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Abstract 

Excitable media are an important class of systems, examples of which include epidemics, predator-prey 

interactions, nervous systems, and heart muscle.  Aggregating cellular slime moulds are an example of 

an excitable medium.  The species of cellular slime mould Dictyostelium discoideum is an important 

model organism that many science laboratories use.  Studying the aggregation of slime moulds 

increases knowledge about excitable media generally.  One method of studying the aggregation of 

slime mould is to simulate their behaviour on a computer model. 

This thesis presents the author’s computer model of cellular slime mould Dictyostelium discoideum and 

the results of experiments carried out using the computer model.  The experiments investigate the 

relation between the aggregation patterns and the various parameters of the model.  These parameters 

are the density of artificial slime moulds, the acrasin threshold, the acrasin degradation rate, and the 

rate of acrasin secretion.  Randomness has an effect on the aggregation patterns produced.  Results of 

experiments are presented that examine the effect of randomness.  Two forms of randomness are 

investigated: random secretion of acrasin by the artificial slime moulds; random initial reactivity of the 

artificial slime moulds. 

The computer model describes an artificial environment in which artificial slime mould amoebae 

interact with each other and their environment.  Out of these individual interactions the global patterns 

that characterize slime mould aggregations emerge.  The model facilitates the study of these individual 

interactions and hence the global patterns that emerge. 

The model and the experimental results described in this thesis contribute to the study of the 

aggregation phase of the life cycle of Dictyostelium discoideum.  The author proposes mechanism that 

could underlie certain classes of aggregation patterns.  These patterns include net-like aggregations and 

loop aggregations. 

The computer model presented in this thesis is successful in emulating the behaviour of the cellular 

slime mould Dictyostelium discoideum.  In its present form the model is a useful tool to biologists.  The 

results of experiments conducted with the model suggest mechanisms that may underlie certain pattern 

produced by living slime moulds.  A result of particular interest is the initiation of the spiral wave 

pattern from a loop wave, which produces a loop aggregation. 
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Notation 

C concentration of a chemical 

Ca concentration of acrasin 

Cthreshold threshold concentration of acrasin above which an SM will react 

D diffusion constant 

Da diffusion constant for the acrasin 

d diameter of an SM 

n the number of triggered wave check field cells 

r a measure of the sensitivity of SM to acrasin, i.e. corresponds to the number of 

unbound acrasin receptors in living slime mould amoebae, and there for the 

SM’s reactivity  

s the speed of the cAMP wave 

t time variable 

Δtiter the increment in time for each iteration of the model 

v speed of SM 

vmax maximum speed of SM 

α the angle  

β the angle of maximum chemical gradient 

δ distance between two SM 

δfc distance between field cells, ie the length of the side 

δfield the distance from the central SM3 to the wave check field cell 

ε a small random angle added to the direction of maximum rate of change in 

chemical concentration with respect to distance to give the direction of 

movement of a SM 

φ the angle from direction zero to the direction of maximum rate of change in 

chemical concentration with respect to distance 

σ the distance a SM moves 
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1.0 Introduction 

1.1 Background 

Excitable media are a class of systems which have the following characteristics: 

• they are spatially distributed, 

• they have the ability to propagate signals over long distances without damping, 

• if two signals collide they are annihilated. 

A better understanding of excitable media is important to a wide range of scientific investigations 

including epidemiology, the interactions of predator and prey, catalytic reactions, cardiac contractions, 

and nervous systems.  For instance, the propagation of rabies through the fox population can be 

modelled as an excitable medium.  Aggregating cellular slime moulds are another example of a 

excitable medium. 

Cellular slime moulds are of interest because they maintain their identity as cells throughout their life 

cycle (excluding that part involving macrocysts).  In addition, under suitable conditions they behave as 

an excitable medium during the aggregation phase.  Their behaviour is sufficiently complex to be 

interesting but not so much as to make their modelling too difficult.  Their biochemical pathways and 

genetics have been studied for many years because they are a standard laboratory model organism. 

When dealing with living slime moulds it can be difficult to determine parameter values.  It can be 

even more difficult to check the impact of changing parameter values.  Changing parameter values in 

living slime mould often involves discovering or developing mutant strains.  In contrast, varying 

parameter values in a computer model can be controlled in an orderly manner.  Patterns produced with 

computer model experiments can be compared to patterns obtained from living slime moulds and this 

could give insight into the mechanisms employed by natural systems.  The reader is referred to 

Appendix 5 for a more detailed discussion of living slime moulds. 

When studying the interactions of small units, it is often difficult to predict the large-scale properties 

that emerge.  Modelling the interactions of small units and allowing the large-scale properties to 

emerge may provide greater insight than a top-down method of modelling.  A better understanding of 

the patterns that emerge from the local interactions of a pathogen, for instance, can have great 

economic and social impacts.  For instance, influenza cause wide spread discomfort, loss of 

productivity and even death. 
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1.2 Aims 

The goal of this thesis is to explain the production of global aggregation patterns of cellular slime 

moulds in terms of the local interaction of the slime mould amoebae with each other and with their 

environment.  This goal is perused through an examination of how parameters that influence the local 

interactions change the global aggregation patterns.  The author developed a computer model of 

Dictyostelium discoideum to achieve this goal.  The model, named “SMworld_5” is described. 

An objective of this thesis is to employ this model to simulate chemical diffusion to an acceptable 

degree of precision. 

Pacemaker aggregations produce patterns with radially arranged branching streams.  The model 

demonstrates the ability to produce this pattern.  The parameters that influence these patterns will be 

discussed.  The impact that random secretion of chemical attractant has on the artificial slime mould 

aggregations is explained. 

