fit..." A dialogue box wiil open:

Available:
INIT Crror C_Capacity
INIT Population GrowtnRate ! Mimmum:
( Faasite Mor alityRote
Growttill 14w |t Remave « | Guess #1:
AtaatatnyRar e
i Guess #2;
Maxlmum:
O Mutupte rits:
Htvarlabte: | Population 3 Aod:y |
To Dataset. |&cahbdata ‘2 Ramave ¢
| Import Dataset_ -
Weignl

Tolerance: |0.00] (ancell
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Here, we need to specify four items

1. Choose the free parameters that can be changed for model calibration

2, For each parameter, identify the maximal and minimal allowed values, and two “guesses” —

values in the domain of change that will be used to initialize the optimization process

Choose the state variable that we are calibrating - “Population” In this case

4. The data set 10 which we wish to calibrate the model - “#calibdata” in this case The data
set should be in a file, one value on a row which can be generated, say, from Excel if the
data are saved as Text On clicking the “Import Data set. ." button, we will be given the
opportunity to choose the file with the data.

w

Now, if we press the “OK” bution, some number crunching will begin; after 144 model runs
we will get a new set of parameters that provides a much closer fit between the dats and
the simulation model,

The new values for the model parameters are:

C_Capacity = 5773, GrowthRate = 0.42061, MortalityRate = 0.0760512

The calibration problem may not have a unique solution. There may be sev-
eral parameter vectors P that produce almost similar output or deliver the same or
almost the same minima to the optimization task. In that case, it may be unclear
what parameters to choose for the model. Other considerations and restric-
rions may be used to make the decision. For instance. with C_Capacity = 600,
GrowthRate = 0.5, MortalityRate = 0.1, we get a fit almost as good as that achieved
with Madonna. Which of the two parameter sets should we choose for the model?
Normally this decision 15 made based on the other information about the system that
1s available. For example, rhere may be some experimental data that would either
identify a value for one of the rate coefficients, or at least put a range on them. Then
we can see which of the calibrated values is in better agreement with these restric-
tions. In some cases this information may not be available. and there may be some
uncertainty about the system. This can further drive our experiments with the sys-
tem, or tell us more about the system behavior.

Suppose we have done our best when finding the values for all the parameters in
the simulation model and yet still the error 1s inappropriately large This means that
something is wrong in one of the models that we are comparing. Either the concep-
tual madel needs to be revised (the structure changed or the equations modified), or
the chosen scales were incorrect and we need to reconsider the spatial or temporal
resolution. Alternatively, the data are wrong — which happens quite often, and can
never be dismissed as a possibiliry.

To conclude, there are different ways to describe systems by means of models.
There are different models that may be buile. The process of adjustment of one model to
match the output from another model 1s called cahbration. This is probably the most gen-
eral definition. In most cases we would speak of calibration as the process of fitting
the model output to the available data points, or “curve fitng.” In this case, it is the
data model that 15 used 1o calibrate the mathematical model.

Note that there is hardly any reason always to give preference to the data model.
The uncertainty i the data model may be as high as the uncertainty in the simulation
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The solution is to approximate the parameter values based on the data we have
about the dynamics of state variables. or flows. That is the model calibration procedure.
We are solving an inverse problem: finding the parameters based on the dynamics of
the unknowns. This would be fine if we could really solve that problem and find the
exact values for the parameters. However, in most cases this s also impossible and,
instead, we are finding approximate solutions that come from model fitting. But then
how 1s this different from rhe ficting we do when we deal with empirical models? In
that case, we also have a curve equation with unknown coefficients, which we deter-
mine empircally by finding the best combination of parameters that make the model
output as close as possible to the dara.

The only ditterence is that instead of some kind ot generic equation in the empir-
ical models (say, a polynomial of some form), in process-based models we bave par-
ticular equations thar have some ecological meaning. These equations display certain
behavior by themselves, no marter what paramerers are inserted. A polynomial can
generate pretty much arbitrary dynamics as long as the right coefficients are chosen.
However, an equation of exponential growth will always produce an exponent, and,
say, a classic predator—prey system (considered in the next chapter) will always pro-
duce oscillations, no matter what coefficients we insert. Of course. for some param-
eters they may crash even before generating any meaningful output, bur otherwise the
dynamics will be determined by the type of equations used, at least tor a large enough
range of coefficients. So we may conclude that, to a large extent, we are building a
good model as long as we chose the right dynamic equations to describe our system.

On top of the basic dynamic equations we overlay the many other descriptions
tor the processes that need to be included in the model. These may be the limiting
factors, describing the modifying effect of temperature, light or other external cond:-
tions. There may be some other derails thar we wish to add to the system. However,
if these processes are not studied experimentally, and if the related coefficients are
not measured, their role in the model is no different from that of the coefhcients that
we have in an empirical model. In both cases we figure out their values based on a
time-senies of model output; in both cases the values are approximate and uncertain.
They are only as good as they are the best ones found; we can never be sure that a
betrer patameter set does not exist.

Sc the bottom line 15 that there 1s a good deal of empiricism 1n most process-
based models, and the more paramerers we have estimated in the calibration process,
the more empuricism is involved, the less applicable the model will be in sttuations
outside the existing data range. How can we make sure that we have really captured
the essence of the system dynamuics, and can reproduce the system behavior beyond
the domain that we have already studied?

To answer these questions, the model needs to undergo a process of vigorous test-
ing. There is not (and probably never will be) a definite procedure for model testing
and comparisons. The obvious reason is that models are built for various purposes;
their goals may be very different. Moreover, these goals may easily change when the
projecc is already underway. There is no reason why goal-setting should be left out
of the iterative modeling process. As we start generating new knowledge and under-
standing with a model, its goals may very well change. We may starc asking new ques-
tions and need to modify the model even before it has been brought to perfection.

Besides, ecological and socio-economic systems are open, which makes their mod-
cling like shooting atr a moving target. While we are studying the system and building
a model of 1t, it 15 already evolving. It evolves even more when we start administer-
ing control, when we try to manage the ecosystem. As a result, models can very well



Model Aralysis 131

tan.wee cdm ot e Cenre chev ane Leel e ol s W andetigg s
e At was L. g rear anc bu g ibe L year lerng 0 e encen
ety lun phooal L oimune s mange U Ue aestesn de hieads soclial ot e e
4 et buwws eetes uy Tre Lava o npasderemt ni calboanen il b nad b ey
w0 B Ped enimnt cakte the sama syt 14 ik o That o siuged 1he el
Lisa wmi thut o miterahal "o ser neanos we el by cabbegiag o nv el o6 cqn a3y
n ant then reyare e ver R ror samee tnadel o e o BHoont aodens
e aor peid necalnss chiraadel reatenge tha e s pan 9
medrlinppescte ¢ anlivcll et vl caionaaned livaealy, in varas aneh
catnen B v e -:E‘:l.-n VAl s Plat |'|.' Lot BRIy hnlura."ln wlaar catieqldy qJ-
ureleacrlimen “Modettesling " janballs g inar net'd an wriam s e
Lywr aay trross the npedel 2 ta emoae mnunpan anl, wuns robgeruirs das
1! ey Bas e by el paer ey 1oe maoade wking and ca Nt ae Lr s
asstant W anaar win et e anah culped 2aed an a2 He ok Y oa
Lrgaraan annd thar she spw a1 ste inan hadeed 1 j1eee Sl 2y 21 me g v 0w
enepan 2l verdi e wlawes o et s L ibate palame ra Tl tamu m salet tnals
(TN U | T T TR TRt PRR P LI ST SV L P R R A Y " T W LS ¥
ERURL K wlihy me enzlu s Sdwalusre data ot bona e Aaabin]y o nar - i 'ha
Jota annde and e uwe 0 unid caltaluer we aen e e lome o mat e
untn e e e g s A 4o el mabiag owr Sy taen B . weEn e as
i ther wih uha ue ar riacing ¥ we mn TNe raagk e wrne
wole paiw 22 1 atd fretGimd 1N e Bowd agevm twe by aateairg 1t
nuste w1 wiir ddw omahl taat aad cadr st S tamed oo b tema 0 Jane.
ara.l aman g e <l v = 4 .m0 rzh: am e i wr use taiu.lld
mell mae it shor e lata st Moy e me b L b any L0l ratar o we b
R TTFYRN LA TRl SETTT IO LN PI NS T R e N L T N2 L R
e adr |' |lr ey aaral . wy v ol ha l'l'-’l. o ;"H-J JI'J l'..l-n.' e

s riee & .q‘-l.u g2 wemavrilalanir wn's

CLIMBER-2 18 ¢ouriad ¢i—ae mooat of inwrmadaa complexty. dasgnad los long-tarrr -
mae sanukatons The modal has a goa~a spatel Mschaion that can only resatve the con-
orenigiacad festud ang a fetan i DHwaen ocadnic basns The simoephe’s modal s
based on A stmsIcAl-h= =08l approach, ard does nol rasoNe tynopi varisbility, ingtlasd.
nt oaravYwinndes il a8 Wwrge-acsle haruontal dffusion. “he vartical stnciures of tamperatire.
specific humidity ana aomospharne caculation gre paramatarilad Thase paramatenzationa
comoe the verncal profiles ol temoaratuia, humidiy and valccity (hal e used 101 caleu'at
ng the thiee-dimansconar adveciive, difuawe snd redaivo fluves Thase 1Lies we comoureda

a m.tlevel ndabon scherre (1€ laveis) that accounts for watel vapor. czona. CO; ana
e raompuled doud cover. Tha ocean model 3 ¢ mull-bgsin, 0nslly mve-aged model The
1ean magdal predicts xa thickneas gnd concanimalon, and ntiudes ice advactior. In "he
-erarchy of mode!s, this model is p'aced between spatially unido'm e"ei1gy bali~oes models
and genaral creulgtion madels {GCMs). Or. a workstaton. 1the model can be mMegraea o
about; 10,000 model years in a day.

The model has been used ta analyze & vanaty of cwmane sm.atians Hetg = Ohe esam-
pla Many palpeaciimaie recirds from the Novih Aland © ragon show a pafierr: oF “aped ch
mate oscillations, the so<called Da~sgaard-Deschger (D-O] oventa. w . h 2 Quak-pe o0 ity
al 1.470 years {or the tate glacial penod Varcus hypothates nave neen ugQesied 10 a:pan:



132 Svatams Science and Madeling for Ecological Economics

0" 1MQeraTuie SNl inchaing witatnal 06Ci[IANONAS N tha OwmAate system, and axier-
nal fareng, poasdly (rom the Sun There are welNOwn angd woikpeonourced Solar cyclos
ol 87 and 20 yeary. the so-callad DeVnes and Glessberg solar cycles, but no ona so {ar has
outected & 1.420-yas aolar cvcia

imeiestngly ano.gh, whan foeced by penodic freshweater Inaut into 1he Norlh Allantic
Ocasn in cydes of 87 and 210 yaars. CLIMBER amulated rapud climate shifts similat 10 1he
D-Q evanyy with & 30ecng of 1.4/0 vetrs Tnt 10bust 1.470year redponse tmo car be
atitivied 10 the supePOSLON of 1ha two snoner cydies. tagethar with sliongry nan-Lnasr
dynamcs and the lang cheractaratc wmascale of ™he thermotiahne circulstion For Holocene
condiong, senly gvervs dn nol ocor B coudd therelore be concluded 1hat 1he glacwd
1.470 et d ~a%e Cycles could Nine Dean mgoaed Dy 0l kocong. desple Ta absence
of 4 1 470-yea sanvlar ¢ycla A hequenrcy of 1 4% yoars & not kand n he forcing, t & found
oniy m 1he mooel rasponse. The sway n ot aimed & suQOEIING & cartain Machemam foe
solar miluence on freshweter fiures frus snould be suded with mare detalled and highes
resoluton moceis The semplhed apprau wmohes that e krowa solar fteg.ences are
present » 1he Pwdrologecst dycle. snd thak ranstatas nto the D-0 cycies by 1he compax and
norHinear natuia of the sytlem

‘Whenevat she model can raproduce somatung that is obsened bul was not used O
busd he modal, 11 speaks n inor ol madel valedily Moover, v 2001 model 1as.0's wer:
fubkihed showang That A<cde and Antpcic wnperatres cyce ot ol phase "hew ware
somg records from the South Atlante Ocaan and parts of Antaccacs that show thet 1he pold
eventi n 1he Nonh Atlannc ware associate0 weth unsusl warmang thare Bhae “Dipolar see-
saw eflect”) However, ¢ was only ;n 2008 that tha EPICA 1eam nhe Ewropear Progect for
ice Conng in Anlarctica) pubitihed ™iat (dats 1Ml cONNECT the Ante e ups and downs of ch-
meta with 1he much greale: ongs ol Greeniand Once agan. tha made prechciad something
thal wasg no: 0 tha G412 Used 10 CONSTTIUCT € - OrovEkng MO'E STONQ v dence M mmoy of 118
validiy

s e oy uncowimnaels njately happens 1ne si=rre ate i gh cuas e dluy
incdel vy, T MM 1 U 16 o bl e ata doa lardy
wlwn building the raddel and. a5 0 r2ar dlewre 2w W a by o g ood Aoty
oo trae sal datnsr Pesder. cven wlen sarlia austerther wouat Lo
i Lot Jesn acvurate dee L vaitrgaencsi gt ilweeeh e the sewac fame 0 ey
o gmp et moalel Pabhganars ang nepravemeric womake the aliwcn o wa
wea el Plhewiren thus s i Redale s uleals thie Dt o gt S e mg
Ml ey e vahdaoer Jon et L casdel adisiueenss, we banr dmidiawd (o
IS TN LT PRI 1T 4117 of I and "AHLE LT ko tieiher calitraiuag
Al o ki bacarw s wandanl i many gosise mealeling prwsa
Hed 1 <l data sstatdaner . Spreidi proaedmes avw detipierd 1o swtageh g
id cpear palels tased crete meomipis Bt nee axperancnzal Jate The
v, cnaes onn ol b connplex oper aaenis iwdae?t o ol wialiy die i e
egw ] svacezom mal aaeme, shich e nwav havpeeg anud e alving
crem D the 2 e o doed Lor csnciabone el ool ved S ane v et iy
L et ose il e e s e saglen s tive o e 1t ehadcc the orsen Ao e
rorrrakes e s lanr. Vet fe catteatiog 3 nndel ol e sastem and 1
g * - ol bare e Gnie e b e iBere s



Model Analysis 133

Another importanc step in model analysis s vertficadon. A model 5 verhed
when it is scruputously checked for alt sort of internal inconsistencies, errors and
bugs. These ¢an be i the equations chosen, in the units used, or in links and con-
nections. There may simply be programming bugs in the code thar is used to solve
the model on rhe compurer, or there inay be conceprual errers, when wrong daia sets
are used to drive the model. Once again, there 13 hardly a prescribed method to weed
these out. Just check and recheck. Run the maodel and reruny in. Test it and test again.
There is no agreed procedure for model verificarion, especially when models become
complex and difficust to parameterize and analyze. We just keep studying its behavior

under alt sorrs of conditions.

Qne efficient method of model testing is to ren the model with extreme values
of forcing functiens and paramerers. There are always certain ranges where the fore-
ing functions can vary. Suppose we are talking about temperature. We make the tem-
perature as high as it possibly can be in a particular system. or as low as it can be, and
see what happens to the model. WAll it sull perforn teasonably well? Wil the outpur
stay within certain plausible values. or will the model crash? If so, we need w uy w

figure aur why. s it something that can be explained? If so, then probably the madel
can be sull salvaged and we may simply nced to remember that the forcing function
should stay within cerram allowed limits. ¥ che behavior cannot be explained, we
need to keep digging — most likely, there 1s sameching wrong.

Just as when we are testing & new car. the best way to ind our how 1t performs
is to force 1. Step on the pedal, and let it run as fast as it can. See if somerching
coes wrong, and where it might fail. The beaury of testing the maodel is that it is noc
wrecked when it goes wrong! If we force the car toe hard, we will ruin it. With the
model, we can do whatever we want to it — change all the parameters as much as we
wish. If the compurer does not averheat. we can always go back o previous paraim-
eter values, and the model will run again like new. However, we will coliect some
valuable infermation about what o expect from i, where the bugs and the features
are, what we can ler users do to it. and where we should add some limits to make sure
they do not have surprises that we canoot explam.

Anather imparrant check is based on first principles, such as mass and energy
conservation. It is important to make sure that there s a 1nass balance in the madel,
so that nothing gets created from nothing and nothing is lost

Rurning scenarios is another great way to test a model. This step may already be
considered as model use rather chan juse testing. A scenaric in this context is a story
about what can happen o the system. To dehine a scenario, we need o fermulate
all the forcing functions (say, patterns of climare, or polluticn loading. or landuse
patterns) and all the control parameters {say. management rules, or external global
variables). In # way, we are modeling what the external forcings are to which the sys-
rem will be reacting. For example. if we are consideting a medel of landuse change
for an urhan area, we can formulate a so-called “husiness as usual” scenario that will
assume that all the existing development trends continue into the turure. the popu-
lation, the economy, the investments, etc. will continue 10 grow at the same rate,
there will be no additional controls or limits introduced, or climatic perturbations,
etc. These we feed inco the landuse model and run it to generate patterns of landuse
under this scenario.

We may chen figure ouc a ditferent scenario - perhaps a sustainable develop-
ment plan. We wiil need to formulate this in terms of the model. This means that
we translate the sustamable development plan into the paramerter values and forcing

funceions thae will most ¢losely describe that. [n a way, we medel what we think will
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be a sustainable furture. In our case we may assume thar there 1s a control over popu-
lation growth, so that certain birth-rate reducrions are introduced. Furthermore, we
will tie economic growth to the natural resources that are available in the area, and
make the growth rate slow down as natural capital gets depleted We can also include
some rules for investments that would stimulate the green economy. As a result, we
will ger a different set of parameters that control the model, and the model run will
now produce some different pattern of landuse as a result of this scenario.

