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Abstract: In the life sciences, the use of mathematical modelling and computer simulation methods has brought many
benefits. This is the case, for example, in physics. Biology makes very little use of these methods. One of the reasons for
this may be that the biology teaching process is conducted in such a way that it discourages young people with an interest
in mathematics and computer science. We propose to support the process of teaching biology by introducing simple ele-
ments of mathematical modelling of ecological processes. In this work, we showed what benefits would be the applica-
tion of the NetLogo program in teaching biology in secondary schools. NetLogo is a multi-agent programming language
designed to simulate complex phenomena. It is intended for both research and education and is used in a wide variety
of scientific disciplines. We used the NetLogo program to create a model of searching for food by ants. We have shown
that teaching biology by building a computer model forces a deeper understanding of the problem we are working on
and uses and develops the creative abilities of young people.
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Streszczenie: W naukach przyrodniczych zastosowanie metod modelowania matematycznego i symulacji komputero-
wych przyniosto wiele korzysci. Tak jest na przyktad w fizyce. Biologia w bardzo niewielkim stopniu wykorzystuje te metody.
Jedna z przyczyn takiego stanu rzeczy moze byc fakt, ze proces nauczania biologii jest prowadzony tak, ze zniecheca mto-
dzie7 z zainteresowaniami matematycznymi i informatycznymi. Proponujemy, aby proces nauczania biologii wspomadc
poprzez wprowadzenie prostych elementéw modelowania matematycznego proceséw ekologicznych. W niniejszej pracy
pokazalismy, z jakimi korzysciami wigzatoby sie zastosowanie programu napisanego w jezyku NetLogo w nauczaniu bio-
logii w szkotach ponadpodstawowych. NetLogo to wieloagentowy jezyk programowania stworzony do symulacji ztozonych
zjawisk. Jest przeznaczony zaréwno do badan, jak i edukacji. Jest uzywany w roznych dyscyplinach naukowych. Wyko-
rzystalismy program NetLogo do stworzenia modelu poszukiwania pokarmu przez mréwki. Wykazalismy, ze uczenie
biologii przez budowe modelu komputerowego, zmusza do gtebszego zrozumienia problemu, nad ktérym pracujemy,
wykorzystuje i rozwija tworcze zdolInosci mtodziezy.

Stowa kluczowe: nauczanie biologii, symulacje komputerowe, Netlogo
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Introduction- what is mathematics and
how is it used in physics and biology?

Nature can be described in different lan-
guages. Nature can also be studied in vari-
ous ways. It can be studied by observing it
or by experimenting with it. Then we use
natural language to describe it, as biology
has been doing for many centuries, which
is mainly an empirical and descriptive sci-
ence (Uchmarnski 1980). One can also study
nature by building its mathematical mod-
els and analysing the properties of these
mathematical structures (Heller 2014). Then
we use mathematical language to describe
nature. This is what physicists do, which
have been using the language of mathemat-
ics for centuries (Tegmark 2014). This has
brought great benefits to physics. Physics
owes its incredible development, especially
in the 20-th century, to the use of the lan-
guage of mathematics to describe inanimate
nature. However, it should be remembered
that both ways of studying nature contrib-
uted equally to this success of physics — by
constructing mathematical models and con-
ducting experiments. A reflection of this is
the division of physics into experimental and
theoretical one.

A mathematical description or model
of physical reality allows us to formulate
hypotheses, predict future states of the sys-
tem, and also allows us to discover the exist-
ence of “things” that, without looking at
the mathematical structure, it would be dif-
ficult for us to find and understand among
the enormous complexity of nature. For
example, the concept of mass is needed
to formulate Newton’s equations of motion,
so we can describe them through math-
ematics. Thanks to it, we know what mass
is and why it must appear in the equations
of dynamics.

Much, if not most, of mathematics was
created for physics. Mathematics and phys-
ics benefit from each other’s existence. In
the case of biology, another important natu-
ral science, the situation is completely dif-
ferent. As we have already mentioned, it is
mainly a descriptive science, using natural

language. Mathematical language is used
in biology only to a very limited extent
(Uchmanski 2015). It is also difficult to indi-
cate any new branches of mathematics, that
emerged to meet the needs of biology.

1. Computer-assisted teaching
of natural sciences

The fact that biology is still a descriptive
science using natural language means that
the process of teaching biology from pri-
mary school to university studies is also con-
ducted using these methods. It relies heavily
on paying attention to details, emphasizing
their memorization, and neglects the devel-
opment of the ability to see general patterns,
generalize and look at biological systems
holistically. As we have already mentioned,
physics owes its very rapid development
to the use of mathematical methods, and
biology has never taken advantage of this
opportunity. To some extent, this is related
to the traditional way of teaching biology,
which discourages young people interested
in mathematics and computer science from
biology.

The current, widespread interest in nature
conservation, especially among young
people, which ultimately brings various
benefits, is to a large extend conditioned
by social media and a very general feeling
that civilization poses threats to the envi-
ronment. However, this is a rather super-
ficial view, and it is doubtful whether it will
contribute to anything more than tech-
nological advances in the future. It can be
assumed, that further development of biol-
ogy as a science, in addition to the devel-
opment of experimental methods, should
involve the use of mathematical methods.
The resulting increased interest of young
people with mathematical talents in science
and biological studies could in future result
in the fact that both teachers at various lev-
els and scientists dealing with biology will be
people who adopt the way of thinking about
natural sciences that prevails in physics.