Yet anorher scenario can be put together for devastating clunatic conditions — say,
a storm that will flood the area and destroy property and population. We will need to
formulate some climaric conditions describing this storm. Once again, we are model-
ing certain conditions or forcings for the system. Note that scenarios are also models,
coherent and feasible models of external conditions that will then drive the model of
the system that we are studying.

Note thar scenario runs are also powerful tools of model testing. In this case, we
are likely to explore the unknown domains of model parameter values. We do not
have rhe data about the model behavior that we might expect, but we do want the
model to produce something qualitatively reasonable. If that does not happen, we
may question the model validity and have some clues where to look for errors. For
example, if 2 model of sustainable growth results in patterns of further urban sprawl,
this would be a warning indicating that somerhing is not working right in the madel.
We should take a closer look at the formalism we used, or perhaps at the parameter
values that we calibrated.

The bottom line regarding all this resting 1s that there 1s no perfect model. It
is hardly possible to get a perfect calibration, and the validation results will likely
be even worse. No matter how long you spend debugging the model and the code,
there will always be another bug, another imperfection. Does this mean that this is
all furile? By no means! As long as we reach new understanding of the sysrem, as
long as the model helps to communicate understanding to others and to manage and
control the system, we are on the right pach and our efforts will be fruitful. Any model
that is useful 1s a good model.

Conclusions

One obvious conclusion from all the above is that putting the model together is nor
just about establishing variables and connections and writing the equations for them.
We also need to do a lot of number crunching, running the model many times. If the
model 15 complex and requires a great deal of computer power to run it, we will be
limited in the extent of testing and improving that can be done with the model. We
will have to be prepared to do che job on our slow desktop (and spend more time),
or we will need to ind a more powerful super-computer (and spend more $$), or we
will have to hmit ourselves in the amount of testing and calibrating that we can do
{and get a poorer model and less well-understood system). Yet another option 1s to
go back to the model design stage and try to simplify the model.

There is a potential Catch-22 in this process. On the one hand, the more infor-
martton about the system we can use in our model, the more processes we can include
and the more detail abour these processes we can formalize, the better our model
should be and the more 1t should be able to tell us about the real system. On the
other hand, the more complexity there is built into the model, the longer it will take
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the decision to be made. This 1s probably a good way to trame it. Here, we mclude
both the madel poal and the model users in the evaluation process. Indeed, there is
no use talking about some overall oiversal model validizy; the model is valid only
with respect to the goals that 1t 15 pursuing, and only the users of the model can
define whether it suits their needs or not.

There is a good deal ot concern about the unceriamties that are inherent in
almost any modeling eftore. Pretty much any stage of the modeling process is full ol
uncertanties. We start from the goals uf the study and immediacely we realize that
there are different expectations that various users may have for a madel. The goals are
communicated in some lingwistic form, in words, and this o atself is a model of a col-
lection of thoughts or ideas about what we want. Such models already may be tuzay,
and may change as the mind, knowledge and ideas of people evolve. Especintly when
we are dealing with socic-economic processes that include peaple, their opinions, and
priorities, we immediately enter a realm of huge uncertamnty and much guesswork.

Very much like m guantum physics, where the mere occurrence of the experi-
ment influences its results, so 1t 15 1 social work, where, lor example, by polling peo-
ple and asking them a question we immediately hias the cutcome hy how we ask
the question and by the simple fact ol the question, which already can make peo-
ple think differently from how they might have done without bemny expased o the
quest ion.

“How do vou value that forest! Well, chances are the respondents never
even noticed the forest and could not care less abwout us existence. However, now
that they are asked abour it, they may start thinking: "S0 why would they ask me?
Actually yes, chere 15 that lorest. And | remember going there as a kid. Once. And it
was pretey cool. And how am | guing to loak (f | say that | don't care about this for-
est? No, probably | should say thac | value it at least somewhat. And maybe actually
there is value in it, or why would they ask utherwise™ We see that the respunse
already different from what 15 was supposed tw be at first. The persun quickly built a
mental model, analyzed it and produced an answer, whsch in fact s sull tull of uncer-
tainties, especially since we will never know what the real chain ot thought was anul
what intermediate evolution the person’s mind had gone through.

It does not get any better as we step up 1o the next stages of model building.
As we have already seen. we hypothesze all sorts ot things about a system when we
model 11. Besides, we need to simphfy it, introducing #ven more uncertainties. And
then of course there s all of the calibration grocess, when looking at the sensiviey
test should he enough to realize that different paranteters can result in a dramatically
different madel output. A madel that does not have much sensitivity to its param-
eters, that is quite robuse, will be adding less to the overall uncertainty than will a
model chat s very sensitive to certan parameters. Sensitive parameters then need o
be measured with especially high accuracy, which may not be possible in some cases.
Cibviously, as models become mure complex, overall uncertainty also grows very fast.
In some cases, greater complexity can make the model mare robust to variations
iy parameters; however, this normally comes ac the expense of overall model con-
trallability, when the complex model starts to operate as an entity in itselt, and we
approach the Bonnini paradox sicuation — that is, we replace the real-life complex
system by anocher complex system — the model.

Stll, we will imodel. There 1s simply no other becter way to perform analysis and
ta produce synthesis. We have to ind a way to simplify a complex system it we want
to undlerstand it. As long as we are ready to go back, to ty again, to reiterate and
test, test, test, we will eventually end up with a useful product. And if 1t is usetul, it
means that the inodel we have built 15 a good vne.
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SUMMARY

Non-hnear systemns are those that can generate the most unusual and hard to predice
behavior. A system of twa species where one eats the other 15 a classic example of
such non-linear interactions. The predator—prey model has been well scudied analyt-
tcally and numerically, and produces some very exciting dynamucs. This simple two-
variable madel can be furcher generahzed to explore systems of many species chat are
linked into crophic chains. Further complexity 1s added when these populations are
considered spatially as so-called metapopulations.

Keywords

Lotka-Volterra medel, non-linear systems, trophic function, equilibrium, phase plane,
carrying capacity. Monod funcrion, Kolmogorov theorem, periwinkle snail, even
anyl odd trophic levels. Yellowstone wolves, Stella arrays, Sinule, Spaual Modeling
Environment (SME).

Twa-state-variakle systems have been honored with the most attention from math-
ematical modelers. This may be readily explained by the dramatically increasing com-
plexity of machematical analysis as the number of variables grows. As seen previously,
it is only the simplest models that can be treated analytically. On the other hand. twao
state vanables produce much more interesting dvnamics than one vanable, especially
it there s some non-linearity included. Mathemaucally. such systems are more chal-
lenging and certainly more rewarding. All sores of excinng machematical resules have
come {rom analysis of these systems. In addinion to advancing mathematics, analy-
s1s 0f these simplest two-state -variable systems has provided a wealth ol resules chat
may have imporcant ecological implications and are certainly interesting in the art of
mudeling even in more general and complicated cases.

One of the hest and also beststudied communidies is the so-called “predator—
prey” system, where arganisms of one population serve as food for those of the other.
Vite Voleerra studied hish populations, and 1in 1926 formulated a model chat curned
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out 1o be very insighcful regarding the understanding of population dynamics. Alfred
Lotka propinsed the same model in 1925, so the model 15 sometimes known as the
Lotka—Volrerra model, or jusr the Volteira model. since it was he who did mase of
the mathematical analysis.

Classic predator-prey model

Suppose we are considering a predator—prey system, where rabhics are the preys and
wolves are the predators. The conceptual model for this system can be presented by
the simple diagram in Figure 5.1.

In this case we are not concerned with the effects ol the enviromnent upon the
community, and focus only on the interactions berween the two species. Let x(r} be
the number of rabbits and ¥({t) be the number of wolves at time t. Suppose that the
prey population is imited only by the predator and, in the absence ot wolves, rabbirs
multiply exponentially. This can be described by the equation:

When the wolves are brought mea play. they start to consume rabbics at a race of
V = V{(x), where V(x) is the number of rabbits that each wolf can find and eat over
a unit ume. Naturally chis amount depends on the number of rabbits available, x,
because when there are just a few rabbits it wall be harder for the wolves wa find thew
than when the prey are everywhere. The torm of the funcuen for V(x) may be ditfer-
ent, but we may safely assume that it 1s monotone and mcreasing. Then the equation
tor rabbits will be

X = ax — Vix)y {5.2)

The growth of the wolt populanon s determined by the success of the wolves’
hunting activities. Jt makes sense to assume that only a certam part of the biomass
{energy} consumed s assinulated, while some parr ol 1t is Jost. To account lor that,
we describe the growth of the wolf population as kV(x)y, where 0 <k < 1 is the eff-
cency coefiicient. The wolf populstion dechines due to natural moreality, with j beng
the morrality rate. As a result. we ger a system of two ordinary differential equations
(CDE) ro desenibe the wolt-rubbit communiey:

idx
de

=px = Vixh
(5.1

Y

Rabhbits E——— Wolves —_—
Births . Predation Deaths

A simple conceptual model for a predator- prey system: wolves eat rabbits
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[n the absence of rabbits, the wolf population exponentially decrenses. V{x) 1s
called rhe trophic funceion, and it describes the rure of predarion as a function of
the prey abundance. The form of the rophic function s species-specific, and may
also depend upun enviranmental conditions. Usually it grows steadily when the prey
population is sparse, but then tends o saturation when the prey becomes abundane.
Hollins has identified three main types of trophic funenons, as shawn in Figure 3.2

The hrst two types of the trophic tunctions (A, B) are essennally the same,
except that in case B the funcuon has a well pronounced saturation threshold. The
third type of trophic funceion behaves difterently for small values ot prey densities. It
[cmls [ <o B -3 4 ¥ ] with a 2Ty derwa[ive. which means that near zero the [rnphlt‘. function
decreases taster than the prey density. This behavior is found 1 populations that can
learn and hnd retuge tram the predator. For such populations there 15 a beter chance
to persise, because the predatar cannat drive the prey to toral exunction.

Valterra consdered the simplest case, when the tophic function is linear. Thig
correspends to function B below the saturation threshold. The wolves are assumed ta
Ie always hungry, never allowing the rabbits to reach saturation densities. Then we can
think that the trophic function 1s hinear: V = fix. The classical Volterra predator-prey
mexdel is then formulated as:

Ix
2=:0;—Bx

de

. 5.4
D = kfixy — py

m fixy — gy

It can easily be seen thac this system has two equilibria. The first 15 the sa-called
trivial one, which 15 when both the wolves and the rabbits are driven ro extinction,
x=0, vy -0 There is alo a non-ttivial equilibrium when x+ — wkpg, v = 2/fs.
Obviausly, it the commuruty is at an equilibrium state, it stays there. However, the
chances that the inirial conditions will exactly hit the non-trivial equihibrium are null.
Therefore, 1t is impartant o find out whether the equilibria are stable or not. For a
simple madel fike this, some quahitative study of the phase plane may precede Turther
analytical or numerical analysis of the model. In fact, we may note that when there
are more rabbits than at equilibrium (x = x*). the population of wolves decreases
{dyfdr < Q). The opposite is true when x << x* Similarly. when there are more walves
than at equilibrium {y > y*}, the population ol rabbirs declines (dxfdi < 0); 1t grows

Different types of Ihe Iraphic functian, according to Halling
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when ¥ < y*. We may therefore break the phase plane into four areas and in each of
them show the Jirection of the trajectory of the model solution {Figure 5.3).

This qualitative analysis already shows chat there appears to be some eyclic move-
ment around the equilibrium point. The trajectones are hkely to wind arcund this
point. There 1s stll a chance thar the pont is stable, in which case we start circling
around the equilibrium, gradually moving back nto the center. However, this qualita-
tive analysis only indicates that the model trajectories will loop around the non-trivial
equilibrium, but it is not clear whether these loops form a spiral converging towards the
equilibrium (point stable) or whether the spiral will be heading away from the center
(point unstable). In any case, we may expect oscillations in populations of rabbit and
wolf. Let us see what a simple Stella medel can tell us about the dynamics in the preda-
tor-prey system (Figure 5.4).

You can either put together a model yourselt tor further analysis, or download it
from the book website. The phase portraut very well matches our expectations. We Jo
get the loop that behaves exactly as our qualitative analysis predicted. As expecred,
the model produces cyclic behavior, where an explosion in the rabbic population
is followed by a peak in the wolf population. The rablbuts are then wiped out, after

The direction of change on the phase plane for the Volterra model
In ), both x and y decline; in Il, x dechnes as y grows, in lll, x grows and y falls. in 1V, both x and y grow

The Stella diagram for the predator-prey model
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which the wolves die from starvation, almost to extinction When there are very few
woelves left, the rabbits start to multiply again and the pattern recurs (Figure 5.5). If
we run the model with the Euler method, we see that there is no trend towards the
equilibrium in the center, and the amplitude of the oscillations gradually increases
until the system crashes. However. if we switch to the Runge-Kutta fourth-order
method, we find that actually we get a closed loop in the phase plain. Populations
of both wolf and rabbit follow the same identcal trajectory, going through the same
pattern of oscillations {Figure 5.6). There is no convergence towards the equilibrium
in the center, and neither is there a run-away from 1it, which we erroneously sus-
pected at first when running the model with the Euler methed.

However, unless we find an analytical solution we cannor be really sure that this
will be the kind of behavior that we get under all conditions and combinations of
parameters. Luckily, in the tme of Vito Volterra there were no computers and he
studied the model quite rigorously, analytically proving that the model trajectories
always loop around the equilibrium point.

It may be noted that the initial conditions turn cut to be very important for the
overall amplitude of the cycle. Note that if all the parameters stav the same but the
initial conditions are modified the system still produces a cycle, although its form
may change quite dramatically. This is a somewhat unexpected result, showing that
the current state of the svstem depends very much upon the state of the system a
considerable length of time ago, when the initial conditions were established to start
up the process.

The changes in the parameter values also do not change the overall form of the
trajectories, which are sull looping around the non-tivial equilibria. However, they
do move the loops on the phase plane (Figure 5.7).

Stella is unlikely to get the loops using any other method of integration than
fourth-order Runge-Kutta. The Euler method quickly results in increasing oscillations

3.00 e e

0.00 5.00 10.00
Rabbits

BEAOMES SEOM  The Volterra model solved with the Euler method
The trajectory unwinds further away frem the eguilibtium in the center, until the system crashes.
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1. Rabbus 2: Wolves
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The dynamics of prey and predator in the Volterra model as solved by the Runge-Kutta
fourth-order method.
A Graphs for the Wolves and Rabbits B. Phase porirat for the Volterra model.

that eventually explode the system. Second-order Runge-Kutra persists for longer,
but eventually also tends to fall apart. This 1s another illustration of the importance
of careful choice of the time-step and nigorous analysis of the influence of the time-
step upon the simulation results. If there were no analytical solution available for the
Volterra model and we had been running it with the Euler method in Stella, we would
have been getting qualitatively different results, and would not even be suspecting that
the rrue dvnamics of the system are rorally different.

The major result thar comes from the Volterra madel is that population cycles
olten registered in held studies may be explained by some internal dynamic features
of the system. They do not necessarily stem from some environmental forcings, such
as the seasonal variations in climatic factors. Cyeles may occur simply as a result of
interaction between the two species.
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1 Rabbits
2: Wolves
25.00 50.00 7500 100.00
Bynamics of Rabbits and Wolves with carrying capacity introduced for Rabbits.
3.00
Rabbrts v. Wolves
——
1.50 -
———— T
/
0.00
0.00 150 300 4.50
Phase portrait for the Volterra model with prey saturation run with different iniual

the system dynamics does not depend upon the mnitial conditions. The ccexistence
state appears to be stable. and the ascillatory hehavior s only 1ransient (Figure 5.9).

As might be expected, the model also becomes more rabust with respect to the
numerical method for 1ts solution. We can safely run the wodel with Euler methad
and much larger time-steps, yet still arnive at the same steady state (Figure 5.10).

Let us consider some further adjustments for the Volterra niodel As noted
above, another simplification 1n the model, that was hardly realistic, was the assump-
tion regarding the lincar trophic function. The wolves remained equally hungry, no
matter haow many rabbits rhey had already eaten This seems unlikely. Let us now
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Phase portrait for the Volierra model with prey saturation run using Runge-Kutta {blue)
and Euler {red) methods

choose a Holling type I functicnal response, assuming a Monaod rophic function,
describe how wolves eat rabbuts:

Here. p 15 the maximal growth rate and K 15 the half-saturation coefficient. The
function makes sure that the process (predation, in cthis case) occurs with sawration
at B, and it reaches B/2 when the prey population 1s equal to K (this explains the
"half" in the name) The function 1s identical to the Michaelis-Menten function
that we encoimtered above: for some reason in population dynamics it is known as
the Monod function, while in chemical kinetics it 1s known as Michaelis-Menten.

The dynamics in this model are somewhat sumilar to those in the classic model.
We get non-damping oscillations for the variable, or a cycle in the phase plane.
However, there is a major difference: now, different initial conditions result in the
same limit cycle. No matter where we start, we end up looping along the same trail
in the phase plane. This is called a limit cycle, and itis stable (Figure 5.11). There are
mathematical methods to prove that the eycle in this case is indeed stahle; however,
this is a bit too complex to describe here.

As in the previous case, when prey growth was stabilized by carrying capacity,
here agamn the madel can be solved by the Euler method as well as by Runge-Kutra.
Whenever you have a “stable” sicuacion that attracts the trajectories, Euler works
too. The cycle 1t generates will be slightly different from that which the Runge-
Kutta method derives, but qualitatively the behavior of the system will be identcal.

Kolmogorov (1936) considered a verv general system that covers all the cases
studied above. He analyzed a system of two ordinary differential equations:

— — alx)x = V(x)y

dt (5.6)
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1-2: Rabbits v. Wolves
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Graph 1. p2 0O Rabbits

Phase portrait for the Volterra model with prey saturation and type-2 trophic function for

predation. Note that different initial conditions result in the same limit cycle.

We can sec that Volterra's system 15 a special case ot this system; however, there

are many other systems that can be also described by these equations — the Vulterra
systern s just one of them. The tunctions x(x), V(x} and Kix} can be any, although
as long as we are describing population dynanucs they have to comply with certain
obvious restncuens:

—

. dufdx < Q; &(Q) = 0 > a(ee) - this is to say that the prev birth rate is decreasing

as the prey population grows (the derivative of over x 1s less than (), gony from
positive to negative values. This s something we were getting with the carrving
capacity function in (5.3), which is quite a natural assumption for populations
with intraspecific competition and a linited resource. With this assumption, even
with no predator to contrel it the prey population grows, but it s then stabthized
at a certam value given by the equation %(x”) = 0.

. dKjdx > 0; K(0) <2 0 <X K() - this 15 to make sure that the predator birth rate

increases with the prey population. Tt starts with a negative value, when there 1s
no tood available, and then increases o positve values.

. V(x) = 0for x > 0; and V(Q) = 0 - this is to make sure that the trophic function

is positive for all positive values of the prey population. It alse equals zero when
there are no prey.

Under these conditiams, system (5.6) has either two or Cuiee positive equilibria:

The trivial equilibriax =0,y =0

. x = x° {where x¥ is the solunon toa(x) = Gy =0
. Point (x*, y%), which is the solution to

a(x¥)x* = V(x*)y* =0
K(x*)=0

at a{x*) > Q. that 1s when x# < xv.
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those ores in the even levels. By further :ncreasing the inflow into the system we do
nat change the values in the even levels, whereas the odd levels pradually continue
to increase thew equilibrium biomass.

Tu check whether this is just a coincidence that mighe go away if parameter val.
ucs are modified, or whether 1t 1s something real regarding the system dvnamues. we
mavy take a look at the equations and hgure out the equihibria. In the most general
furm, the equations for the model are.

T: - N - UuTlT'\
T! = lllTlTw - Ll‘TﬂT‘
T=u T T —u T T,

To=u T T - T,

The tast equation ytelds an equilibrium at:

which means that thiy equilibnium is independent of the flow of materiat into the
system.
Also:

which allows us to caleulate back, starting from Ty -y, all the equilibnia tor odd (even)
trophic levels if k is even {odd). Note that all of them are constant and independ-
ent of N. Fram the first equation, we have ewher T) = Nf{u,T;}, or Ta — NH{u, T, ).
Therefore, if we know all the equilibria for udd ropluc levels, we can calculate che
value tor T, and then use T,y , = w1 1. to calculate all che remaining equilibria.
Similarly, if k 15 odd and we know all the even eguilbria, we can calculate Ty, and
then bulld up the equihibrium values fos all che remaining even trophic levels.

What 15 impartant is that we get every other trophic level constant and inde-
pendent of the amount of llow intoa the system, whereas matenal accumulates only
on the remaining trophic levels. We have an alternating pattern of equilibnia, where
every other trophic level simply passes material through to the next trophic level. The
analytic treatment confirms some of ~he assumptions that we made from watching the
dynamucs of the system v Madonna. Moreover, it confinns that this is really the way
the system behaves beyond the simulation period and parameter values chosen.

The overall dynamics look quite sinnlar ro the second case discussed above, when
we introduced carrving capacity for the prey population (equavon 3.3). Thes mighn
well be expected, if we realize that at carrying capacity we have a cunstane flow of
extemnal resources ineo the system, which is exactly the tormulation we are considering
now: N = const. So the fact thac the system equilibraces and the equillhnum appears
to be stable s quite consistent with what we observed in the simple two-species system
What is somewhart surprising is the distinctly different behavior observed in the odd
and even trophic levels.
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A Stella model of a five-level trophic chain with mortality

In the model above we assumed that natural mortality 15 negligible compared
with the predator uptake. Suppase this 1s not so. Let us consider a trophic chain,
which has a certam fraction of biomass removed lrom each trophic level due to
mortaliy (Figure 5.14), and see how the model dynamics 1s ntluenced by changes in
the amount of resources N provided to the system

The apparently subtle change in the model formulation results in quite substan-
tial differences 1in the system dynamics. Once agam, we can easily put the model
together in Stella or, even better, in Madonna. If we look at how the system reacts
to changes in the flow of the external resource N, we may see that now, for substan-
tially high flow into the system, all the hve trophic levels can coexist and equilibrate
at certain values that appear to be stable. It we start to decrease the external flow
N. the species equmbbrate to lower and lower values, unul the last, hfth, trophic
level beccmes extinct. The fourth level then follows and se on, unul all species
become extinet when there are no external sources of energy or material (N = Q)
(Figure 3.15).

This result may have an interesting ecological interpretation. The more resources
flow into a trophic chain, the longer the trophic chain that can be sustained. Not
only do the equilibrium values increase; also, enturely new trophic levels spring up.
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Dynamcs of five trophic levels in a trophic chain with mortality.
The length of the trophic chain is defined by the amount of resource flowing into the system.

Ths kind of phenomenon has been observed 1in real-lite systems. [n agriculeure, it
has been noticed that when larger amounts of fertilizers are apphed new pests appear,
which etectively extends the existing trophic chan, adding a new level to .

At this time, however, we sull can make qualitative conclusions only abour the
system we have analyzed, and only lor the parameter values thuat we have used. With
respect ro parameter values, the system seems o he quice robust. We may start modify-
ing the coefhcients in a fairly wide range (as long as they stay ecologically teasible -
thac is, positive and perhaps less than 1 for most of the rate coethcients, like morealicy).
The system behavior seems to be the same. However. if we want to consider a trophic
chain with more species involved, we may need to put together another model and
repeat the analysis. [c 15 mose hikely that, qualitauvely, che dynamics will be the same,
bue still we can never be 100 percent sure unless we pedonm some analytical treatment.

A full analytical solution to this problem can be found in Svirezhev and Logofet
(1983). Here. ler us take u quick glance ai whar the equilibria can look like. and
what inakes species fall out of the system. The system of algebraic equations that
dehnes the equilibria in this model is quite simple:

Alwazfr check to see 3f theve is
N-dT, -y TT, =0 wmcf/wzq)/mf szje{-outz;?'an
o, —uwTi—-d, =0 analysical viudy. Ever. if o full
solution o umpessibte, see :;f you can
Yo T = —d, =0 qget one constraents on parameters

ov try to ﬁ«jwre otit equiidibrium

uTy—ug—ds =90
conditions
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From the tast equation, we immediately get:

T, = ——— — const

Playing with the odd and even numbers, as we did above, we can now calculate
the other equlibria:

wly*dy

u,

where we can substtute the value for T4 from the above and sce that T; = const.
Knowing T3, we can calculate
N
T =
d, +u/T,
Note that this ume the equilibiium 1s dependent vn the external flow N. So far, all

the equilibna have been positive at any time. Based on the second equation, we can
now calculate

u T —dy

U

T, =

For this equiibrium we need w make sure that T) = dafuy, otherwise the equilib-
num is negative and makes no ecological sense. This condition translates immediately
into a requirement for N: the flow of external resource has to be larger than a certain
value. Simularly, for T to be non-negative we need Ty > dy/uj or, substituting for T,

1ty

ds

A

This explains why, with decreasing N, the equilibria for T, Ty and Ts are getting
smaller and smaller, and eventually the species ceases 1o exist as the equilibria become
negative. However, this does not explain the tate of the other two trophic levels, T,
and T, which are supposedly constant and independent of N. So what is going on'

Let us take a closer look at the model dynamics in the animation above. Note
that actually at first, when we start cutting the input of N, the equilibria for T: and
T, are indeed fixed and do not change. [t 1s the other three equilibria that show
a downward trend. lt is only after T« hits zevo that T, and T start to change. But
note: when Ty becomes extinct. we no longer have the same five-level rophic chain
Instead we have only four trophic levels, and the equations that we are t solve now
change. Now, for four trophic levels, we have T, and T; constant and independent of
N. whereas T and T, are detined by N and decrease with N. Indeed, this s what we
see in the animanion. Now T and Ty stay fixed until T, hits zero, when once again
the system and the equations are redefined. Again the system has an odd number of
levels, and now T becomes hxed while T, and Ty start to tall

Now that we have figured out what goes on in the system, we can with far greater
coniidence describe the system behavior with an arbitrary number of trophic levels.
There 15 strong evidence that the equilibria are stable, and we have understood how
the odd and even trophic levels are alternating their behavior as the flow ot resource
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nto the system changes. We also know that the parameters of the model define the
intervals in the N continuum rhat correspond to the particular numbers ot rrophic
levels in the system. Let us laok at how the system evolves i the other direction,
when we start with N =~ Q, and then start increasing N. Once N > 0, there s a
resource that can support ane species. As N increases, the population in this trophic
level keeps growing until N passes a threshold. after which another species in the next
trophic level appears. At this point the first trophic level stabilizes, and trom now on
all the resource is transmutted to the new trophic level, the population of which starts
to grow. Next, after N passes another threshold, another, third trophic level appears.
Now the second trophic level freezes, while the first and the third (odd) trophic lev-
els start to grow. Then, at some point, as N passes another threshold, a fourth (even)
trophic level becomes established. From now on, odd levels become frozen, and even
levels start to grow biomass. And so on.

In both rhe wophic chains consilered above, we had the nput of external resource
independent of the biomass in the first trophic level. We assumed that it was the
resource rhat was always limiting growth, and there were as many organisms in that
trophic level as were needed to uptake all the resource that was made available. Ths
is different from what we had in the classic model. What will the trophic chain look
like it the resource is not limiting? This may appear to be a farrly subtle change i
the system; ho wever, the dynamics will be quite different.
Let us put together i stmplified version with only three trophic levels:

Tt) =Tyt — di) + (N - Ry)*dt

INITT, =1

N = uy*T,

R.=uy"Ty°T,

Tyt = Tolt = di) + IRy — Rjl*dt
|N|TT2 =2

Ro=u"T)'T,

R. = Uz'T?.TI
Tg(t) = T'_;“ - du - ‘Rz - R3l'dl

INITTy =1

Ry =uy"Ta"T,
H3 = U3.T3
Ug = 01

u; = 0.1

up; =01

uz; — 01

Note that in this model N 1s not constant; instead, 1t is a linear function of T,
Now the model looks exactly the same as the “classic” model but with one additional
trophic level. We can import theses equations mto Madoona, or quickly assemble
the model in Stella or one of the other puckages to do seme prelininary qualita-
tive analysis. With the model “as :s,” we get the familur oscillations (Figl.ll'e 5.16).
However, it we change the coefhcients u, even slightly, we get a dramatically Jiffer-

ent picture: either the species become extinct, or they start to grow exponentally
{Figure 5.17).
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Dynamics in a three trophic leve model with no resource limitation wath unequal rate
coellicient. The system either dies off or species produce infinite growth.

It ue or ur e even shehtly increased, trophic levels T, and T3 grow exponen-
tally while T, keeps oscillating appreaching a positive equilibrium. A similar trend
is produced when u; o1 u are decreased. If vy or us are even slightly decreased,
trophic levels T, and Ty go extunct while T; keeps vscillating approaching a positive
equilibrium. A simular trend 1s produced when vy or uy are increased.

A quick analytical look at the equilibria gives us only a very general xlea about
the underpinnings of these trends. First. we tind that there are two equauons for
equilibriumn i the second trophic level: Ty = uyuy. and T) = usjuz. Second. we see
that for the cauilibria in the first and third trophic levels we have uyT) = u,Ty. The
cquilibrium in the second trophic level s therclore fcasible only if uyuy = upus.

These calculations explain some of the qualitative dynanucs we observed above.
If uyuy = upuy, we get stable oscillations; if wuy > upup, we have the downward
trend that leads to species extinctions. Otherwise, we have oscillavons following an
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exponential growth trend. We could have been expecting this fiom what we saw in
the model; however, it might have been hard to guess the exact relationship between
the parameters that defines the course of the trajectones. We also see that there 1 a
relationship between T, and T;. which makes them behave in a similar way — some-
thing we also observed from the model output

However. this 1s probably all we can say about the system, based on this prim-
itive analysis. We do not know what makes T. and T, grow ta infinity or vanish
from the system, when the parameters are chosen in some specific way. Unlike the
“classic” model, which produced the loop in the phase plane for any combination
of parameters, now a loop 15 possible only tor specific values. Moreover, it would be
hard to imagine in real lite an exact equality of the kind ujur = upu;. Therefore, we
may conclude that a three- or more trophic level system of the predator—prey type 1s
unstable and unlikely to exist in reality.

What will happen if, instead of three, we have four trophic levels? Will the results
be the same? The answer is a dehnize NO. To our surprise, the system always persists,
even though 1t goes through some dramauc oscillations which 1n many cases appear
to resemble chzos. Onee again, it is strongly recommended that you reproduce the
model w1 one of the modeling packages. Below are the equations that you can simply
paste into Madonna and enjoy the model performance yourselt:

Tyt = Ty{t—=dt) + IN — R))*dt
INITT, = 1

N=u0"*T,

Ry=v,"T,* Ty

TZ{” = Tz([ - dn + (R‘ - Rz_‘.cﬂ
INITT, = 2

Ri=u"Th"T,

Re=u"Ty"Ty

T3(ﬂ = Tg(t -dt) + (Rz - R3).d1

INITTy =1

Rz =up"T;" Ty
Ry = uy*

Talt) = T4lt — dt} + IRy ~ Ru)“at
INITT, =1
Ry=u3"T3"T,
Ri—uy"T,

Uy = 0.1

U, = 0.1

u, =01

Uy = 0.1

uy =01

The variety of designs that the trajectories produce when we start modifying the
parameters 15 truly remarkable. A few examples appear in Figure 5.18. In the left-hand
column we are looking at the regular graphs of state vanables vs time; in the right-hand
column we have the scatter graphs, where T, and T, are displaved as functions of T,
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5.4 Spatial model of a predator-prey system

The models we have looked at so far have been local — that is, spatially they had no
resolution, assuming that the whole area that we were modeling was uniform, and
that the same populations with the same parameters of growth and death were dis-
tributed across the area. We did not know or care about any spatial differences. Buc
what if that 1s not the case?

Suppose we do care about spatial differences. Suppose thar the populations have
different numbers across the landscape. How can we model the system in this case?

First, let us decide on how to represent space. In Chapter 2, we saw several ways
to make space discrete so that we can put the spatial dimension into a model. We
need to decide on the form and size of the spatial segments that we wish to use. In
doing that, as always in modeling, we will be looking at the goal of the study and the
spatial resolution of the data that are available. Then we will select modeling soft-
ware for these spatial simulations.