In this work, we would like to propose
adopting a new perspective on teaching
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biology in various-level schools and on
introducing methods based on the use
of computers. Computers have been used
in teaching physics for a long time (Mos-
towski, Natorf and Tomaszewska 2002).
However, teaching of physics, unlike biology
teaching, is at a greater disadvantage when
it comes to the use of computers. Well, in
physics, to put it very briefly, almost every-
thing is already known. Mathematical lan-
guage has been present there for a long time.
Most physical phenomena have been math-
ematically described. Therefore, in teach-
ing of physics computers are mainly used
to conduct virtual experiments. The role
of students is then quite passive here. They
observe the course of a certain physical
process visualized on the screen of a com-
puter monitor. Of course, they can mod-
ify its course by changing the parameters
of the mathematical model, but there is lit-
tle left to discover.

In biology, and especially in ecology,
the situation is different. Very few biologi-
cal phenomena and processes have been
described in mathematical language. Thus,
the study of biology can consist in students’
active participation in building a mathe-
matical model of a biological phenomenon
or process. It may even be a mathematical
model that no one has ever tried to build.
Building a model from scratch requires ask-
ing questions, thinking about the best solu-
tion and looking for alternative solutions. It
will be a process consisting in decomposing
the described process or phenomenon into
its component parts, but at the same time
in holistic thinking about its various aspects.
Thus, it will be a creative activity, which
makes it even more attractive.

This way of teaching is subject to several
preconditions. Availability of computers —
both at home and in educational institu-
tions — is not currently a problem. Of course,
it is necessary to provide appropriate soft-
ware for these computers. It must be easily
accessible and easy to use so as not to dis-
courage users who are not very familiar with
computer technologies. It is also necessary

to choose appropriate branches of biology,
where the use of mathematical language and
computer applications is particularly justi-
fied and easy.

2. What mathematical methods
are used in ecology?

It is more or less known, what falls within
the scope of biology and what becomes
the object of interest in physics. Tradi-
tionally, in the part of animate nature, we
distinguish molecular and cellular levels,
physiology, individuals and populations,
communities, ecosystems and the entire
biosphere. In many places mathemati-
cal descriptions known from physics can
be applied in biology. Many phenomena
and processes known from physics also
take place in biology. However, it is usually
the case that the same physical phenom-
ena that we know from physics are much
more difficult to describe mathematically
in biology. For example, the flow of blood
through blood vessels is a problem in hydro-
dynamics. However, neither the blood ves-
sel nor the blood resembles the simple flow
of an ideal liquid through a rigid pipe.

Since the beginning of the last century,
mathematical modelling methods have
been introduced to ecology, understood
as the science of biodiversity, and today
ecology is the most mathematized branch
of biology. Since mathematical meth-
ods in ecology were mainly introduced
by physicists (Kingsland 1995), they were
taken from physics. Traditionally in phys-
ics, differential and difference equations are
used to describe the dynamics of systems.
The same method was also used to describe
the dynamics of populations and multi-
species communities. The consequence
of this was the assumption that the state
variable whose changes were described by
the above differential and difference equa-
tions was population density, i.e., the num-
ber of individuals per unit of space. And
further, this led to the assumption that all
processes that affect population dynamics
depend on the density of this population and
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the populations associated with it by eco-
logical interactions. The belief in the univer-
sality of dependence on density is the main
paradigm of ecology (Uchmarski 2015).

One may ask, however, whether density
is a sufficient characteristic of the popu-
lation, or perhaps it is an oversimplifica-
tion. The density relationships so favoured
by ecologists are true, but only in terms
of mere statistical relationships, not causal
relationships. Let us also note that with such
assumptions as to the type of mathematical
methods used, we assume a kind of conti-
nuity of the structure of the system, which
together with the continuity of the time
course of processes may give a false picture
of reality (Uchmanski 2022).

This issue has raised doubts in recent dec-
ades (Ovadia et al. 2007). Perhaps the tra-
ditional mathematical methods used so far
in ecology are not suitable for describing
the dynamics of ecological systems. Let us
look at populations. Their basic component
are individuals of species forming an eco-
logical system. Biological individuals are
the product of natural selection, which boils
down to the fact that they have a certain
task to perform, a life “purpose” that they
must fulfil. The goal of an individual from
the moment of its emergence is growth and
development as well as reproduction, i.e.,
production of copies of itself. Each indi-
vidual, developing, goes through successive
developmental stages, i.e., its properties
change over time. To develop and produce
offspring, individuals need resources, for
which most of them have to compete with
other individuals. That is, each individual
from the population during its life is guided
by certain strategies and makes decisions
to survive and reproduce. Biology is largely
algorithmic (Uchmanski 2020). From this
description it is clear that a biological popu-
lation is certainly not like a physical popu-
lation, for example a “population” of identi-
cal gas particles. In a closed vessel, the gas
molecules are the same, and in a population,
each individual is different.