Stella may not be the best tool for this. Theoretically, we could replicate our model
several times and have several stocks for prey and several stocks for predator, represent-
ing their numbers in different spatial locations. We could also add some rules of tran-
sition between these stocks, representing spatial movement between different places.
The Stella model would look like Figure 5.19 (see page 165). In this case, we assume
that organisms migrate to the compartment where the existing population size 1s lower

This could probably work for two, three or four locations — maybe even ten — but
then the Stella model would become almost incomprehensible. We could use the
array functionality in Stella, which would make 1t a little bit easier to handle. If you
are unfamiliar with arrays 1n Stella, read the pages of the Help File. It does a really
good job of explaining how to set up arrays in Stella. For example, the model above
on a3 X 3 gnd of 9 cells can be presenred with a diagram that looks quite simple
(Figure 5.20; see page 165); however, the equations are not simple at all:

Rabits|col1,row1](t) = Rabbutslcal1,row1)it—dt) + (R_births[coll,row1|—Predation [col1,row1] -
R_migration(col1,row1]) > dt
INIT Rabbuts[coll,row1] = 1
Rabbits|col1,row?2){t) = Rabbuts|col1,row2](t—dt) — (R_births[col1.row2]—Predation|col1,row2|—
R_migration|coll,row2]) * dt
INIT Rabbits|coll,row?2] = 2
Rabbits(col1,row3|({t} = Rabbitslcol1,row3|{t—du + (R_births[col,row3]—Predation|col1,row3|—
R_migration|col1,row3]} ~ dt
INIT Rabbits(col1,row3] = 3
Rabbits|col2,row1]{t) = Rabbits[col2,row1l{t—at) + (R_births|col2,row1|—Predation[col2,row1]|-
R_migrationlcol2,row1)) * dt
INIT Rabbits(col2,rowl] = 3
Rabbits[col2,row2)(t) = Rabbits|cal2,row2)(t—dt) + (R_birthslcol2,row?2] —Predation[col2,row2|—
R_migration{col2,row2]) * dt
INIT Rabbitslcol2, row2] = 2
Rabbits[col2. row3](ti = Rabbits|col2,row3|(t—adt) + (R_births(col2,row3)—Predation|col2,row3] —
R_mugration|col2,row3]} * dt
INIT Rabbits|col2,row3| = 1
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Rabbits|col3,row|(t} = Rabbits|col3,row1|(t—dt} + (R_births|col3,row1|—Predation|col3,row1]-
R_mugration(col3,row1]} = dt
INIT Rabbits[col3,row1] = 1
Rabbits|col3,row?2|(t) = Rabbits|col3,row?2|{t—dt) + (R _birthsicol3,row2|—Predation|col3,row2]—
R_migration{col3,row?2]} * dt
INIT Rabbits[co!3,row?2] = 2
Rabbits[col3,row3]{t| = Rabbits|col3,row3lit—at) + (R_births(col3,row3| —Predation[col3,row3|—
R_migration{coi3,row3]) * dt
INIT Rabbits|col3,row3] = 3

INFLOWS:
R_birthsicolumn,row] = alpha*Rabbits|column,row|
OUTFLOWS:
Predation{column,row| = beta*Rabbits|column, row|*Wolves[column,row|
R_mugration(col1,row1| = gamma*{Rabbitsicol1,row1}—Rabbits(col2,row1]) +
gamma*(Rabbits|col1,row1]—Rabbitsjcol 1,row2])
R_migration(coll,row?2] = gamma*{(Rabbits|col1,row?2|—Rabbits|col1,row1]} + (Rabbits|col?,
row?2)—Rabbits(co!2,row2|) + (Rabbits|coll,row2)—Rabbits(coll,row3]})
R_mugration(coli,row3| = gamma~”{(Rabbris|col1,row3|—Rabbits(col?,row?2]} + (Rabbits|col1,
row?2)—Rabbits|coi2,row3|} }
R_migration|col2,row1] = gamma™{(Rabbits|col2,row1]—Rabbits[col 1,row1]) + (Rabbits|col2,
row1]—Rabbits(col2,row?2]) + (Rabbits[col2,row1]—Rabbits[col3,row1]))
R_migraton|col2,row2| = gamma*((Rabbits|col2,row?2)—Rabbits{col2.row1[} + {Rabbits(coi2,
row?2]—Rabbits|col2,row3|) + (Rabbits|col2,row2)—Rabbits|col1,row?2]) + (Rabbits[col2,row?2]—
Rabbits|col3, row2])
R_migrationlcol2,row3] = gamma*((Rabbits(col2, row3|—Rabbits{col1,row3l) + (Rabbits(col2,
row3| -Rabbits|col2,row2|) + (Rabbrts|col2,row3]—Rabbits|col3, row3|))
R.. migrationlcol3,row1) = gamma*{{(Rabbits|col3,row1]—Rabbits|col2,row1)) + (Rabbits|col3,
row1])—Rabbits|col3,row?2]})

migration[col3,row2] = gamma*({Rabbits[col3,row?2|—Rabbits|col3,row1l) + (Rabbits|col3,
row?2)—Rabbits|co'2,row2]) + (Rabbitsicol3,row2] —Rabbits|col3, row3])}
R_migration|col3,row3| = gamma*{(Rabbitslcol3,row3|—Rabbits[col3,row2]j + (Rabbits|col3,
row3]—Rabbits[col2,row3l)}

Wolves|col1,row1](t) = Wolves|col1,row]|{t—dt) + (Uptake|coll,row1]—
W_mortalitylcol1,row1]—-W_migration/col1,row1]) * gt

INIT Wolveslcol1,row1) = 1

Wolves|col1,row2](t) = Wolvesl|col1,row2](t—dt) + {Uptake(colT,row2|—
W_mortality|col1,row?2|—W_migration|col1,row?2|) * dt

INIT Wolves|col1,row2) = 2

Wolves|col1,row3]{t) = Wolves[col1,row3l{t—dt) + (Uptakejcoll,row3|—
W_mortalitylcol1,row3]—=W_migrationlcol1,row3]) * dt

INIT Wolves|col1,row3] = 3

Wolves|col2,row1 [it) = Wolves[col2,row1|[{t—dt) + (Uptakelcol2,row1|—
W_mortality[col2, row1]-W_migration|col2,row1]) * dt

INIT Wolves|col2,rowl] = 3

Wolves|col2,row?2]{t) = Wolves|col2,row2|(t—dt) + (Uptakelcol2,row2]—
W_mortality|col2,row2]—=W_migration(col2,row?2]) * dt

INIT Wolves|col2,row2) = 2
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Wolves|col2,row3l{t) = Wolvesl|col2,row3]{t—dt) + (Uptakelcol2,row3|—
W_mortality[col2,row3]—W_migration[col2,row3]} * dt

INIT Wolves(col2,row3] = 1

Wolves|col3,row1{t) = Wolves|col3.row1]{t—dt) + (Uptakelcol3,row1]—
W_mortalitylcol3,row1]—W_migration[col3,row 1]} * dt

INIT Wolves[col3,row1] = 1

Wolveslcol3,row2)(t) = Wolveslcol3,row?2)(t—d1l + IUptake{col3 row2 |-
W_monality[col3,raw2]—W_migration|col3,row2]) * dt

INIT Wolvesl[col3,row?2] = 2

Wolves|col3,row3|(t) = Wolves|col3,row3]{t—dt) + (Uptake|col3,row3]—
W_mortality{col3,row31—W_rnigration|col3,row3|) * dt

INIT Wolves|col3,row3} = 3

INFLOWS:

Uptakelcolurnn,row| = k*Predationcolumn,row)

OUTFLOWS:

W_mortality[column,row] = mu*Wolveslcolumn,row]

W_migration[col1.row1] = delta*{(Wolves|coll,row1]—Wolves|col2,row1)) + {Wolves|coll,
row1|—Wolvesicol1.row?2]))

W_migration[col1,row?2| — delta* ({Wolves|col1,row2]—Wolves(col1,row]) + ‘tWolves(col1,
row2]-Wolves[col2,row?2)) + (Wolves|coll.row2|—Wolves(col1,row3)))
W_migration[col1,row3) = delta*({(Wolves|col1,row3]l-Wolves[col1,row?2|) + (Wolves|col1,
row?2|—Wolves|col2,row3]))

W_migration(col2,row1] = deita*{{Wolves|col2,row1]—Wolves|coll,row1]) + {Wolves(col2,
row1]—Wolves|col2,row2|) + (Wolves|col2,row1|—Wolves[col3,row1]))
W_migration[col2, row2| = delta* ({Wolves|col2,row2|—Wolves|col2,row1)) + (Wolves|col?,
row2]—Wolves(coi2,row3)) + (Wolves|col2,row2|—Wolves|col1,row2]) + (Wolves|col2,
row2|—Wolves [col3,row2]1

W_migration|col2,row3| = delta*{{Wolves|co!2,row3] —Wolves[col1,row3]} + (Wolves[col?
row3|—Wolves|col2,row2|) + (Wolves|col2,row3]—Wolves|col3,row3l)}
W_rnigration(col3,row1] = delta*{(Wolves|col3,row1]—Wolves|col2,row1l) + (Wolves|col3,
row1|-Wolvesl|col3,row?2]))

W_migration{col3,row?2] = delta*{{(Wolves|col3.row2]—Wolves|col3,row1]) + (Walves|col3,
row2]-Wolves|col2,row2]) + {(Wolves|col3,row?2]|—Wolves[col3,row3]))
W_migration[col3,row3| = delta*({(Wolves[col3,row3]—Wolves|col3,row2)) + (Wolves|col3,
row3|-Wolveslcol2.row3])}

alpha =1

beta = 1

delta = 0.02

gamma = 0.01

k=101

mu=201

In particular, it 15 a real headache to define the equations of movement, migra-
tion. We assume chat our cells are arranged as in Figure 5.21, and both wolves and
rabbits can move to the next cell if the population size there is lower than in the
current cell. There will be lots of clicking on the Stella diagram to define all the
conncctions. As the number of spatial cells grows, the model description quickly
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Compartment 1
Rabbits 1 Predaticn 1

A two-compartment Stella model of a predator-prey system.

[ e

e

BOQreL D808  Severa compantments can be modeled using the array functionality in Stella.
The diagram s tidier, butitis still quite cumbersome 10 descnbe the intercompartmental flows
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1 2.1 <> 3
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1.31 < |23

The flows between array elements
It heips to have the diagram when describing how different array elements interact

eoe T R_G (Simile model: R_C.sml)
i@ i@ @ o« 1o soarm @ a’ (|le[a o 6l
@Ik ~ 2 ~"x ~Talallo gy 7' [Ale & @

J X X . fo

4
LT

Uptake Rabbils  Mortalily

A Simile model for the predator—prey system. Note that there are many more icons to
use when constructing models. The whale model can be described as a submodel icalled a Cell, in this casel.

becomes very cumbersome; it becomes especially hard o wput the data, visualize
the output, or dehne various scenarios that involve spanial dynamics. Imagine dehn-
ing a model with a hundred or mare array elements! There has to be a betrer way to
do thus.

Let us take a look at some other software tools that may be more suited o these
tasks than Stella. One potentially powertul tool for spatial modehing is Simile, and
we will explore an example in that modeling system.

Simile model

The predator-prey system itself 1s very simple to put together, especially it we
already know Stella conventions. The basic interface 1n Simile 15 almost 1denuical
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anea Desktop2 execution - Simile
D W ® ¥ X & 80 0 v 3O 1
I Ran control § Run settings | Page 1 | Page 2 | Page 3 J Page 4 !

a i (e

—Grass.run 1
Rabbits, run 1

f
Execute for 100.0 20

Current time 300.0

-l

Display interval

B4 Cell
Grass
Rabbits
growth
Grazing
uptake
Mortality
alpha

® veta

® mu

0k

300

Output from the Simile predator—grey model using the Plotter helper to create a
time-dependent graph
This is identical to what we were generating in Stella

(Figure 5.22). Here, we slightly moditied the wnodel. describing Grass as prey and
Rabbits as predator. That would be one trophic level below what we were consid-
ering above, but there is really no need for much change in how we formulate the
model. Whereas in its systems dynamics Simile follows Stella’s formalism quite
closely, 1t also goes way beyond Stella’s functionality in a lot of ways. As you may
notice, in Figure 522, there are quite a few more icons or building blocks in Simile.
We will not go into much detail describing all of them — that can always be done by
downloading the tree trnal version of the package and exploring the different exam-
ples and contributed models. The Help hle and the Tutorial for Simile 15 nowhere
nearly as foolproof as in Stella, so be prepared to spend quite some time 1t you decide
to explore the more advanced features of the software.
Among these features ler us mention the following.

o Modularity. In Simile, you can create a “submodel” that can be then used in other
maodels. This is handy for disaggregation of models, for creating spatial models or
for substituting one model component for another.

o C++ code. Simile generates C++ code. which can be used within the framework
of other systems, intertaces or environments. It can be ported te different compil-
ers producing optimized computer code.

o Extendable interfaces. All inputfoutput is handled by Tcl/Tk programs called
“Helpers.” Users can create their own Helpers to suit the needs of a particular
application, and port these programs into the software. For example, the output
tor the model in Figure 5.22 shown in Figure 5.23 comes from a particular Helper
desigaied to plor model cesules
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A two-dimensional graphic visualization that the Spatial Grid display helper generates.
The intensity of the color corresponds to the population numbers ol Rabbits in ditferent cells.

There is actually an easier (but also not very well-documented) way to do this if
you define the array as being 2D. You do this by double clicking on the background
of your stack of cells, which opens a dialogue box:

a] Propenties of Celi

I Basic il Advanced

Control of number of instances

- Using populatien symbols

Using number of data records in file

Using specified dimensions 10.10

Background shade:

t  Ciear :! Colour... ¥ Image... !

Notes
Description

Comments

Here we can input the dimensions of the array, making 1t two-dimensional. Let
us specify the dumensions 10,10. Now the array will be treated as rows and columns.
and we will not need 10 worry about the conversion of a linear array into a matrix.
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— Rabbits, run 1

Time

EEL 6Bl Using the Plotter helper to output an ensemble of tajectonies for all the cells in the model
The initial conditions are generated in random in the [1.2] interval, and each cell then develops on its own

To view the results of our spatial runs, we can choose the helper called “grid dis-
play.” When defining the grid display we will be requested to “click on the variable
containing the posittons of [Ds of the columns” - click on the “col” variable. Then
we witl be asked to choose the variable to display, and will click on Rabbuts.

If we now run the model. we can observe how Rabbit populations vary in all the
cells (Figure 53.26). Note that in this case the graphic display produces an ensemble
of 100 curves, which originate somewhere in the interval [1.2] and then oscillace like
in the predator-prey model considered betore.

So tar, the cells have been working independently. There has been no interac-
tion between variables in differem cells. That 1 not parncularly interesting. Let us
now make the Rabbits move horizontally. Suppose that, as in the Stella model we
considered above. we want to make Rabbits move from cells with higher density to
cells where there arc less Rabbits. This is similar to the diffusion process. For each
cell we add the migration flow (Figure 5.27). which calculates the movement of
Rabbits in each of the four directions: frent, back, left and right. First, we define an
array of Rabbits in all cells - R_A. Then

Migration = delta * (if col > 1 then Ranbits-element{|R_Al {row — 1) * size +
col — 1) else 0) + uf col < size then Rabbits-element{|R_Al.lrow — 1) *s12ze + col + 1}
else 0) + (f row>1 then Rabbits-elerrent{|R_Allrow — 2} * size + col} else 0) +
{if row < size then Raobits-element{|R Al row * size + cotl else O
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-

Spatial predatar—prey model in Simile with migration added for Rabbits.
The R_A variable stores the values for Rabbits in all cells as an array. The decision for migration 1s based an
the number of Rabbits in adjacent cells. Rabbits jump to the neighboring cell if the population there is less than
in the current cell.

This was pretty clumsy, but straghtforward. For each cell, we compare the
number of Rabbits with the numbers in the four adjacenc cells. If the difference 1s
positive, we get a positive flow from the cell to the neighboring cell. If it is negative,
we get a flow from the neighboring cell mto the center cell. Here, we used the ele-
ment built-in funcnion element([A],1), which returns the wwh element of array A. Note
that here we are translating the 21D definition 1n terms of (row,cell) back into the [D
defnition.

To test how chis works, we will initialize the model differently. Lec us make the
Rabbits biomass equal, say, three only in one cell (e.g. i = 25), and make the biomass
equal one in all other cells. Let us also switch off all the ecological predator—prey
dynamics by setting the growth, death and predation rates to zero. If testing a partic-
ular process, horizontal dispersion in this case, it 1s important to ensure that nothing
is interfering with ic. If we run the model, we will see how rabbits gradually disperse
across the area (Figure 5.28). Norte that we have also added a variable, sum_R, to
the diagram. This varahle is equal to sum([R_A)), another built-in function which
returns the sum of elements of an array. This is useful to check that we are not losing
or gaining rabbits; it works as a mass conservation check. As long as sum_R does not
change, we are OK.

What is also nice about Sumile 1s that we can change the size of the area and the
number of cells just by changing the “size” vanable and the number of 1nstances of
the “Cell” array. This can be done by double clicking on the Cell submodel and then
specitying the dimensions. For example, we can switch from the [0 X 10 grid that
we were exploring above to a 100 X 100 grid in just a moment, and start generating
similar dispersion patterns on a much finer grid of cells (Figure 5.29). [magine build-
ing a similar model ona 100 X 100 grid in Stella!
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Simile can also save equations; however, here it 1s done using a programming language,
Prolog, which makes 1t a bit harder to read for somebody unfamiliar with the conventions of
that language - especially when the model becomes more complex For simple models like
the one we are studying, 1t is still quite easy to understand what the statements are about.
Below 1s the Grass—Rabbits model as described in Simile

Model R_G_array10000
Enumerated types: null
Variable R_A
R_A = (Rabbits]
Where:
[Rabbits| = Cell/Rabbits
Variable sum_R
sum_R = sum((R_Al)
Submodel Cell
Submodel Cell is a fixed_membership submodel with dimensions [10000].
Enumerated types. [
Compartment Grass
Initial value = 2
Rate of change = -+ Growth — Grazing
Compartment Rabbits
Inmial value = If (index(1) == 2550) then 300 eise 1
Rate of change = + Uptake — Mortality — Migration
Comments:
For random initialization rand_const(1,2)
Flow Grazing

Grazing = beta*Grass*Rabbits
Flow Growth
Growth = alpha”Grass
Flow Migration
Migration = delta*((if col > 1 then Rabbits-element{{R_A],{row — 1)

size + col—1) else 0) + (if col<size then Rabbits-element([R_A),(row—1)*size + col + 1) else
0) + (if row > 1 then Rabbits-element([R_A],{row—2)*size + col) else 0) + (if row<size then
Rabbits-element(|R_A],row*size + col) else 0))

Where.

[R_Al= /R_A

Flow Mortality

Mortality = mu*Rabbits
Flow Uptake

Uptake = k*Grazing
Vanable alpha

alpha =
Variable beta

beta =
Variable col

col — fmod(index(1) — 1.size) + 1
Variable delta

delta = 0.1
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Variable k
k= 0.1
Variable mu
my = 0.1
Variable row
row — floor{undex(1) — 1ysizel + 1
Vanable size
size = 100

10

Spatal output lor the model with migration.
First we use a simplified initial condition to make sure that we can generate a pattern of dispersion, as we
might expect to see 1n a model that i1s similar to the diffusion process.

Rabbits (100x100. time = 100.0)

The same model but with 10,000 cells active.