Therefore, according to many ecologists,
a better way to apply mathematics in ecol-
ogy is the so-called individual-based model-
ling (Grimm and Railsback 2005). It seems
that when we take into account the fate
of each individual in the population, and not
the density, which by definition is an average
value, we seem to create a correct picture
of systems dynamics. Each individual has its
vicissitudes of life, and all individuals, to var-
ying degrees, interact with others. The fate
of individuals, their ability to survive and
reproduce affect interactions among individ-
uals, their number in a given population and
the dynamics of the entire ecological system.

Looking at the above arguments, we can
see that the use of mathematical language
can help us understand the functioning
of ecological systems, and thus give us great
practical benefits, only we need to mod-
ify the repertoire of mathematical meth-
ods used in ecology and not directly apply
the methods used in physics.

In physics, the use of computers for
research, description and teaching is already
common. Ready-made programs, models
of physical problems and virtual experi-
ments have been used for years to teach suc-
cessive generations of physicists. In physics,
we have recognized mathematical models
showing the functioning of physical systems.
Looking at this, we can certainly say that this
branch of science is already somewhat less
attractive to researchers.

Contrarily, adaptation of mathematical
methods to descriptions of ecological pro-
cesses and phenomena may pose a challenge.
There are still many mysteries in ecology that
are yet to be solved. For example, just cre-
ating models explaining the co-occurrence
of all species of animals and plants that we
know about, starting from our small gar-
den and ending with the still unexplored
Amazon forests, could be a task for next
generations.

Nature, especially when viewed from
the perspective of an ecologist, is extremely
diverse. Individuals are diverse. They dif-
fer in age, sex and stages of development,
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and even when they do not differ in these
characteristics, they will still be different.
The number of species inhabiting the Earth
is estimated at tens of millions, although we
do not know the exact number. Environ-
ments in which these species live are also
characterized by great diversity. Even if
we are interested in a specific problem, for
example interspecific competition, this huge
variety of living nature gives us the oppor-
tunity to build many unique models that no
one has ever tried to build. This makes ecol-
ogy a very attractive field for “modellers”.

3. What are computer simulations?

The above considerations encourage us
to use individual-based models in ecology,
which by their nature will be simulation
models created on computers. Computer
simulation is one of the forms of solving
a problem that can be presented in the form
of a mathematical model, but it is not pos-
sible to solve it using analytical methods.
Computer simulation is an approximate and
numerical reproduction of the phenom-
enon or behaviour of a given object using
its computer model, very often additionally
illustrated with computer graphics. Such
a model, using appropriate algorithms, imi-
tates the reality (Cormen, Leiserson and
Rivest 1994).

Simulation is considered a specific method
of investigation. Similarly to classical math-
ematical modelling methods, computer
simulation can be treated as an alterna-
tive to experimental and observational
techniques when phenomena are difficult
to observe, for example because of the time
scale in which they occur, or too difficult and
expensive when it comes to experimental
research. Computers have been used in tech-
nical and natural sciences other than biology
for several decades. Their use in physics is
particularly interesting. Here, however, their
use is different than in ecology. There are
problems in physics that can be well formu-
lated in the form of mathematical equations,
but they are either too difficult to solve ana-
lytically and we do not know the solution yet,

or by the very nature of the problem such
an analytical solution does not exist and we
have strict evidence for it. One such prob-
lem in physics is the three-body problem.

Simulation is one of the most promis-
ing methods of mathematical modelling
of natural phenomena today. As has been
mentioned above, nature can be studied
in general in two ways: by observing it and
experimenting with it, or by building math-
ematical models of the observed phenom-
ena and processes, and then examining
the properties of these mathematical models.
Computer simulations are one of the meth-
ods used in the construction of mathemati-
cal models in natural sciences and it must be
said that they are very effective where other
methods of mathematical modelling fail.

In practice, the use of computer simulation
methods is as follows: researchers studying,
for example, the temporal evolution of a sys-
tem, figuratively speaking, stop time, calcu-
late all the interactions taking place in each
modelled object at a given moment, let time
flow again and repeat all these operations
many times, using computer programs. This
iteration process continues until we obtain
the information we need about the evolution
of the system under study. The only problem
with this approach is that the error of such
a result is difficult to estimate because com-
puter simulations are approximate solutions.
However, here experiments and observa-
tions of nature come in handy as an old and
very effective method of verifying scientific
hypotheses.

Methods of mathematical modelling, as
we already know, are also used in ecology.
Often, due to the temporal or spatial scale
as well as the complexity of the problem, it
is the only comprehensive method of under-
standing ecological systems. Let us look at
this problem on the example of the lake
ecosystem, which we often study in terms
of eutrophication of its waters. We can dis-
tinguish two approaches here: the study
of the circulation of elements in the lake
and the study of the demographic processes
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taking place in the lake by tracking changes
in the population of species inhabiting
the lake.