Switching from one model dimension to another is easy, itreyuires only chianging one parameter and the
definition ol the array size

Now that we are confident about how rabbits move horizontally, we can switch
the ecological processes back on and see how the system performs in space. Once
again imtializing Rabbies and Grass randomly aver the landscape, we can see how,
due to dispersion, the patches become blurred; every now and then, when Grass is
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Spatial output for the model with randomly generated iniual conditions The diffusion
creates blurred patterns of distribution of Rabbits

depleted, the overall population falls to a low then, following general predator-prey
dynamics, Rabbits reappear (Figure 5.3C). We can also output the results as time
graphics for each cell Figure 5.31 presents ensembhles of 1C.0CC curves for Rabbits
and Grass in each of the 1C.0CC cells. This graphic and the quanuty of computations
that stand behind it should really be appreciated. Interestingly, in spite of all this spa-
nial variabihty, the totals for Rabhits and Grass follow exactly the classic predator-
prev pattern that we have seen before (Figure 5.32). Well, alinost exactly, as we can
see fromn the scatrer-plot XY diagram in Figure 5.33. Whereas previously for just two
variables in one cell the Runge-Kutta methoed produced an exact ellipsoid, winding
over and over itself again and again. with 1C,00C instances of the same model the
behavior becomes quite different. There is certanly far more reason o expect that it
is the error that accumulates and takes us slowly off track. Let us check: 1s it the error
that causes this, or something else’

The frst remedy to Jecrease computation error is o switch 1o higher-order
numenical methods or to decrease the tme-step. There 1s nothing better in Simule
than Runge-Kutra, so higher-order methods are not an option. | lowever, we can eas-
lly decrease the time-step. Above, we had DT = C.1. Let us make «t DT = C.C] Now
it will take us almost 1Q umes longer to run the model, yet unfortunately we are not
getung any different output Sull the trajectory keeps winding towards the center. So
what else could be causing 1t”
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Time

Using the plotter, we can view dynamics for all the 10,000 cells.

Let us go back to the original madel. In order to get there, we will remove
the horizontal fluxes (Migration =0 of delta =0), and initalize all the cells
the same. Now we are simply running a bunch of predator-prey madels simul-
tancously. To make the madel run faster, we can also make the spatal dimen-
stions smaller: let us set the size equal t 2, and the dimension of cells equal to 4
If we now run the model, we will finally get the expected ellipse (Figure 5.34A).
Next, let us intiahize the four cells that we have randomly selected. The result is
somewhat unexpected {Figure 5.34B), and answers our dilemma: it 1s the random
numbers 1n the utial conditions that make the rtotal population dynamics so dif-
ferent. If we increase the number of cells (size = 10), the populations tend to he
less chaotic and rend wwards a himit cycle (Figure 5.34C). The graphic 1n Figure
5.34D is produced by the same 10,000 cells with horizontal mugration switched
on (delta = Q.1), as we had n Figure 5.33, but after some 1,500 time-steps. We
see that here also there 1s a clear trend 1o the center, where the population almest
equilibrares.

This 15 quite remarkable, since, s you may recall, one of the major critiques
of the classic Lotka—Volterra madel was that 1t depends so much upon the mitial
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O+ -
—sum R.run2

17000
15000,
13000}
11000
9000
7000
5000

O +i=|=|
—sum_G.run2

40000

Output lor the 1otal numbers ol Rabbits and Grass in all the 10,000 cells.
The totals seem to follow 1he classic predator-prey oscillations observed before, when dealing with a spatiaily
aggregated mode

—sum_G
40000

30000

20000

10000

wFigur® SE33E A scatter graph (or XY graph) where the numbers for Grass are displayed as a function
of the number for Rabbits It shows that the oscillations are damping
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Resolving the mystery of dampened oscillations
A. When we have no spatial heterogeneity, the population is spatially uniform, and we have an ideal predator-
prey ellipse as in the classic model B. With the populatian randomly init:alized in just four cells we get a
chaotic behavior that fills the whole interior of the ellipsoid. C. With 100 cells randomly initialized, the area of
chaotic dynamics shrinks to a smaller domain. D. With 10,000 cells there 1s no more chaos and the trajectories
tend to a small hmited cycle, around which they keep osciliating. This behavior no longer depends upon the
ininal conditions, as long as the cells are initialized with different values

conditiuns. The classic model describes a population over a certain area, where spa-
tial heterogencities are ignored and all the orgamisins are lumped into one number
representing the total population. However, in reality they are certainly unevenly
distributed over space. It we split the space into just a few regions and present the
dynanucs 1n this spatial context, we get results that are significantly different from
the classic model. Actually, it turns out that the stable oscillations are an arufact
of the averaging over space. With several spaual entities we have a converging
dynamic, which also no longer depends upon the intial conditions

[l we take a closer kwk at the spatial distributions that correspond to this quasi-
equilibrium state, we may hnd some weird spaual patterns (Figure 5.35). Starting
from the randomly distributed initial conditions (Figure 5.35A). after some 1000
ierations, as the trajectory on the phase plane converges toward the center of the
ellipsoid a spatial pattern emerges that, while changing to a degree, stll persists. as
can be seen from the series of snapshots taken approxumately every 3¢ iterations
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The spatial distribution in the 10,000-cell model with migration
Starung with random initial conditons (Al after some 1,000 iterations a pattern is formed, which then persists
{B-I). Thus there is a pattern that emerges both in time and space.

(Figure 5.35B-1). It 1s not clear how and why this pattern emerges, hut 1t 15 interesung
to register that emergent patterns can result from this kind of non-linear dynamics.
Using the so-called association submodel concept in Simile we could put
together much more elegant solutions for this model; however, these models also
become far more difficult to build and comprehend
let us put together an association submodel called NextToCell. Tt will he
defined by two relanionshups: “self” and “neighbor.” These are cell attibutes thac are
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provided by the stack of cells wich che submodel in each of them. The existence of
NextToCell submodel is defined by the condition cond!.

Cell

K, |

I —

]

condl = I {col_self == co!_neighbor and row_self == row_neighbor} and
abs(col_self-col_neighbor) < 1.5 and abslrow_self-row_neighbor) <1 5

This condition is true only if the coordinates (col, row) of the two cells are adja-
cent to each other — thart 1s, the difference between the col and row coordinates 1s
less than 1.5 and che cell is not ieself. In this way we can describe all eight cells in che
vicinity of a given cell. For each of these neighbor cells we define a variable called

migration = Rabbiis_neighbor — Rabbits_self

This is the difference berween the number of Rabbits in the cell and the neigh-
boring cell. This value 1s then fed back into the model and is used o define the flow
called

In = delta*suml{migration_seif})

Here we are summing all the migrations for the eight neighboring cells and, with
the diffusion rate of delta, using this sum to update the number of Rabbits in the cur-
rent cell. Note chat when

Rabbits_neighbor > Rabbits_self

the flow is positive, and 1t 15 negative otherwise. This should ke sufficient to describe
the diffusion process of Rabbits 1n our system. Indeed, if we run the model we gec
some very plausible distribution thac looks very similar to what we have been gener-
ating above — but, we have to agree, this formulation is way more elegant.
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SME model

Let us explore yet another way to build and run spaual models. The Spatial Modeling
Environment {(SME) is not quite a modeling systemn, since it does not require a lan-
guage or formalism of its own. [t can take the equasions from your Stella model and
translate them into an intermediate Modular Modeling Language (MML), which is
then translated into C++ code. At the same time, SME will link ycur model to spa-

tial data if needed

et us first put the same Grass—Rakbhits model into Stella and make sure that
1t runs properly. As a result, we will end up with the following system of Stella

equations:

BO fle B0 ._ « '0 2

f Page 1 ‘rPage 2 ! Page 3 ! Page 4 |
+ Qe LS > n

© Add a variable

Raboa {10x10. uma = 231

Grass(l) = Grassit - di) + (G_growth  Grazingi*d1

INIT Grass = 2
INFLOWS.

G_growth = alpha*Grass

OUTFLOWS

Grazing = beta*Grass*Rabhits

Rabbits{ti = Rabbitsit — dt) + iUptake — R_mortality}*dt

INIT Rabbits = 1
INFLOWS

Uptake — k*Grazing
OUTFLOWS.

R_mortality = mu*Rabbits

alpha =1
beta = 1
k=01

may =01
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For these Stella equations, we do <Edit -> Select All> and rhen <Edit ->
Copy>.

Next, we open a Text Editor on our computer (on a Macintosh it will be BBEdit.
or TextEdit; in Windows 1t is probably the NotePad) and paste the equations into
the file, then save the file using the .eqns extension and naming it R_Gl.eqps.

We now need to get SME running. SME is open source and 1s available for
download from Source Forge, the main repository of open-source projects. The URL
is htep:/fsourceforge.net/projectsismodenv. SME is available for Linux and Mac OSX
operating systems; there is no Windows version so far. Once we have downloaded
and installed SME, we need to set up the SME project.

Having chosen a name for our project — let us say R_G, representing
Rabbits&Grass — we open the Terminal window and enter the command:

>SME project R_G

If the installation has been done properly, this sets up the project directory. Now we
can put the equations file that we created in Stella into the directory Models. We
will call the model R_G1 and perform the SME command:

>SME model R_G1
Now we get:

Current project directory is /Documents/SME/Projects/
Current project 1s R_G

Current model 1S xxx

Current scenario is xxx

Current model set to R_G1

Current project set to R_G

It is not important at this time, but ler us also choose a scenario name. We will see
whar that is later on. Using the command

>SME scenario S1
we pet:

Current project directory i1s /Documents/SME/Projects/
Current proiect 1s R_G
Current model 1s R_G1
Current scenarno 1s S1

Now we can impott and confgure the model:
>SME import

This will take the equation file and translate it into the MML (modular modeling
language) spectfication. There will probably never be any need to see the result, but
for the sake of curiosity 1t 1s possible to look at the file Models!R_G | MML for the
MML specification and then look at Models/R_G1/R_G1_module.xml, which 15 the
same file 1n an intermediate XML specification.

At the same time the first config file has been generated in Config/R_G1.MML.
config. This file srill concains just a list of all variables and parameters of the model.

Let us do the build command now:

>SME build
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Something is processed, there are some messages, and at the end it can be seen
that some C++ code has already been compiled. This is not important at this time,
since we will probably sull need to do some more configuring before we get some-
thing meaningful. What is umportant is thar a couple of more config files ave gener-
ated. See whar is 1n the Config direcrory now:

R_Gl.biflows, R_Gl.conf, R_GL S|, and R_G1.Sl.conf.out

The most important file 1s R_Gl.conf. This will be the config filc thar we will
be working with most of the time. At this rime 1t has the following list of parameters:

# global DS(10,0} n{1) s(4332) ngi(0) op(0) OT{1,0.20) d(C} UTM(0,0.0.0.0) UTM(1,1.0,1.0)
$ R_G1_module

* ALPHA pm(1}

* BETA pm(1)

* GRASS s(1} sC(C)

* GRAZING ftiu)

* G_GROWTH ft(u)

* K pm(0 100000)
* MU pm(Q 100000)
* RABBITS s{1) sC{C)

* R_MORTALITY ft(u)

* TIME

* UPTAKE ft(u}

If we compare this file wirh the Stella equations above, we see that it contains infor-
mation about all the pacameters thac we had chere. In the equations:

alpha =1
beta = 1
k=01

mu=01

we find the samc values in the R_G1.conf file.

What we have lost are the nitial conditions. Thar 15 because in Stella we
detined the inirial condirions m the stare vanables boxes, rather than as paramerers.
SME does nor like that. Let us quickly go back to Stella and fix it by detining initial
conditions in terms of some auxthary parameters:

INIT Grass = G_init
INIT Rabbits = R_init
G_nt=2

R_init =1

Note the tiny difference between this set of equations and whar we had above. We will
now have to do another >SME import and >SME build. Keep in mind that whenever
we alter the equations, we need to do a re-import and a rebuild. We do nor need to re-
import and rebuild if we only modify the parameters in the config file. However, (f any of
the parameters are redefined as spatial, a rebuild is needed. We will get back to ths later.
So another SME import modifies the R_GI.MML.config file — but when we
run SME build the R_Gl.conf file will not be changed. Thus is a level of protec-
tion to make sure that the conhg file with all the valuable spatial information is not
inadvertently overwritten, by re-importing and rerunning the Stella equations thar
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do not contain this daca. This might be a little confusing; however, it is important to
protect the spatial version ot the config file.

The outpur from the last rebuild can ke found in R_G1.S1.conf.out, and if this
is really whar you want to do, vou can delcte your R_Gl.conf file and rename the
R_G1.S1.conf.our into R_Gl.conf. This 1s what we will do now to get the following
as the config file for the model.

# global DSi1.0,48) n{1) s(4332) ngll0) op{0) OT11.0.0.0,20.0) d{ 0) UTM(0,0.0,0 Q)
UTM(1,1.0,10)

$ R_G1_module

* ALPHA pm(1)

* BETA pm(1)

* GRASS s(1) sC(C)

* GRAZING ft{u)

> G_GROWTH ft'u)

* G_INIT pmi2)

=K pm(0.100000)
* MU pm(0.100000)
* RABBITS s{1) sC(C)

* R_INIT pm(1)

* R_LMORTALITY friu)

*TIME

* UPTAKE frv)

Note that the initial conditions are now properly defined in this file. We are ready
to run the model in SME. However, first let us take another look at the config file. We
have already guessed thar pmi() 1s a parameter in Stella. Whatever value the param-
eter had n Stella, it was automarically transferced into the config file. Also, the state
variables (GRASS and RABBITS in this case) are described by two commands, s() and
sC(C). What are they? The best available documentanon for SME 15 on the web at
hrep:ffwww.uvm.edu/giee/SME3/fip/TDocs/UsersGuide.heml. Most of the coromands are
described there, though nor in the most foolproof way. For the state variables, we learn
that s{1) means that we will be using the first-order precision numeric method. We
might also learn that the rwo commands that were generated by the SME build com-
mand are actually not quite consistent with the latest documentation: the sC{(C) com-
mand could be erased and instead the s command should be s(C1C). However, SME will
still run with the sC(C) comimand. “C" means that the variable should be clamped ~
chat is, 1t will not be allowed to become negative. It is not unusual to find these kinds of
glitches i open-source code; after all, these guys are not paid to write che fancy tutorials
and documents to make cheir software useful! We have to either bear with them (aftec
all, the software 1s free) or, even better, help them. We can always contnbute our bug
reports and pieces of documentation that we put togecher while exploring the program.

Next we need to configure the output. So far it is undefined; we do not know
what the program will output and where will it go. Let us use the P(0,0) command to
see how the state variables change. The lines for GRASS and RABBITS will now be:

* GRASS P{0.0} s{C1C)
* RABBITS  P{0,0) sIC1C)

Note that we have also got rid of the ourdated sC(C) cornmand. Just one more
thing before we run the model. Take a look ac the firse line in the config file, the
one that starts wich #global. This is a set of general configuration commands thar are
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placed there by default by the translator. The two important ones that we may want
t change right away are the OT{) and the d{) commands. Check out the SME docu-
mentation to fearn more about them. The d() command sers up the debug level - that
15, the amonnt f information that will be provided into the command line intertace.
When we have d(0), that is the minimal amount. It we want to see what equations
are solved in which order and what actually happens during our model run, we prob-
ally need to hump up the debug level, making itd( 1} or d{2).

The QT command dehnes the time-step. the start and the end of the simulation
Right now we have OT{1.0,0.0,20.0), which means that we will run the madel with
a tine-step of 1, statting trom day O and finishing on day 28, This will not allow us to
vy beyond 20. [t we wish to have a longer simulation rime, we need to change 1t to,
say, OT{1.C,C.010C.0}). Naw we can make up to 100 steps.

Finally we can run the model, using

>SME run

See what happens In the command line intertace we get

[AV-Computer: SME/Projects/R_GI voinov% SME run
Spatal Modeling Ervironment, Copynight (C) 1896 (TXU-707-842)1, Tom Maxwell
*** SME comes wath ABSOLUTELY NO WARRANTY
*** Thig is free software, and you are welcome to redistnibute it
* ' * under the terms of the GNU General Public License
Current project duectory is {Oocuments/SMEProjects/
Currgnt project is R_G
Current model is R_G1
Current scenana 15 Xxx
Running SME model R_G1 in serial mode, cmmd:
Documents/SME/Projects//R_G/Dnver/R_G1
‘ppath /Documents/SME/Projects/ -p RLG -m R_G1
-Ci {Documents/SME/Prajects/R_G/Conhig/R _Gl.conf -pause O -scan xxx
info. Setting Project Name to R_G
info.
Allocating module B_G1_module, ignorable. O
infe. Reading Contig Files
infa: Opening conhg Tle: [Documents/SME/Projects/R_G/Config/R_G1 conf:
mfo Reacing config fite
warning: this program uses geltsil, winch 1s unsafe,
SME =

Here, the driver stops and waits for us to tell it what to do next. It looks like gih-
berish, but may actually contain some important information — especially if we run
o etrors. 1o tun the model for 3 days, we use

SME=r b
li we have the debug level set at d(1). we will probably ger:

info: Setupn BEvents

info; CreateEventlists

info- ProcessTemporalDependencies
wifo: ProcessSpatalDependencies
info: CreateEvenilists
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nfo: FillinitializationList

info; Spit & Sort Lists

info. Setup Variables

info. Seting Up Frames & Schedules

info: Allacating Memaory

into Posung Events

inlo  Opened xm! File  Documents/SMEMPrapects/A_GIModels/R_G 1B _GI_
module xrml

infg; *rererrvssasarrsaxer Fuacuting Event R_GI_module StateVarlnit ar time
(.000000

inlp: **eerswaswsswazncsnes fyaputing Event R_G1_module:FinalUpdste_S_ at
time 5.00C000

TCL=> 5

SME>

The model now stops again, and another r command s required to continue. Let
us run it till day 100

SME = r 100
Mow it stops and waits again, To yuit, we do
SME = X

[t 15 important to ensure that Enter is pressed after each of these commands.
This 1x 1t. Nuw where ate the results” Ga to ProjectsfR_G U DriverOurput. Here,
we might notice that two more files have been generated:

GRASS.PTSF_p_0
RABBITS.PTS.P_p_1

These nles cannot be seen until we have quit the model run; they appear only
after the X command has been issued. Mow that we have exited SMF, the hles should
be there, These are simple timeseries, with output tor GRASS and RABBITS respec-
tively. The first column s the time, the second column is the value of the stare vari
able. One way to lnok at these resules 1s ro simply copy and paste the hles into Excel
or another spreadsheet program. We can draw the graph and see that, after a couple
ot oscillations, the GRASS populanion crashes tollowed by the slow dving ot ot the
RABRITS. This is nut exactly what we would expect from a standard predator—prey
model. Where are those mice population numbers, going up and down indefinuely!