In the first approach, when we study
the circulation of elements, the differen-
tial equations well known from physics are
sufficient for the mathematical descrip-
tion of the processes taking place. This is
because, in fact, we are dealing with physi-
cal processes, and the observed phenom-
ena are the result of the collective action
of a very large number of organisms inhab-
iting the lake. However, when we treat
the same lake as a habitat for fish and plank-
ton and we are interested in the numbers
of these groups of organisms, then we have
to use computer simulations. At this point,
the algorithmic nature of many ecological
processes is revealed. Populations are com-
posed of individuals, and the life of an indi-
vidual, as we mentioned earlier, is from
a mathematical point of view, an algorithm
implemented by that individual. The com-
plication is that this algorithm must be
implemented by an individual taking into
account interactions with other individuals
of the same and other species. Such a system
cannot be described by traditional mathe-
matical modelling methods. We have to use
computer simulations.

4. The process of creating a model and its
didactic significance

The main thesis of this work that we would
like to present is as follows: we learn biol-
ogy by building computer models of bio-
logical systems. This forces us to think
about the modelled object and try to under-
stand its functioning. Then, the results
of the model verify our ideas about the mod-
elled object with the information we
know from experiments and observations
of nature. Although the computer program
itself may be simple, solving a specific bio-
logical problem often requires a great deal
of biological knowledge and understanding
of the biological problem. We suggest that
the process of creating a model should start
with asking some questions. Thanks to them,

we will understand whether we have enough
information to create a model, or whether
we need to learn more to find answers
to the questions that bother us.

Asking questions and looking for answers,
get bring many benefits. We learn by solving
an ecological problem, by trying to under-
stand it. Such use of computer programs can
be helpful in education. When a student is
given the task of creating a certain model,
even a small one, he will start thinking about
solving this problem. While looking for solu-
tions, reading biological literature, he learns
the necessary concepts and consolidates his
knowledge. Purely theoretical knowledge
that students gain, can be quickly forgotten,
while practical knowledge acquired dur-
ing the process of solving a problem may
teach them thinking and allow to remember
the essence of the solved problem for longer.

5. NetLogo

As we already know, due to the fact that
the basic units that create ecological sys-
tems are individuals, in the last three dec-
ades, computer simulations in ecology have
taken the form of so-called individual-
based modelling. Sometimes, especially
in the social sciences, we speak of agents
instead of individuals, but in ecology we
will use the term individuals. Each individ-
ual executes the assigned algorithm sepa-
rately, but in interactions with other indi-
viduals, and it contributes to the final result
of the simulation.

One of the most commonly used pro-
grams today for creating computer simula-
tion models describing the behaviour of sys-
tems composed of many lower-order units,
each of which executes its own program
to achieve a certain task, is NetLogo (Wilen-
sky 1999). This program uses an object-ori-
ented language, i.e., a language that pro-
vides the programmer with ready-made
objects that, in order to work properly, must
have the features needed in a given model.
This language, along with the entire envi-
ronment containing tools for easy writing
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of programs, allows us to perform a simu-
lation combined with the visualization
of results.

Unlike other object-oriented languages,
NetLogo does not require extensive IT
knowledge (Uchmanski and Zieliriska 2010).
That is why, NetLogo is one of the most
popular programs in scientific and didac-
tic applications (Railsback and Grimm 2012;
Murphy, Ciuti and Kane 2020). In addition
to being easy to use, it offers the user many
ready-made programming solutions, and at
the same time creates great opportunities
to write models of the functioning of sys-
tems characterized by a diverse internal
structure.

Due to its specificity, NetLogo is an excel-
lent tool for building simulation models
of ecological phenomena and processes. It
primarily enables the creation of individual-
based models. Using NetLogo, we will be
able to create such a model faster than in
traditional languages, and the program code
will be simpler and more understandable for
an observer.

The basic objects of NetLogo are: individu-
als (the so-called “turtles”) and the space
in which they “live”. A model built using
NetLogo can describe phenomena occur-
ring in two- or three-dimensional space.
The results obtained from the model can be
presented both in graphic form (charts, his-
tograms) and in numerical form. The Net-
Logo interface allows us to use ready-made
elements (buttons, sliders, switches) that
can be placed on the screen by “drag and
drop”. This allows us to change the param-
eters of the model during the simulation
using these sliders and switches. The pro-
gram also offers a code validation func-
tion, which allows users to avoid the most
common syntax errors. Due to the fact that
the program was created in its first version
at the end of the nineties and is widely devel-
oped, it has very extensive and reliable docu-
mentation that helps to familiarize with its
capabilities and suggests many ready-made
solutions.

The first steps in using it do not require any
programming background, because the pro-
gram is intuitive and all elements of the Net-
Logo language are described in the “HELP”
tab, therefore the only problem may be
knowledge of English. Although, even this
is only required in a basic dimension.

6. Model - biological basis

In order to show the benefits of building
mathematical models in biology, we focused
on how ants search for food, which will illus-
trate one of the hypotheses formulated by
ecologists studying these issues. It seems
that the most effective way of searching
for an unknown place with food is random
movement in the area, which is why this way
of exploration was adopted in the model.

First, the ant goes in search of food and
does so in a random way. This means that
it randomly changes the length of the road
segment as it moves forward, and at the end
of such a segment randomly changes
the direction of further travel. The moment
it smells food from a distance, it tends
towards the maximum intensity of its smell
and takes a bit of food with it. When describ-
ing the return mechanism, it was assumed
that ants have a directional compass. At
the stage of searching for food, at each turn
at the end of a straight section of the road,
the ant “turns” its head, “looks” at the sun
and orients itself in relation to the character-
istic points of the terrain and thanks to this
it knows where and in which direction
the nest is. Perhaps it works so that the ant
remembers in which direction the nest is
in the previous step, and in the next step
it orients itself in relation to this previous
position, knowing the position of the sun
and remembering the characteristic points,
it knows the direction to the nest. After
obtaining food, it returns along this direc-
tion, leaving a trail in the form of a scented
substance.

7. Model algorithm

Ants created with NetLogo will live in
a flat, two-dimensional space, made up
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of many square cells arranged side by side.
Such a spatial structure is called a cellu-
lar automaton. In NetLogo, cells are called
patches. Each cell has its own x and y coor-
dinates. The origin of the coordinate system
is located in the lower left corner of the cel-
lular automaton. There will be 90 cells
along each axis of the coordinate system, so
the cellular automaton will have a size of 90
x 90 = 8100 cells. All this is set in the Net-
Logo interface. The ants will move from cell
to cell. This will be the size of the spatial step
in the model. The simulation of ants’ move-
ment will take place in discrete time steps
called ticks. We will use also singular form
for above words — patch and tick. This dis-
tinction between the singular and the plural
is important because one can refer to a sin-
gle cell or a single time step while command-
ing all cells and all time steps at other times.

We start writing a program by determining
the names of the variables used in the pro-
gram. The instruction globals is used for this.
It has been written in the following form:

globals [ p d f]

where p, d, f are the names of the variables
used in the model. Their meaning will be
explained below. What lives in space is tra-
ditionally called turtles in NetLogo, but these
objects, i.e., individuals from a biological
point of view, can be given another name.
We will call them mrowki (ants in Polish
are mréwki) and use the breed instruction,
which we will write in the following form:

breed | mrowki mrowka |

The singular and plural forms are also given
here.

Each patch will have a certain character-
istic which we have called zapach (smell
in Polish). Its numerical value will mean
the intensity of the smell of the food the ants
are looking for. We inform the computer
of this fact using the following instructions:

patches-own [ zapach |

The first part of the program ends
with an instruction whose meaning will
become clear in a moment. It is related
to the assumption that was made earlier
and concerns the way in which ants remem-
ber the direction of returning to the nest. It
looks like this:

directed-link-breed | streets street |

After these introductory instructions,
the body of the program needs to be filled
with content. It always consists of two fixed
parts. From the part called setup, where we
arrange the model space and set the initial
conditions for the simulation. It starts with
an instruction:

to setup

This means that everything the computer
encounters now will refer to the setup part.
It will then end with the end statement. Let
us remind that the computer reads and exe-
cutes the instructions line by line from top
to bottom. The first statement we will fill in
setup will be:

ca

It is an abbreviation of the phrase clear
all. It will clear the space where the ants are
moving and prepare it for the simulation.
Next, we will ask the patches that make up
the space to be coloured the same colour. All
colours in NetLogo have their numbers, but
some of them can be described by names.
We will choose light green, which is colour
number 68:

ask patches [set pcolour 68]

where pcolour is the colour of the patch. In
the patch with coordinates (70,70) we place
the food sought by the ants. We will mark it
with a different colour (it will be a slightly
darker shade of green with the number 65)
and a small intensity of 100:
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ask patch 70 70
[ set pcolour 65 set zapach 100 ]

The smell spreads throughout the space,
but its intensity decreases as one moves
away from the place where it was placed.
We assumed that the smell decreases expo-
nentially (hence the exp instruction) with
the distance from the cell with coordi-
nates (70,70), and the speed of smell decay
is determined by the alfa parameter. In
the next instruction, we ask the computer
to calculate for each cell its distance d from
the cell at coordinates (70,70) (distancexy
instruction) and the intensity of the smell
in that cell, taking into account the distance
to the source of the smell (the auxiliary vari-
able fis used for this purpose ). If this inten-
sity is less than 1, the computer will assume
that the smell in that cell is equal to 0. If
the smell intensity is greater than 1, then
the cell will have an smell of fand the cor-
responding colour (ifelse instruction allows
us to do this). We will do all this thanks
to the instructions: 0

ask patches
[ set d distancexy 70 70
ifd >0 [set f100 * exp (- alfa *d)
ifelse f < 1 [set zapach 0] [ set zapach f set
pcolour 65 * exp (—0.005 *alfa *d) 1] ]

In this instruction, in addition to giving
the cells a smell as a certain numerical value
depending on the distance from its source,
the cells for which this value is greater than
or equal to 1, have been coloured with differ-
ent shades of green that change depending
on the distance from the source of the smell.