Of course, we were running the mode! with the first-order Euler method. Thac is
a pretry rough approximauon. Let us switch t a mure accurate numeric method. We
open the config file and change 1o the fourth-order mechod:

* GRASS P10.0] siCAaC)
* RABBITS P{0.0) stCAC)

Mote that previously we had s{C1C), now we have s{CC4(0). This does ir. It we
rerun che madel (SME run, then ¢ 100}, exit (X}, go to the DriverQueput directory
and paste the cutput hles into Excel, then we will ger what we were expecting - mice
lasting oscillations ol both varmbles.

However, where are the spatial dynamics’ We could get all this in Stella without
the trouble of setting up the mudel in SME. But how can we expect anvching spatial if
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we have not denned anything spatial in our model? So far, we have simply replicated
the Scella model. Now let us go spartial. First of all we will need some maps to describe
the areas tor grass and rabbits. Suppose we choose the area shown n Figure 5.36.
These days, the simplest way to generate these maps is to use Arclnfo or ArcGIS,
the monopolist on the GIS market. However, it we run GRASS, an open-source GIS
(do not confuse with one of the variables in this model) thar will also work. Anyway,
whar we need to do is generate a simple ascii file that will first of all describe che
study area 10 our model. This will have Is inside the study area and Os everywhere
else. It may look like this in one of the formars thar SME rakes, 1.e. the Mapll formar:

FILETYPE=INTERCHANGE
ROWS=62

COLUMNS=67
CELLSI1ZE=200 000000
FOAMAT=DEC
INFO="hunt wsh"
DATA=00000000000000000000000000000000000000000006000000000000000000000000
00000000000000000000000000000000000000000€0000000000000000000000000
0000000000000000000000000000000000011000000000000000000000000000000
0000000000000000000000000000000000011100000000000000110000000000000
00000000000000C00000000000000000001 0000000000011 110000000000
0000000000000000000000000000C00001 111 111 110000000
00000000000000000000000000000001 111000000
000000000000000000060600000000G 110000000
000000C0C000006000000000000000 100000000
00000000000000000000000000001
00000000000000C0000000000001
000000000000000000000000001
00000000C0000000000000Q000 1

100000000

1
1
1
1
1
1 110000000¢

0
1
1
3
1
1
1
1

1

1

1

1

1
1700000000000000
1000000000000000
[d]
0

(11t
1L 10001

1991111111141 91111

PPttt eft1411111

01111411111 111131 1111

T11911111113 111171111

IR R R R EEERRRRERE

IR R EEREE AN R

IR R RN RN
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chosen. Now we have mitalized the model as being spatial, but have not identified
any sparial variahles: all of them are still treated s single numbers. To do that we can
use another SME command - oi{). It is called "overnde nivalization,” and has two
parameters. It the first parameter is posittve, then the variable 15 assumed to be con-
stant. It the secand parameter is positive, then the vanable 1s assumed to be spaually

distributed. So if we conhgure, say, GRASS as
* GRASS siC4C) 0.1}

we should get what we want - a spaually distributed vanahle.

Next let us deal with the giaphic output. This s handled by the sc-called
Viewserver, which we now need to start up.

Let us add vet anather command to the previous Ine:

* GRASS DD} s{C4C} 0it0.1)

The DY) command establishes a connecuien wicth the Viewserver - a very
important prece of software used t¢ display the results o spaval simulation. The
Viewserver should be started using the command startup_viewserver. It is better to
do 1t from a separate terminal window. since the Viewserver generates a long cam-
mand line output that will clog the terminal thac is being used to run SME

Let us also generate spatial output for the other model vaniable, RABBITS:

* RABBITS DD s{C4C)

Note that in this case we do not even need 1o declare the variable as spatial.
In the model 1t 1s dependent upon an already spatial vanable (GRASS), so ir will
hecome spatial automatically.

Once we have started the Viewserver and done another SME run, we can see that
the Viewserver receives output from the running model and a new dara set is added
to the list on the left panel of the Viewserver. If we highlight one ot the data sets
and then choose a 2D animanien viewer and click the "Create” buttan, we will get an
nmage of the map that s new dynamically changing as the variables change their val-
ues across the whole area. You can watch how the Grass and Rabbits alternate their
biomasses, changing from muvmal (blue) to maximal (red) numbers (Figure 5.37).

N A

& «
A

MEioMe DEIZN  Simple spatial dynamics when all cells are the same.
A. Grass {max. 2.043, min. 0.3279), B. Rabbits {max. 1.285, min 07642},
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Let us now make the model spatially heterogeneous. Suppase we have a spatially
heterogereous initial condicion tar the GRASS bioass. and that grass 1s not uni-
formly distributed but has different biomass in different locations. We will iminahize
the GRASS variable with a map that has ditferent values in different cells. Let us use
the map in Figure 5.38.

Note that the spatial extend of this map is different from that of the map above
That 1s OK. SME will crop this map to match it to the arca defined above by the
study area map. How do we input this new map? Back to rhe conhg file. This time
instead of defring the wital condition for GRASS as a constant parameter pm(2),
we will use a map:

*G_INIT diA./Documents/SME/Projects/R_G/Data/Maps/Biomass.arc,
/Documents/SME/Projects/R_G/Data/Maps/Area.arc)

Again, we have to provide the tull path to the map kle that we want to use. There
1 actually a better way to do 1t using the Environment file. This ale should reside in the
Data directory, and 1t contains all the paths that we may wish to use in the conhgura-
tion files. For this model, we will pur the following two lines into the Projects/R_G/
Data/Environment file:

MAPS = /Documents/SME/Projects/R_G/Data/Maps
RMAP = /Documents/SME/Projects/R_GMData/Maps/Area asc

The first hine defines the Maps directory, which we seem to be constantly refer
ring to. The other line 15 the full name of the reference map. or the study area map.
which 15 used to crop all the other maps in the project.

Now sume of the lines in the configuration hle can be much shorter:

$ R_G1_module g{A.$(RMAP}, aefault. $iRMAP)) AL{0.0}

* G_INIT diA, ${MAPS}iBiomass.arc. ${RMAP))

Another map used to define spatially heterogeneous initial conditions for Grass
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Moreover, the biomass map that we used to initialize the model has values
between Q and 61. The imtial condinon that we used before was 2. 1t would be nice
if we could scale the map ro same values thar would he closer to those we had origi-
nally, and we can use the S() command to do that. The syntax of this command is
S(ab), which means thar if x 15 the inpur value then the result of this command 1s
y — #*x 4 b. So finally it we use the cotmand

* G_INIT dia ${MAPSYBomass.arc, ${RMAP}} S(.01e + 00,1.0)

rhis means rhat we will input the map from the Biomass.arc hle, then each value will
be multiplied by 8.01 and added ro 1. That will be the result used in the simulations.
Also note that we no longer need the ci(0,1) command, since we now have the ni-
nal condition rhat initialized che variakle as a spatial one, which ensures that all the
rest of the vanables connected to the spanal one will also be spatial.

This 1s a little more interesting: now there are some spanal vanations, and there
are some difterences in how various cells evolve (Figure 5.39). However, there is still
no mteracton between cells, and the real spatial conrext 1s not present. We sunply
have a whole bunch of madels running 1n sync, but they do not interace with each
other.

Making cells “talk” to each other is a little more complex than anything we have
done so tur. Wiereas until now we have simply used some predefined commands, and
the model we buile in Stella, from now on it we are w define soime meaningtul spatial
mteraction we will need to do some programming.

There are some modules that we can use i the Likrary of Hydro-Ecalogical
Madules (LUIEM = heepeligiee.uvim edu/LHEM); however, there are not too many
things we can do wich those pre-designed modules. [F we really want to be able to build
complex spatial models, we will probably need to be capable of some level uf C+ +
programinmg. SME supparts so-called User Code and ofters tull access 1o 1ts classes
and methods, which can significantly help us in designing our cwn code for spatial
dynanucs.

Suppuse tor the Rabbits & Grass mudel we wish to allow rabhies o move
hetween cells 1 search of betrer grazing conditions We will assume rhat whenever
rahbits ind thar there is more grass in the neighboring cell, a cerran proportion of

B

mbiCLe D839y  Spatal dynamics with no migration.
A. Grass Imax. 1.490, min. 0.5}, B. Rabbits (max. 1142, min. 0.86).
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rabbits trom the current cell will move to the cell with mure grass. Let us write the
code that will descrihe this behavior of the predaror:

fl*u&o*&i;i-a!o!|-!i-»upuq»nnnlnlnrlollll|Q--inno-||nlaalf
il

#include “"Rabkbith”

L N N R A A N A R N R Y

void MoveRatbits{ CVanable& Rabbits, CVanab'ed Grass, Cvanable& Rate |
/f moves rabbits toward maore grass, ([ there are less rabbis there
/f arguments came from MML.config fre, first arg is always varable being configured.
{
Grid_Dwection il;
float fr, R_moved = 0.

DistnbutedGnd& gnd = Rabbits. Gnidi);
and SetPorntOrdeningiQ),
# sets gnd ordenng 10 default ardenng (row-col tordering #0

Rsbbiis.LinkEdgest):
Grass LinkEdgesi);

static Cvanable” R Flux = NULL,
HR_Flux = = NULL}
R _Fiux — Grass.GetSimilarvanable!"R_Flux"};
Himermediate increment ta Rabbits
R_Flux- = Set(0.0};

fort Pix p = grid.rirst{}, p; gnd next{p)
{

cons™ OrderedPont® pt = gnd.GetPointipl;
M sets currernPoint

e 'grid onGridipt! 1 continue;
/ lonGrid = = False} - == Ghost Pong

lloat g_max - Grassipm,
Pix p_max = g

/f for 2ach point calcuiate where s the max Grass in the vicinity
torl il = firstGDIY;, morsEDall; nceGDON

{

# enum Grnd_Direction (NF = 2 EE, SE. S5, SW. WW. W, NN}

Fix rp = gud NewghborPixd p, 1,
X relatwe to pt, takes enum Gnd _Drecuion as arg

trpl
(
canst QrderedPoint& rpt = grid GetPointirp);
if | Grass{rpl) > g_max |
| g_max — Grassirp),
p_max — ro,
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const OrderedPoint& pt_max = grid GetPoint{p_max);
// sets currentPoint

{// f there 1s a cell in the vicinity where there 1s more Grass, then a
/f portion of Rabbits maoves to that cell
if { g_max>Grass(pt))
fr = { Rabbits(pt)>Rabbits(pt_max) ) ?
{Rabbits(pt)—Rabbits{pt_max)) * Rate(pt) : O;

(*R_Flux}{pt_max) + = fr;
(*R_Flux){pt)— = fr:
R_moved + = fr;

)// end area loop

Rabbits. AddData({*R_Flux),
printf ("\ninfo: Rabbits moved = %71 R_moved);

So here we have only Rabbits moving horizontally from one cell to another in
seacch of a becter life. How do we tell SME chat there 15 something new that the
model wants to take 1o account?

First, we go all the way back to the MML.config file that we can find in the
Config directory. In this file we add a command for Rabbits:

* RABBITS UF( Rabbit, MoveRabbits, GRASS, RATE)

Heve, Rabbit is the name of the file that contains the above C++ code. Actually
its name is Rabbit.cc, and 1t resides in the UserCode directory. MoveRabbits 1s the
name of the function in this fle that we use. GRASS and RATE are two variables
that are passed to this function. While GRASS has always been there, RATE is
new. The way we get it into the config hle 1s by modifying the Stella model and add-
ing another variable. Once again, we have to export the equations and then do the
“SME import” command. Alternatively, we can modify the equation hle that we cre-
ated earlier from Stella equations. We simply need to add one line:

rate = 0.5

and then we can also do this by hand in the R_G1.MML.conhg file. Note, however,
that this 1s somewhat risky, since 1t 1s very easy to forget about some of these small
modifications of the equarion file, and there 15 no way we can import these modi-
ficanons from the equations to the Stella model. As a result, once we have finally
decided that we wish to modify the Stella model for some other reason later on, most
likely we will forget about these modihcations. When taking the equations from
Stella and creating a new equation file, we will lose all these previous changes. The
model will suddenly perform quite concrary to expecrations, and 1t will take a while
to figure out why and to redo all the lLittle updates. So while every now and then it
seemns very simple to modify just the equation file, actually it is much better if all the
modifications are done directly to the Stella model.

As we remember, whenever the equanions or the MML.config file is changed we
need to do the SME import command. Then we can do the SME build command, and
update the config file to add the RATE parameter to it as well. Remember — cither
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it has o be Jone by hand, or the hle can be renamed to use the R_GI1.S1.conf.out
instead. As a result, we get:

* RATE pmM{0.5}

Are we ready 1o run’ Almost, but there 15 still one ghch to fix. The vanables
that we have been passing to the newly designed funcuon to move Rabhits are all
assumed to be sparial.

MoveRabbits( CVanadle& Rabbits, CVanable& Grass, CVaniable& Rate )

However, the RATE parameter as we defined it above is a scalar. There iy an
easy fix. Just add the override command

" RATE pmi0 5) oi{0, 1)

and you will be back in the game. Alternatively, you could also define this parameter
as a map:

* RATE alA $(KMAP). S{RMAP} S(.5e + 00.0.0)

Here we used the study area map to muniahize this parameter, which, with this
scaling factor, is identical to what we did above. However, this could be any map,
which would probably be the only reasonable way to define this parameter if we
wanted it to be spatially heterogeneous

Alternauvely, if we do not want this parameter to be spatial, we must not refer
to it as 1l 1 were spatial in the code. Replace Rare(pt) tor Rate. Value(). Rate. Value()
is a scalar, it will not need to be initialized by a map or a spauial variable. [t will take
pm(Q.5).

Finally, we are ready to hit the "SME run” command and watch something moy-
ing across the landscape - rabbits hoping from one place to another. grass dying and
regrowtny back when the predators leave. and so on (Figure 5.40).

Certanly. this was not as easy as putting together a madel in Stella, or even
Simule. However, for somebody comfortable with C+ + 1t would not be a big deal
and actually may rurn out to be simpler than learning the new formalism required for
Sumile. Once we are in the programming language mode, we have all the power we

B

mFigurE SBA00 41,3l dynamics with migration towards the cells with higher density of Grass.
Clusters of igh density are formed when Rabbits from severa! cells jump into a cell with higher Grass
abundance. A Grass {max. 1.490, min 0.5), B. Rabbits (max. 1.142, min_ 0.861
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need to create any complex model. So m a way, SME may be treated as a nwe inter-
face hetween Stelia and C++ power maodeling.

Conclusions

A very simple model can produce an amazingly diverse collection of behavior pat-
terns. The fact that the predator-prey model contains non-linearnity makes it a very
excitng system to explore. After many generations of mathematicians and modelers
studying the system, it still every now and then produces some interesting results,
especially if we add some Jdetail in either the structural or the spatial mterpretanon.
There are probably hundreds if not thousands of papers about the dynamics in such
or simlar two-species systems.

What 15 always most intryeumg about models 15 when we find some emergent
properties that were not at all expected when we first looked at the system. For
example, the fact that pure species interactiens may produce persistent oscillations
in population numbers could be hardly expected. With everything constant in the
system, with no external forcings, nu climatic or environmental conditions nvolved.
we still get variabiliey m species populations.

Systems with linear functional response are usually more predictable. [t is when
we hnd feedbacks that have a non-linear effect 101 the system that we should expect
surprises. These systems need especially careful analysis, They are also hardest o
analyze analytically.

Providing for spaual heterogeneity only adds to the hist of surprises. Why would
the spatial distnibution make the predator-prey osaillation converge? Why does «t
stabihize the system? How general can these conclusions be? Does this mean that
morte diversity 10 the system also means more stahility? How tar can we go in this
sort of generalization?

These are all excitmg quesoiuns that beg furcher research.
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aons. Elsevier Academic Press.
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Modeling as a hydrology primer
Unit model

Spatial model

Conclusions

SUMMARY

There are critical natural resources that are essential for human survival, and water is
certainly one of them. The dynamics of water, s quantuity and quality micror what 1s
happening at the watershed, and can serve as an indicator of overall envuronmental
quality. We st consider various parts of the hydrologic cycle. and some of the dif-
ferent processes that move water and that define its quality and quantity i ditterent
storages. We then put these processes together into a unit model that can describe
dynamics of water in a small, conhned and spaually homogeneous plot or cell. A vari-
ety of temporal, spatial and structural scales and resolutions may be considered, as dic-
tated by the goal of the modeling effort. We then present several ways in which water
can be described over spatially heterogeneous area. The lumped madeling approach
uses relatively large spatial compartments or hydrologic units, which are then con-
nected over a stream network. In the grid-cell approach, local dynanucs are replicated
across an array of gnd cells that are driven by raster maps for variables and parameters
[t tume is not important, it is better to focus on spatial aspects using a GIS appraach.