Next, we will mark the place where the ant
nest is located. We will put them in a patch
at coordinates (25,25), which we will colour
blue, but we will also colour all the near-
est neighbours of the nest in the same way
to make this place more visible. We will use
the following instructions for this:

ask patch 25 25 [set pcolour blue)
ask patch 26 25 [set pcolour blue)

ask patch 24 25 [set pcolour blue)
ask patch 25 26 [set pcolour blue]
ask patch 25 24 [set pcolour blue)
ask patch 26 26 [set pcolour blue]
ask patch 24 24 [set pcolour blue]
ask patch 24 26 [set pcolour blue)
ask patch 26 24 [set pcolour blue)

We will now bring to life two ants (create-
ants). We need to determine their screen
size (size), colour (colour) and position (xcor
and ycor) at the initial moment. We will do
this using the following instructions:

create-mrowki 2 | set size 1 set colour yel-
low set xcor 25 set ycor 25]

One can see that the ants will be yellow
and at the beginning both will be sitting
in the nest, i.e. in the cell with the coor-
dinates (25,25). Since we did not specify
the direction, the ants are facing, the com-
puter will automatically cause them to “look”
north, i.e. vertically up the monitor screen.
The ants are automatically numbered by
the computer: one will be numbered 0 and
the other 1. The value of the variable p will
tell you whether the ants have found food or
not. First, we assume that the ants have not
found food:

setp o

which means that p = 0. We finish the setup
part with the reset-ticks instruction, which
resets the simulation time step counter, and
with the end instruction.

We now turn to the main part of the pro-
gram called go. We start it with the following
instruction:

to go

We will leave the ant number 0 in the nest.
It will be the queen. The ant number 1 is
a forager. We will ask her to go in search
of food (ask ant 1). First, we will consider
the situation when the ant has not found
food, i.e., p = 0. If this is the case (if p = 0)
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and if the forager is in a patch for which
the zapach > 0, it will move in the direction
of increasing smell intensity (uphill zapach),
and if it reaches the patch with the maxi-
mum smell, then the value of the parameter
p changes to 1, which means that the ant
has found food. However, if a food-seeking
ant stands on a patch where zapach = 0, it
advances forward (fd) a random number
of steps (random odleglosc + 1, odlegtos¢ is
distance in Polish), then rotates (rt) a ran-
dom angle to the right (random kat, kat is
angle in Polish) and then a random angle
to the left (rt random (- kat)). The patch
on which she performed these rotations is
marked in red (ask patch-here [set pcolour
red]). These two different ant behaviour
choices are implemented using the instruc-
tion ifelse zapach > 0. In total, it looks like
this:

ifelse zapach > 0 [uphill zapach set p 1] [fd
random odleglosc + 1 rt random kat
rt random (- kat) ask patch-here
[set pcolour red] ]].

The values of the odleglosc and kat param-
eters, as well as the previously used alfa
parameter, are set using sliders available
in the NetLogo interface, and their activa-
tion is very simple. The instruction random
odleglosc + 1 was used. This is because if
you wrote random odleglosc, the ant would
march forward a random number of steps
from 0 to the odleglosc. Since we do not want
the ant to stand still, we add 1 to the odle-
glosc. Then the ant moves at least to the adja-
cent patch. Another trick we used was ask-
ing the ant to turn twice, once to the left
and then to the right at a random angle
each time. In this way, we provided the ant
with the possibility of random rotations in
both directions from the current direction
of movement. At each point where the for-
age ant changes direction, we ask it to “look”
in the direction of the nest at the location
of the queen and set the direction to this
place. The street instruction is used for this,

and the full command we give to the forager
is as follows:

ask mrowka 1 [create-street-to mrowka 0].

To make the above actions visible on
the screen, we will use the following
command:

ask mrowka 1 [show one-of my-in-links).

This will draw a line from the place where
forager was turning to where the queen is.
If the ant finds food (if p = 1), we ask ant
number 1 (ask ant 1) to turn towards where
the queen is (facexy 25 25), move forward in
small steps (fd 1) and to left a pheromone
trace of the way it travelled. This last action
is mimicked by the line drawn by the mov-
ing ant on its way to the nest (pen-down).
If the returning ant hits a patch in blue (if
[pcolour] of patch-here = blue), p is set to 3.
The command looks like this:

if p = 1 [ask mrowka 1
[facexy 25 25 pen-down fd 1
if [pcolour] of patch-here = blue [set p 3]] ].

If p = 3 then the program terminates:

if p = 3 [stop].

The part of the program called go ends
with the tick and, of course, the end instruc-
tions. The entire program looks like this:

globals [p d f]
breed | mrowki mrowka |
patches-own [zapach]
directed-link-breed [streets street]
to setup
ca
ask patches [set pcolour 68]
ask patch 70 70 [set pcolour 65 set zapach
100]
ask patches | set d distancexy 70 70 if d >
0 [set f100 * exp (- alfa * d ) ifelse f < 1 [set
zapach 0] [set zapach f set pcolour 65 * exp
(—0.005 * alfa *d) ] ]]
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ask patch 25 25 [set pcolour blue)
ask patch 26 25 [set pcolour blue)
ask patch 24 25 [set pcolour blue)
ask patch 25 26 [set pcolour blue)
ask patch 25 24 [set pcolour blue)
ask patch 26 26 [set pcolour blue)
ask patch 24 24 [set pcolour blue)
ask patch 24 26 [set pcolour blue)
ask patch 26 24 [set pcolour blue)
create-mrowki 2 | set size 1 set colour yellow
set xcor 25 set ycor 25]
setp O
reset-ticks
end
to go
ask mrowka 1 |
if p =0 [ ifelse zapach > 0 [uphill zapach set
p1il
[fd random odleglosc + 1 rt random kat rt
random (- kat) ask patch-here [set pcolour
red] ]1]
ask mrowka 1 [create-street-to mrowka 0]
ask mrowka 1 [show one-of my-in-links |
if p = 1 [ask mrowka 1 [facexy 25 25 pen-
down fd 1
if [pcolour] of patch-here = blue [set p 3]]]
if p = 3 [stop]
tick
end

Figure 1 demonstrates an illustration of
how NetLego shows the user the modelled
object and graphically marks the results
of the simulation.