Keywords

Excludable and rival resources, scoping madel, rainfall, snow/ice, surface water,
groundwater, unsaturated zone, inhltration, precipitation, Julan day, evaporation,
Nauonal Chmate Data Center, photoacuve radiation, bi-flow, porosity, transpira-
ton, percolation, held capacity, soil moisture, hydraulic conductivity, sl types,
Melaleuca, Delay function, TR-55, retention, curve nuinber, surface roughness, hori-
zontal water tansport, vertical water transport, lumped maodels, hydrologic unats,
HSPE SWAT, gnd-based models, SME, GIS-based models, scormwater, ran barrel,
retention pond, rain garden, LIDAR, ArcGIS, watershed management

x %k A

Water, energy and land are the three most crucial limiting resources on this planet.
This makes 1t especially important to understand how the systems relatsd o these
resources cperate, the most ethcient ways to control the deplerion of these resources,
and how the resources can be restered if damaged. In this chapter, we start with water.

Water is essential for life on this planet. The water content of a human body is
about 60 percent. Humans can survive for more than 3 weeks without food, but for only
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3 days without water. There are some reports of longer survival tmes, up to as many
as 7-8 days; however, irreversible damage to the organism 1s most likely to occut ear-
lier than that. and in any case it will be thirst rather than hunger that will kill first.

Water 15 also required tor other organssms and plants to persist. [t 1s an impot-
tant transport mechanism that delivers nurments ta the plants. Ar rhe same time,
ir provides a mechanism tor pollution reduction through dilution. While maost ecol-
ogists will tell you that “pollution dilution 15 not a solunion,™ unnl recently 1t was
probably the main — it not the only - way to remave toxins and waste from our envi-
ronment. Or ruther ro make them less toxic, since dilution certamnly does not remove
them. [n 2000, Foriume magazine predicted that water “will be o the 21st century
what oil was o the 20th.”

Note that as long as we rely upon purely renewable water (as well as energy),
it is non-tval and non-excludable. That s, solar eneigy and rainfall are available,
more or less unitormly, over vast terntonies. Whoever is there has access to that water
and energy. We cannot prevent our newghbor trom having equal access ts sunshine
or rainfall, or collecting it in some way. We cannor exclude someone from using it,
and since there 15 no nivalry i makes no sense to attempt to do so. Certainly there
may be geographical differences. We know thar there is very much more water in the
Pacific North West than in the Sahara, but these are regional distinctions. Locally,
everyhady i the Pacific Narcth West snll has equal access to rainfalt and sunshine,
just as everybody in the Sahara has egual access to the rainfall and sunshine chere.
However, as soon as we need 1o dip into reserves, into fassil water or energy, or even
into the temporary reserves {lakes, reservairs, or forest and crop blomass), immed-
ately the resources become excludable and rival (Daly und Farley, 2004). We can put
a fence around a reservorr, privatize a forest. or outlaw pumping water from under-
ground - like Israel did in Palestine. This changes the whole political landscape, and
requures different types of management. As resources become scarcer and we dip into
stocks, we are creating potental for conflict situations (water and energy wars)

Let us comsider some simple maodels related to the water cvcle, and fgure out
how they can be used to increase our understanding of what 1s happening with water

Modeling as a hydrology primer

As i ather models, we should arst decide on the spanal and temporal scales that are
to be used in our hvdrologic model. At vanying temporal acales processes look fairly
different. Consider a major rainfall event when, say, during a thundetstorm there 15 a
downpour that brings 10cm of rain in 1 hour, then the storm moves away and there
15 no more rain over the next 23 hours.

If we assume a l-nunute nme-step in our model, we will need to wke into
account the accumulanion of water on the surface, irs gradual infiltration o the
sorl, and the removal of water by overland flow. If we look more deeply into the
unsatutated layer, we can see how the front of moisture produced by the intiltrating
water will be moving downwards through the layer of sail, eventually reaching the
saturated layer. After the ram stops, in a while all the surlace water will be removed,
erther by overtand flows or by infiltration. A new equilibrivm will be reached in rhe
unsaturated laver, with some of rhe water accumulating on top of the satuared layer
anid eff'ectivel_\_: causing 1ts level ro nse somewhar. and the rest of the water staying in
the unsaturated layer, increasing the moisture content of suil.
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Now suppose rhar rhe model time-step is | day. The picture will be torally dil-
ferent. In 1 day we will see no surface water ar all, excepr m rivers or streams  In
other parts of rhe landscape, rhe water will already have either gor into the sal or
run downhill to a nearby stieam or pond. The unsaturated layer will not show any
water-front propagation; i will have already equilibrated at the new state of mowsrure
conrent and groundwater level. The processes look quite different in the model. And
we probably already needed ro know something about rhe hydrologic processes in
eur system o hguare all this vur

Simlarly, the spatial resolucion s important. I all the vanables are averages uver
a certam area, then within this area we do not distinpuish any variability, and the
amounts of surface water, snowfice, unsarurated and satirated water are considered 1o
be rhe same. If we are looking at a L-m~ cell this does not cause ony problem, and it
s easy to imagine how to measure and track these varmbles. However, 1l we are con-
sidering a much larger area — say 1 km- - then within a single cell we may hnd hills,
depressions, rivers and ravines. The geology and svils may be also quite <hiferent, and
need to be averaged across the landscape. We may be able to track many more proc-
esses, but the model cost will increase accordingly as we will need far more data ind
greater computer power to deal with these spatially detailed models.

For the frst teration of our mudeling process, let us assume that the area of
interest 1s a small watershed with quite uniform geo-morphological conditons, with
more or less hamogeneous sails, and let us suppose that we wish to hgure out the
amount of water that drans off this watershed into the river downstream. With this
goal in mimd, we can probably consider the system using a daily time-step — at least
as a first iteration. A simplified conceptual model of hydrologic processes for this sys-
tem 1 presented m Figure 6.1 This diagram is only the up of the iceberg, with a lor
of fairly complex processes that may be furrher described in much more detail. At
this point, it s important to decide on the most important featimes of the system chat
need be considered.

We chose rhe following four variables for this general model:

—

SURFACE WATER - water on the surface of the land {(1n most cases it is in
rivers, creeks. ponds and depressions).
2. SNOW/ICE - at freezing temperatures surface water hecomes ice. which then
melrs as temperature rises above 0°C.
3. UNSATURATED WATER — the amount of water in the unsaturated laver of
ground. Tmagine the ground us a sponge; when we pour water onto it the sponge
will hold a certan amonnr hefore 1t starrs dripping. All rthe time water can seill be
poured vnto and held by the sponge, it is in the unsaturated condition,
SATURATEL WATER - the amount of water in the saturated ground. Once the
sponge can no longer hold additional water, it becomes saturated. As wirh surface
warer, it we add water to the saturared zone, its level increases.

*

These variables are connected by a variety of processes that we also need to under-
stand in order to build a meaningful model. When working on complex models, it
helps considerably if we splic the whole system into components, or modules, and
L_|evs|op some sinplined models for these modules. [e1s very likely that some mod-
heations will be needed when pulling sll the modules together again; however, as
previnusly discussed, 1t is so much easter to deal wich a simplified model than to get
lost mn the jungle of a spagherti diagram of a complex model with rumerous pmces:es
and interactions. and no clear understanding of whart affecrs what
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Note that this diagram describes certain processes as if they were spatially distributed with a horizontal
dimension present (runoff “moves” water from rainfall to a pond, saturated water also moves|. In fact, when
we run the model we assume that all these variables are uniformly distributed over the whale area and are
represented by “point” quantities or concentrations.

Modeling 1s truly an iterative orocess As stated many times betore. we want ¢ know ihe
spatial and temporal scales before we start bullding the model. But how do we figure them
out if we have only a vague idea about the system? What are the processes involved? At
what tmes are they important, and do we want to include them at all? Or perhaps there are
some other important processes that we a‘e simply unaware of

Indeed. there is no prescribed sequence of events Perhaps you want to start with a so-
called “sconing mode " -~ a model that would put together whatever you already know about
the system in a ratner qualitative format, omiting al' the details that a‘e not clear, outlining
the system in general and [he processes that we think are important. This you can start dis-
cussing with colleagues and witn potential tuture users of the model. These users are the
ones who formulated the initial gcal of the study, so they are most likely to know sometning
about the system. Start talking to them or, even better, engage them in a particioatory mog-
eiing process - something we will be discuss:ng 1n a lot more detail in Chapter 9.

In any case, do riot think that there 15 anything final in your decis'ons about the scales
and processes There will always be a reason eénd a chance te come back and make improve-
ments. Tnat is the beauty of computar models: they exist in virtual reality, to build them you
do not have to have something cut, ploughed, extracted or destroyed. and you car: easily
modify or refocus them if necessary

Water on the surface

The surface water variable 1s used to model warer on the surface of the land. If we are
looking at an arca with no steep gradients and farrly lhugh porential rainfall (for exam-
ple, the Florida Everglades on other wetlands), then surface water can accumulate



Water 201

in ~igmhcant amounts before it is absorbed by the soil. In this case it is necessary to
consider the process that connects the accumulated surtace watcr and the underlying
unsaturated layer. This process is known as mfpleration. [n most terrestrial areas with
steeper slopes, most of the surface water will drain off into rivers, creeks, ponds and
depressions in which 1t will accumulate over a layer of saturated water. Therefore, there
will be no infiltration. Instead, there will be an exchange process between the surface
water and the saturated laver.

[t 15 hard to isolate a unit of surface water without connecung it with the sur-
rounding neighborhood. Much of the surface-water transport 1s due to horizontal
fluxes, and therefore a box-model approach will be only approximate when modeling
surface -water dynamics. However, with appropriate spatial and temporal scaling we
can think of an aggregated unit model o represent surface water in a homogene-
cus unit cell, assuming that we are modeling the total amount of water over a large
enough area and one that can somehow be isolated from the other ternitones. This
can be a small watershed, or an agnculeural held, tor which we can monitor the
inflows and outflows. A simple conceprual model can be described as in Figure 6.2
There are two major processes involved: precipization and infilrvation

Precipiauon 1s probably the process that 1s intwitively most obvious. We deal
with precipitation in our everyday lives when we decide whether we might need an
umbrella on going out for the day. The amount of precipitation 1s what we are con-
cerned with when building a hydrolagic model. Lt s alse mmportant to know in what
form (liqguid or sohd - rain or snow) the precipitation will arrive. Precipitation is
recorded, by most of the meteoralogical stations, in nullimeters or inches per day. A
sample data sheet for precipitation registered at Baltimore Washington Airport, MD
in 1996 is shown 1n Figure 6.3.

In Figure 6.3 0.0T stands for traces, which means that the precipitarion was
recorded at levels below measurement accuracy. In many cases it is possible to
find metcorological data for a specific area at the National Chmatic Data Center
(NCDC: http:/iwww.ncdc.noaa.gov/). For example, on entering thus site and choos-
ing Maryland, then the station at Baltimore Washington Avrport, the relevant data
can be found. A graphic can also be generated for a table such as that reproduced
here. The data can be downloaded in numeric format tw use 1 a model. Temperature
is important tor us to decide whether the precipitation is rain or snow. The Snowflce
model helow describes this process.

Infltranon s the process by which water from the surface 15 taken mto the
ground by means of gravitational and capillary forces. The rate of infiltration detines
how much water will be left on the surface to contribute to the rapid runoff, and how

Precipitation Evaporaton

I To/From snow/ice

Surface

Harizontal flow
water

Elevation 1

e

Infiltration upflow
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DAILY
Station BALTIMORE v/ ARPT Paraneter Prcp % Cowverage 100
PO Code MD Latitude N39:11:00 Beain MAT 08/1948
St ID 465 I onuitude W076:40:00 End M/Yr 121996
County ANNE ARUNDEL Elevationim) 45.1 # Record Years 49
1906  Jan nNer Lpr Moy Jun  Juo fup  Sep Oct Nov  Dec
1 001 00T O 085 DOT O 004 00T O 00T 007 117
2 102 034 021 GCOT 09T O 001 O 0 038 0 041
3 009 038 00T O 004 0 008 008 OO0 O 0 0
4 o o 0 0 056 00T G 0 021 0 0 )
5 0 0 002 00T 065 00T O 0 0 0 0 057
3 08T O 018 004 O 0 0 0 048 0 00T 032
7 251 003 053 008 03 O 0 0 0 0 00T 051
8 082 018 018 00T 033 0O 015 0 008 133 285 003
9 03 0 0 043 034 007 00" 041 001 022 002 O
10 00T 0 ) 00T 00z 0 0 0 00T 00T O
1 0 0 0 0 083 Q 0 0 135 0 0 023
12 078 0DT O 0 0 017 112 148 02 0 5 007
12 u] 0 0 o] 0 0 228 084 008 O 0 273
14 0 003 0 0 ] 00T 011 O 0 005 005
15 0 D14 017 133 003 O 011 0 0 0 0 0
18 00T 258 O 03 045 O 0 006 072 O 0 onl
17 0J3 @ 00T 0 008 1 0 0 09 O 0 002
18 003 o0 0 0 0 935 017 0O 001 188 ©0OT 008
19 054 0 073 00T 0 136 032 0 0 036 002 02
20 0 016 00T O 0 013 0 0 0 007 0 0
21 0 018 00T 00T 055 O 0 00T © 001 0 0
22 o 014 1 0 Q 0 017 O 08z 00T O 00T
23 00T Q12 0O 012 0 0 0 00T 0 002 0 00T
24 021 003 O 0 00T 036 O 0 00T N 0 022
25 a] 0 00T 0 00T o0 102 0 0 0 co4 0
26 00T 004 O 015 006 O 014 0 0 00T 073 O
27 034 00T 0 001 056 O 0 093 003 00T 00T 005
23 0 00T 13 016 0 00T 029 065 007 O 00T
29 00T 0 025 008 058 041 032 O 0oT 0 0 01
30 0 - 0 D568 0 018 104 0 0 0 018 0
£ onT - oar - 0 - 02T © - 0 - 007
Totd ©8 238 357 376 SBS 408 T38 417 985S 432 377 AIT 583
Exr 251 058 13 138 094 138 228 146 135 188 265 273
JEFE GBSl Precipitation data st Baltimore Airoort in Maryland {USA}.
Notice the treacherous inches/day used as a unit in this data se1.
i3 1: Raintall 2: Surface water
Precipitation . 1: 0.10 S :
Rainfall 2. 0.06
. ,b““‘
A
! /
AN 1 005
DayJuI 2. -0.07
Surlace water e “ i
i
Inhitration :ocog | |
2. 020

A bare-bones Stella model for local surface hydrclogy, and output fram this mode!

much will go 1nto the ground and then travel slowly through the porous media. We
will consider infiltration n more detail below, when discussing the unsaturated water
storage. ‘

A Stella model that corresponds to this conceptual model of surtace hydrol-
ogy 1s presented in Figure 6.4. We have only one stock and o flows, and no
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feedbacks. In thus case we assumne thar rhe surface warer is delivered by rain and then
gradually infiltrates into the ground. The rainfall is fast, whereas infiltration is slow.
However, rainfall occurs only sometimes, whereas mhltration 1» continuous. The
cquations are:

Surface_Waleritl = Surface_Water(l - du + {Rainfail - Infillration) * dt

INIT Surface_Water = 0.01

DOCUMENT The surface water is assumed te be a function of two processes. Rapid rainfall
provides surface water, which then gradually infiltrates into the ground.

Rainfall = Precipitation* 0 0254
DOCUMENT: Converting raintall in inches/day 1o m/fday

Infiltration = 0 O1
DOCUMENT. Infilzauon rate {(m/day! In reahty this rate depends upon soil characterstcs

habtiat type. slope. pamne:n of rainfall.

DayJul = mod{time-1,365) + 1
DOCUMENT Julian day, 1 thru 365 This ts a counter that resels the day to zero after 365
iterations Needed to use the same graph function for seversl years of medel runs

Precipitaten = GRAPH (DayJdub
i1.00, C 02}, (.00, 0.34), 13.00, 0.00}. (4 00, 0 07}, (5 00, 0 00, (6.00, 0 18). (700. O 46!