8. Model properties analysis

Once we have a model, we will analyse its
properties. This can be used to understand
its functioning, to check its correctness, but
it can also be useful in discovering such
properties of the modelled object that we
did not expect before, or that were difficult
to notice while observing the real object.

A simple example of the analysis of
the properties of the model presented
in this paper may be the study of how
the time of searching for food depends
on the intensity of the signal about its
presence. The zapach variable, the value
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Figure 1. Illustration of the space in which

an ant searches for food. The oval, darker
patch in the upper right corner is a place

where food is located. In this area zapach > 0.
The remaining lighter area is the area where
zapach = 0. The larger darker square in the lower
left corner is the ant nest. The queen is there.
The small darker squares are patches where

the forager changed direction. A clear straight
line is the return path of the forager to the nest.
Simulation for alfa = 0.4, odleglosc = 4, kat = 30

of which is assigned to each cell of the space
in which the ants move, is just such a signal.
The place where the food is smells strongest.
The intensity of the smell decreases as we
move away from this place. As we remember,
the size of the area in which the zapach > 0 is
regulated by the alfa parameter. The higher
the value of this parameter, the faster
the smell disappears as you move away from
the place where the food is.

A cycle of simulations was carried out
for two different alfa values: 0.4 and 0.7.
The remaining parameters of the model were
the same in all simulations: odleglosc = 4 and
kat = 30. For each alfa value, 70 simulations
were performed, and the results were pre-
sented in the form of distributions of food
search times (Fig. 2).

It can be seen that increasing the range
of the food signal clearly reduces the time
of searching for food. This result is seem-
ingly obvious, but only the model allows
us to numerically assess how large this
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Figure 2. Distribution of food search times.

A - alfa = 0.4, odleglosc = 4 and kat = 30. Average
foraging time — 101.2-time steps, minimum time
— 20 time steps, maximum time — 336 time steps,
standard deviation — 81.8, skewness coefficient
—1.09. B — alfa = 0.7, odleglosc = 4 and kat =

30. Average foraging time — 241.2 time steps,
minimum time — 21 time steps, maximum time
— 1401 time steps, standard deviation — 280.3,
skewness coefficient — 2.39

reduction in search time is. It is also worth
noting that the results of the model indi-
cate significance of random events. This is
the result of the method of searching for
food adopted in the model, namely ran-
dom penetration of space. This is reflected
in quite large values of standard deviations.
In both cases, however, the shortest for-
aging times are almost identical (20- and
21-time steps). However, the longest times
differ significantly (336- and 1401-time
steps). This draws attention to the so-called
individual variability, which arises among
individuals as a result of their interactions
with the environment and other individuals.
It is also worth emphasizing the effective-
ness of the method of random penetration
of the environment in order to search for
food. Both distributions are clearly positively
skewed. They are dominated by the shortest
times of searching for food, and in every
simulation an ant looking for food found it.
In the example above, the impact of envi-
ronmental arrangement (more precisely,
the distribution of information about food
in the environment) on the effectiveness

of foraging for food was analysed. Other fea-
tures of the model can be analysed in a simi-
lar way. For example, the way of searching
for food. By maintaining its random char-
acter, the influence of the odleglosc and
the kat parameters can be studied. Increas-
ing the value of the first one means extend-
ing the rectilinear jump in space, but at
the same time reducing the number of turns,
while increasing the value of the second
one means an increase in the dynamics
of the forager movements. Are there opti-
mal values for these parameters that lead
to the shortest foraging times? The answer
to this question could be attempted by ana-
lysing the properties of the model presented
in this work.

Conclusions

Creating the program using the NetLogo tool
forced us to search for information needed
to build the model, which at the same time
allowed the author of the model to enrich
his knowledge about the modelled object.
At the same time, it was not a chaotic search
for information, but one focused on solving
a specific problem. The program allows one
to systematize information about the tested
object. If we followed the path of further
expansion of the model, this process would
deepen systematically, but it would still
be specific and systematized information.
At the same time, it allowed us to realize
how many facts about the modelled object
we still do not know. In the course of this
search, an additional effect appeared, which,
in our opinion, was of considerable didactic
importance. We will call it arousing inter-
est in the modelled object. Well, we created
a model of random ants foraging for food.
Inspired by this topic, we started to look
at all kinds of information and discovered
other facts unrelated to the modelled object,
which confirmed our belief that ants are
really unusual insects.

Our example shows that the use of a tool
such as NetLogo in teaching biology could
be very developing for students who would
be given the task to create their own model.