{354, 000}, (355, 0.001, (356, 0.15), 1357 0.00}. (358. 0.00). (359. 0 00). (360, 002}, (361
0.00), (362. 0.00). (363. 0 00). i364, G 00, (365, 0.00)
DOCUMENT: Rainfall from Beltsvile MD 1363 (in/dl

Note a tew interesting features here, which may be helpful in other models. First.
notice the units. We have put together the model in meters and days, as would nor-
mally be the case in science. However, the data came from a US meteorological sta-
tion where they still use inches for measurements. Therefore, we need the converter

Ranfall = Precipitation * 0.0254

where we use the conversion tactor
I 'nch = 0.0254m. It 1s extremely | Mud the units. They can hetp test your
impartant to make sure that all units wodel for consistency. Do wat rety on the
are consistent thmughout the madel. autsmaic wnit checks offered by some
While Stella ofters some background

mflwzufe packages; you widl undevstand your

functionality to help track the unis, _ i
it is really n your best interest o | e better o you track the units yoursetf.

make sure that you are always aware
of rhe units in cach parameter and process and ascertain that the units match, both
in nme and space The more involved you are in the model structure and formula-
tion and the less you rely on some of the built-in automatic features, the more you
will learn about rhe system and the better you understand 1t

Another tnick is the introduction of the DayJul variable, which s the Julian
day calculator. The data we have from the station are for only 365 days. In Stella,
once the data in a Graphic function are exhausted, the very last value is raken and
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hnding a station that is located close to the site being modeled. It is most problemane
o obtain data on solar radiation {also known as photoactive radiation — PAR). For
some reason 1t is not one of the standard observations, and direct measurements are
rare. Therefore, in cur model we will estmate solar radiacon based on the latitude of
a site and the generally available information about precipitanion. All these factors are
put together to estumate evaporation in a simple model in Figure 6.6. The correspond-
Ing euanaons are as follows:

A =720 52-6 68°LatDeg

Arr_temp_degC = {tArr_temp_degF-32)*5/3 = Arr_temp_minCi/2

Air_temp_minC — {Air_temp_minF-32)*5/2

B = 10594 *(LatDeg-1748;~0 27

C = 175-3.6*LatDeg

cloudy = if Precipitation > 0 then maxi0.10-1 155" (vap_press/IPrecipitation®25 4*301A0 5) else 0
Cl_factor =015

DayJu! = moditime-DT.365) + 1

Evap_M = EvapBelt*0.0254

Hyd_evap_calc = *Hyd_evap_rc*SolRadGi/585* pan_CW*pan_CT*pan_CH

LatDeg = 39.0

pan_CH = 1.035 + 0.240*(Humidity/60)22-0 275 * (Hurnidity/601A 3

pan_CT = 0.463 + 0.425" (Arr_temp_cegC/20} + 0.112*{Ar_temp_deg(C/20i~2
pan_CW = 0672 + 0 406~ (Wind/6 7) + 0 078*(Wind/6 7)A2

SolRad = A + B*COS(T) + C*SINTIA2

SolRadGr — max(0, SolRad*{1-Cl_factor*cioudy)

T = 2/365"P1*(DayJul-173)

vap_press = Humidity*6 1078* EXP(17269* Air_temp_degC/IArr_temp_degC + 237.3)}
Wind = Wind_speed*1852/24

*Hyd_evap_rc = 0.0028

Air_temp_degF = GRAPH (DayJul}

i100, 44 0). (2 00. 42.0), (3.00, 51.09, {4.00, 42.0}, {5.00, 38.0), {6.00, 43.0), (700, 44.0),
Air_temp_minF = GRAPH (DayJul}

(1.00, 19.0), (2 OC, 21.0), i3.00. 22.0}, i4.00, 26.0), i5.00, 19.0), {6.00, 210), (700. 32 Q).
EvapBelt — GRAPH (DayJul)

10 00, 0.00), {1.00, 0.00%, i2.00, 0.00), {3 00, 0.00), (4.00. 0.00). (5.00. 0.00}, {6.00, 0.00}, .
Humidity = GRAPH (DayJul}

(100, 6701, i2.00, 71.0}, 13.00, 69.0). 4.00. 50 .0}, {5.00, 65 0}, (6.00, 88 O}, (7.C0, 90 0j..
Precipitation = GRAPH (Day.Jul;

wind_speed = GRAPH (DayJul) .
(1.00. 129}, 12.00, 1131, 43.00. 148), {4.00, 160). {5 00, 102}, {6.00, 66.0), (700, 179},..

The climatic data arc entered as graphs to represent the time series downloaded
from the NCDC website. Note that in this model we do not have any state varia-
bles; we only reproduce some empirical relationships that correlate evaporation with
known data. We do not really need to use Stella; all this could be done in a spread-
sheet program such as Excel or Open Oftice. However. in this case Stella 15 useful to
describe the cause—effect hinks that ate important to estmate evaporation. The model
s based on an empirical relauonship by Christiansen (see Saxton and McGuinness,
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Stella model for evaporation. With no state variables this could easily be a spreadsheet

in Excel

1: hyd evap calc 2. Evap M

365.00

Goodness of fit for evaporation.
Companson of model results with available data for evaporation for Beltsville, MB, 1991

1982). The sotar radiation 1s estimated by a simphified version ol an algorithin devel-
oped by Nikolov and Zeller (1992). We can compare the results of this analysis with
existing measutements of evaporation to see how well the model works (Figure 6.7).
There s a lotof variabihiry in evaporation caused by the differences in climatic data.
In the model we have managed to obtain a good estimate of the gencral trend, buc have
tailed to reproduce all the changes in evaporation. The data for wind speed, precipitation
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1 Precipitation 2 Wind spead 3. Hurmanty
1 200 g oo e e e e TP,
2 450 00 | !
3. 10000 i |
’l AL e | | e !
i | |
3 65.00 | |
| |
il | |
| ‘
gl | 1
50.00
30.00
0 81.25 182.50 273.75 365.00
Time

Variability ol climatic data

Data measured at Beltsville, MD, meteorological station in 1991. There is hardly any seasonal pattern in the
data for rainfall, humidity and wind.

o | u !} . e
g |

Time

Esumated solar radiation lor Beltsville, MO, 1991 (Latitude 39°).

and humidity show significant vaniahility (Figure 6.8). The model of solar radiation also
shows significant variability caused by the cloudiness effect (Figure 6.9). The basic bell-
shaped vend for radiation that » defined by the latitude of the site 1s smooth. Added
to it is the stochastic pattern of climate that generates the cloudiness in our model.

Alsu note that this model can be formulated as a pre-processor that is rur:
generate the missing time series to run the full model. There are no feedbacks that
would pomnt into this module from anywhere else. The only purpose is o generate
the missing time series for PAR based on the existing climatic tme series and the
lauitudeflongitude of the site we are modeling. We may waut o run this model only
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part of that model. The accompanying Stetla model 1s shown in Figure 6.11. We will
want to supplemenr the equations above wirh the following:

Snowlce{t) = Snowlcelt — duy + (Freeze + Snowfall) * dt

INIT Snowlce = 0

DOCUMENT The amount ¢f snow and e ¢n the surtace (mi

Freeze = f Temperature < 0 then Surface_Vvater/DT else -Melt

DOCUMENT. Freezing/melung of water/snow Formulated as a biflow. VWhen temperature 1s
above 0°C snow (if available} 1s melting a1 a constant rate. Otherwise water s freezing. All avail-
able water is assumed to freeze iImmediately.

Snowtall = if Temperature<: - 0 then Precipitaton®*0.0254 eise 9

DOCUMENT: Snow accumulation from precipitation; use 0.0254 to transfer inches into m.

Melt = 0.01

DOCUMENT:. Hew much snow can melt per day (m/d}

Temperature = 25*SIN(DayJul*P1/180/2)42-5 + RANDOMI-3,3)

DOCUMENT: Temperature (°C) 1s modeled by a combination of the SIN {unction and the
RANDON function. The amplitude of the SIN 1s ncreased to 25. Power 2 1s used to make it
always positive The BayJul™P1/180/2 conversion 1s used to switch 1o radians and stretch the SIN
penod over the whole year —51s the lcwest temperature generated All temperatures are modi-
fied by a random value between —3 and 3

Norice here thut we are using a so-called bi-flow to describe the conversion
of water into ice and back — the "Freeze” tlow. Srella allows only positive flows.
Whenever a tlow becomes negative, 1t 1s clamped 1o zero. Sometimes this 1s a use-
ful feature, but it can cause a lot of confusion if it is forgotren. If it is clear that the

Precipstahor

3

A Stella model with snow/ice formation added
One importam process, called sublimation, 1s missing from this model. This 1s not important i warm climates,
when snow does not stay on the ground for long penods of time.




Aow s suppused to be negative sometimes, 1t is imporant ro ensure  that
1t 1s described as a bi-flow by clicking on the radio button at the top of the flow
dialogue box

Another feature to note here is instantanecus conversion of all available surtace
water into snow or 1ce whenever the temperatures tall below zero. Remember why
we divide Surface_Water/DT? Also note the effort made to provide proper docu-
mentation directly in the body of the model. This can save a great deal of trouble
later on, when we return to your model after w period of nine and are trying to fig-
ure out once agamn what an eguation was for and why a particular parameter looks
so wend.

Also notice that tempera-
ture is described as a formula in ]
a similar way to that described There s no such thing as too mach
in Chaprer 2. While the tormula | dotusnertation. Never economize on
v somewhar differene, the resule commenting and deruwinj)w-m' wodel and
is quite the same: cycles of warm svhat you did with it. This will wuke you
and cold temperature over a 365-
day period with some random
noisc mposed on top of them.
Which of the two formulas is bet-
ter? [tas really hard tosay.

The model results are shown in Figure 6. 12, We can see that surface water is
delivered by rain and then gradually infiltrates into the ground. Tc will freeze into
snow/ice when the temperature 15 below 0°C, and under freezing conditions precip-

very proud of yoursetf, and /m[pp}/ wihen you
need it (ater ov.!

itation also arrives as snow. We observe a rapid accumulation of snow during the
early, cold months of the year. Later on snow/ice disappears, and the dvnamics are
sitnilar to those generated by the surface water dynamics model. Towards the end of
rhe year there are again freezing temperatures, and thus some snow/ice is produced

1- Surface Water 2: Snawlce 3. Preciptition

1 0.06 L e

2: 015

3400

1:

2:

2 [ e L

| Output from the snowf/ice mcdel
Snow/ice is present only duning the first few cold months and then quickly disappears. More snow appears at
the end of the year when the temperature drops below 2ero
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The factors that nfluence infltranon may be grouped o three categuries
(Figure 6.14):

1. Those related to chmatic conditions. The amount of water inhltrated depends upon
the duration and intensity ot rainfall. A 24-hour drizzle can be entrely accommo-
dated by the soil. whereas the same amount of water received during a 20-nunute
downpour will most probably end up w the surtace-water runoft. Temperature ulso
matters. When the ground is trozen, the tensity of inhleration 15 reduced.

2. Those related to surtace characteristics. Landuse and land cover translate into the
inperviousness of the surface. A parking lot will leave little water to intiltrate,
whereas a torest may capture the entire amount of water arnving. On the other
hand, forests can intercept the incoming rainfall with leaves and trees in such a
way that a certain poruon of the incoming water never reaches the ground. This
maoisture is only exposed to evaporation. Slope also matters. [n a tlat arca there is
more time for water to enter the ground, while on a lull 1t starts traveling down-
wards along the surface as soon as it hits the ground.

3. Those related to soil charactenstics. Sand 1s an excellent medium for inhlranon.
On rhe contrary, clay can block almost all infiltration. Moreover, 1t the soil is
already saturated with water (the sotl moisture content s high) there will be little
space left in the pores for additional water te inflcrate.

A typical inhltration cvent evolves in both space and time (Figure 6.13). As the
raintall starts, some water begins to seep into the ground. gradually increasing the soil
water contert (curves 1-3) ar the top of the soil layer. As more water comes with the
rain it keeps entering the soil pores. The gravitation removes some water from the
top layers and makes it tiavel further deeper 1nto the ground. If this vertical move-
ment is tast enough to tree up space on the top for the additional incommg water,
then all the ramn 1s absorbed. It the soil characteristics da not allow water to travel tast
enough through the soil, then the pores on the top are all filled (curve 4-6) and the
additional water will be lett on the surtace to travel with overland flows. This 1s when
ponding may occur. The wave ot saturated warer propagates downwards through the
soil Once the rain stops, the pores at the top start to dry out and get ready to accom-
modate a new rantall event

Loss ot water from the unsaturared layer occurs by rranspiration (upwards) and
percalation {downwards). Transpivation is a process that remuves water trom the soil
and transters it as water vapor nto the atmosphere - just as in evaporation. The
major difference 1s that 10 transpiration plants are responsible tar water transport.
They suck moisture from the soil with their roats, mave it up into the canopy and
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Propagation of a water front
thraugh the unsaturated layer during a rainfall event.
Nate that this simple model does nat describe the
spatial dynamics in the vertical. See how the amount
of water in unsaturated storage {ul changes as a
function of depth (hi. Curve 1, start of a rainfall event:
curves 2-4, increase of unsaturated moisture until
saturation is reached; curves 5-6, propagation of the
sgturation front dewnwards, curve 7, end of rainfall
event, dryout from top.

i
Water
Sail
padicles Pores

How water travels through porous media. When all the pores are filled with water,
soil is saturated.

then telease 1t into the air through their leaves. As a result, there s more water
available for transpiration than there is for evaporation — which only picks up mois-
ture from the surface and the very few cenumeters towards the surface oi the soil.
Transpiration can access water as deep as the roots extend. So traaspirarion is a func-
tion of the plant biomass which can change cver the simulation period.

Percolauon is the process by which water from the unsaturated storage enters the
saturated layer by means of gravitauonal and capillary forces. Soil consists of material
particles with air in between (Figure 6.1€), and these voids aor pores can potentially
he filled by water. When all the pores are hlled the soil 15 referred to as saturated,
ard veri.cal movement of warter is very much slowed down. While the pores are nat
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Transpiration m e an gl DayJu!

% e

&

Transp rate

A sunple Stella model for water in unsaturated layer

from | m/d in sandy soils to | mm/d in clav. The percolation rate is also affected by
the soil moisture content: p = f(Uth.. The more maisture there 15 in the sail, the
higher the rate of percolavion If L/ < F/P, the moisture is at neld capacity and perco-
lation s C. 1t tends 1o | when U aprroaches 1.

As the water percolates downwards, 1t adds to the amount of water already
present in the unsaturated storage. It takes only P - U water to hll in the unsaturated
storage so that it becomes saturated.

The Stetla model for water in unsaturated layer 1s presented in Figure 6.18. The
corresponding equations are as follows:

Unsat_Depthitl = Unsat_Depthit - dt) + {UD_plus - UD_minus} * dt

INIT Unsat_Depth = 12

UD_plus = Transpiratio~/Porosity

DOCUMENT Unsaturated depth is increased by the effect of transpwation, which removes
water from the saturated layer and can make i1 unsaturated (m/cayl NB. Note how porosity
comes into play. Why do we do that?

UD_minus = 1t iUnsat_Water>» = Unsat_Depth* Porosity) then Unsat_DepthiDT else Percolation/
Porosity

DOCUMENT Unsaturaied depth is decreased due 10 the percolation {mid} of water trom the
unsaturated zone tc the saturated. which raises the water table If the amount of unsaturated
water exceeds the polential unsaturated capacity {Unsat_Water> = Unsat_Depth*Porosily),
this means that no unsatwated layer can reman. all scil becomes saturated, unsaturaiec depth
becomes zero.

Unsat_Water(t) = Unsat_Water(t — di} + (Infiltration — Percolation — Transpiration) * dt

INNT Unsat_Water = 0 11

DOCUMENT: Amount of water in the unsaturated layer measured as height of water column if
“squeezed” from the sot (m}.

Infiltration = m.niinfi_rate, Precipitation *0.0254, Porosity* Unsat_Depth-Unsat _Water)
DOCUMENT: The amount of water infiltrated 1s the minimum of infiltration rate, the amount of
precipriation availabie 00254 corverts incnes to m), and the unsawrated capacity (m/d) The
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unsaturated capacity 1s the potentual capacity Ithe volume of pores in the soill minus Unsat_
Water Ithe space already occupiedt

Percolation = f Unsat_Depth = 0 then Unsat_Water/DT

else if Unset_Wate < = Field_cap®Unsat_Depth then 0

else Perc_rate

DOCUMENT: Percolation flow (m/d). The amount of water removed by gravity from the unsatu-
rated layer. This process can remove only water in excess of field capacity.

Transpiration — NPP*Transp_rate
DOCUMENT: The transoiralion flow {m/day}

DayJul = med{tme-1,365) + 1

DOCUMENT: Julian day, 1 thru 365

This is a counter that resels the day 10 zero after 365 iterations. Needed 10 use the same graph
function for several years of model runs

Field_cap = 0.13

DOCUMENT The amount of moisture in sod that 15 in equilibrium with gravitational forces
(dimless)

Infilt_rate = 0.5

DOCUMENT Rate of mnfiltration - the amount of water (mi that can be moved nto the unsatu-
rated layer from the surface

Perc_rate = 0.01
DOCUMENT Rate of water removal by gravitation {m/day) Deonends upon soll charactensucs

Porosity = 0.35
DOCUMENT Proportion of pores in the soil They can be potentially filled with water (dimless)

Transp_rate = 0 005
DOCUMENT The amount of water that plants can remove from soil by the sucking action of
their roots {m of water/kg biomass *m?3/al

NPP = GRAPH (DayJul

(0.00, 0.00), 133.2, 0.00), i66 4, 0.00), {99.5, 004). (133, 0.4), {166, 0.925), (193, 0.975}, 1232,
0.995). {265. 0.985}, {299, 0 855). (332, 0.105}, 1365. 0.00)

DOCUMENT: An estimate of plant growth over the year (kg/m?)

Precipitaticn = GRAPH (DayJul)
i1.00, 0.02). (2.00, 0.34). (3.00. 0.00}. t4.00, 0.07). (5.00. 0.00}, (6.00, 0 18}, {700, 0.46),

(354, 0.00), (355, 0.00}, {356, 0.00). (357 0.00), 1358, 0 00}, i359, 0.00;, (360, 0.02}, (361, 0.00;,
(362, 0.00), {3€3, 0.00;, (364, 0.00}, (365, 0.00)
DOCUMENT: Raintall from Beltsville, MD 1963. {in/d)

In this model we reproduce the dynamics that may be observed in a wetland
that gets flonded during the wet season and dries out during the dry period. The veg-
etation that 1s removing significant amounts of water by transpiration controls the
state of the wetland. The resulting dynamics of unsaturated water and unsaturated
depth are shown in Figure 6.19. When the transpiration rate is 0.005 wm/kg  m*/d,
the plants can remove almost all the water and keep the area Jrv for most of the
year. When the transpiration rate declines to 0.G03, there is a succession of wet and
dry periods. Certain species are known to be more effective 1n sucking the water aut
of the soil (e.g. Melaleuca quinguenervia - the Australian cajeput, which 1s somertimes
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Water in the saturatad layer
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