Teaching of Biology Supported by Mathematical Models

67

Just as we discovered how much interesting
ant biology can be, so students could dis-
cover their interests and passions.

Children at school age should develop
curiosity about the world. In school, we
mostly accept knowledge without ask-
ing why it is the way the teacher tells us.
Because of this, we do not remember much
information. In modern education, teach-
ers should use various teaching methods in
teaching children and young people. The use
of NetLogo can be attached to the method
of a curious child described in Radek Kotar-
ski’s book Wiam sie do mézgu [Break into
the brain] (Kotarski 2017). This method
consists in turning a student into a curi-
ous and creative child who creates a context
for the situation, asks questions and looks
for answers to these questions. A child who
takes an active part in finding information by
asking “Why...?”, “How is it possible ...?’, dis-
covers the meaning of this information and
due to the fact that the information becomes
a logical consequence of the questions asked,
it is easier for him to remember it.

We believe that such a process is best car-
ried out only in a secondary school or in
the last grades of primary school, because
at an earlier age children might not be
able to cope with the IT task of building
a model. In addition, the Internet, which is
now the first place to look for information,
contains a lot of contradictory or incor-
rect information that younger children
would find difficult to assess adequately.
On the other hand, in high school, young
people should discover their life path, pas-
sions and interests that they could develop
in the future. In addition, older children
already have sufficient knowledge of math-
ematics and foreign languages to undertake
the task of building a computer model. They
are able to adopt a more critical approach
to evaluating the information from various
sources. NetLogo, due to its simple struc-
ture and ease of use, could arouse chil-
dren’s passion for learning biology, and at
the same time be an Introductionto teaching

programming, which may prove useful when
teaching other subjects, such as physics.

The example of the ecological model
described above concerned the behaviour
of an individual in the environment. A huge
number of such models can be built. As
we wrote earlier in the exact natural sci-
ences, for example in physics, we have
general laws, formulated in mathematical
language. Most often these are different
kinds of equations. Description of a specific
physical situation then boils down to apply-
ing these equations and solving them using
an analytical or numerical method. In ecol-
ogy it is different as general problems are
formulated in natural language. For one
of the authors of this paper, this would be
intra- and interspecific competition. Con-
sidering the huge number of environments
and the huge number of different life cycles
and strategies of individuals, we can realize
that the number of models describing com-
petition will be huge. Competition models
can be included in the category of models
describing the behaviour of individuals in
the environment. Other categories of mod-
els would be models of the dynamics of pop-
ulations, multi-species systems and entire
ecosystems formulated as demographic
models, i.e., mimicking the number dynam-
ics, or in terms of the circulation of ele-
ments or energy flows. Another interesting
topic may be ecological models of organism
growth. Models simulating a complex, two-
or three-dimensional geometric structure,
for example, of land plants, where fractal
modelling techniques are used, seem par-
ticularly attractive here.

Computer simulation methods can be
used primarily to teach how nature works.
However, we cannot forget about traditional
biology and traditional ways of teaching it.
Taxonomy is often considered by young
people with interests in mathematics and
computer science as not very intellectual
and, above all, not very interesting science.
There is no denying that this is a descriptive
science whose primary function is classifica-
tion. However, one of the fundamental tasks
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of biology is to understand biodiversity and
its dynamics (Agnarsson and Kuntner 2007).
Nowadays, when species are disappearing at
an accelerating rate (Pimm and Raven 2000),
we have less and less time to discover and
describe species.

Thus, the traditional form of teaching biol-
ogy is still important, but the use of NetLogo
in a few biology lessons could help attract
to this subject young people who do not
want to learn species names but would like
to learn about the functioning of nature and
ecological systems. Therefore, we believe
that a good solution would be to combine
the traditional teaching method with several
classes on modelling ecological processes in
the NetLogo program.

The proposed method of teaching,
of course, also has its disadvantages. For
example, modelling the behaviour of ants,
we discovered that we were somewhat con-
strained by the NetLogo program, where
many of the commands did not have a sim-
ple biological interpretation. Therefore, we
must use what is available in NetLogo and try
to give biological interpretations to the com-
mands that NetLogo creators gave non-bio-
logical names and interpretations. This can
be a kind of difficulty in the didactic pro-
cess. Students creating a biological model
may give up searching of appropriate com-
mands, because it will be difficult for them
to guess that they can use a certain com-
mand. For example, in the model presented
in this paper, we used the command “street”
to describe the ant’s biological directional
compass and check the position of the sun,
which seems hardly intuitive. This exam-
ple shows that a program with many ready-
made commands can create some limi-
tations that would not appear if we did
everything ourselves using other program-
ming languages, for example C++. But this,
in turn, requires much deeper knowledge
of programming techniques.

Also, one of NetLogo’s more annoy-
ing drawbacks is its relatively small speed
of work. This is especially noticeable when
a lot of “turtles” have to appear in the model.

Then the waiting time for simulation results
can be significantly longer. On the other
hand, the use of NetLogo to conduct com-
puter simulations of natural phenomena
should remind young people what a com-
puter is for. The primary use of a computer
is to do calculations, not to communicate
on social media. Not without significance is
also the fact that NetLogo is a free program.
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