Aggregations produced or influenced by a degree of randomness in the initial conditions is presented 

and interpreted.  Two aggregation patterns of interest, which result from the effects of randomness are: 

net-like aggregations and loop aggregations.  An explanation of these two patterns is provided. 

There are three fundamental questions addressed in this thesis: 

1. The first hypothesis is that the occurrence of the radially arranged branching streams pattern is 

highly stable over a wide range of parameters.  These parameters are the attractant degradation 

rate, the attractant threshold concentration and the attractant secretion rate. 

2. The second hypothesis is that continued random secretion of chemical attractant is the underlying 

mechanism that produces the net-like aggregation pattern. 

Chemical attractant wave segments are known to form spiral waves.  A alternative mechanism is 

presented in this thesis.  The mechanism is a wave that forms a loop.  Loop wave produces loop 

aggregations. 

3. The third hypothesis is that loop waves are caused by random initial conditions plus random 

secretion of chemical attractant. 

1.3 Significance 

The significance of achieving the goal of this thesis is that it will provide a better understanding of 

excitable media generally and Dictyostelium discoideum in particular.  Excitable media are a class of 

system of economic significance and Dictyostelium discoideum is an organism important to science.  
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The computer model presented in this thesis contributes to the understanding of the behaviour of 

Dictyostelium discoideum. 

1.4 Key Terms 

An understanding of the following terms will be important when reading this thesis. 

 

Term Meaning 

Acrasin A chemical attractant secreted by slime moulds to mediate there 
aggregation.  In the case of Dictyostelium discoideum this chemical is 
cAMP. 

Aggregation A collection of slime moulds that have come together via a 
chemotactic response to acrasin waves. 

Reactive A slime mould amoeba can be described as reactive if it senses an 
acrasin concentration greater than Cthreshold and reacts to it by 
secreting a pulse of acrasin. 

Appendix 4 is a glossary containing a larger set of terms and their meanings. 

1.5 Organisation of Thesis 

Chapter 2 provides a review of relevant literature.  Chapter 3 describes the computer model that was 

developed by the author.  Chapter 4 describes the experiments undertaken with this model, present the 

results obtained and interprets these results.  Chapter 5 lists the author’s ideas for further 

experimentation using the model.  Chapter 6 concludes the main body of the thesis.  The next section is 

the list of references used within the thesis.  Appendix 1 presents a derivation of the discrete form of 

diffusion used in the model.  Appendix 2 presents the method of calculating the direction of maximum 

rate of change in a chemical concentration.  Appendix 3 is a list of parameter values found in the 

literature, that relate to cellular slime moulds.  Appendix 4 is a glossary of terms.  Appendix 5 presents 

an overview of cellular slime moulds, including their naming, life cycle and ecology.  Appendix 6 lists 

the files to be found on the CD ROMs included with this thesis.  Also, there is instructions on how to 

operate the software included on the CD ROMs. 
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2.0 Literature Review 

2.1 Introduction 

Cellular slime moulds are a useful model for studying morphogenesis of multicellular organisms [33, 

47].  This is because they are simple enough to facilitate analysis but complex enough to pose 

questions that can be related to the development of true multicellular organism [21].  One of the 

attributes that facilitate analysis is that growth and differentiation are separated in space and time [2].  

Another useful attribute is that the aggregating and aggregated cells communicate via an extracellular 

hormone, the acrasin [48]. 

Dictyostelium is also a model for studying biochemical structures and processes such as molecular 

motors [49, 50]. 

In the study of the development of a cellular slime mould such as Dictyostelium discoideum a key 

event is the aggregation of the dispersed individuals into a multicellular entity [8]. 

The study of aggregating slime moulds is useful also because they belong to a class of systems called 

excitable media.  Excitable media are characterised by being spatially distributed with the ability to 

propagate signals over long distances without damping [29].  Excitable media are important to us all.  

Examples of excitable media include heart muscle [3, 62], nervous tissue [1], catalytic surfaces, 

epidemics of pests and disease [28, 56].  In chemistry the Belousov-Zhabotinskii reaction is an 

excitable medium [56].  In physics electrode surfaces [46] can act as a excitable medium.  It has been 

suggested that pre-biotic evolution may have been determined by similar processes [7]. 

These types of systems can be described by reaction-diffusion equations [72].  A reaction-diffusion 

system has at least two species or variables, which diffuse at different rates and react with each other in 

positive or negative ways.  In the case of the Belousov-Zhabotinskii reaction, the variables are 

chemicals.  In the case of aggregating slime moulds one variable is a chemical, the acrasin, and the 

other is the number of cell membrane acrasin receptors not occupied by an acrasin molecule [36, 73].  

One successful model using partial differential equations that has been applied to modelling 

aggregating slime moulds is the Martiel-Goldbeter model [52], which was extended by Tyson [73].  In 

Tyson’s model the diffusion of the unoccupied acrasin receptors is effectively zero. 

Another indication of the importance of D. discoideum to science is that it is one of the relative few 

(compared to the possible 3 to 4 million species in the World) species where there is a project to map 

its genome [75-78]. 

It is evident that knowledge of cellular slime moulds such as D. discoideum is important to science.  

Because of their use to science, researchers have used computer models of slime moulds to investigate 
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aspects of their behaviour.  Some researchers modelled the amoebae as discrete entities and diffusion 

by solving partial differential equations at the space coordinates of the artificial organisms [51].  This 

has the problem that no picture of the overall chemical environment is possible.  Some researchers 

have modelled amoebae in a similar way to cellular automata and solved the partial differential 

equation at each cell [36].  Others have not modelled individual amoebae and solved the partial 

differential equations for all the field cells [4, 32, 54, 61, 73, 80]. 

There has been much work conducted on further stages of slime mould's life cycle, such as the mound, 

grex stage, and culmination stages, which is not included here.  Studies of the mound that are not 

covered include chemical waves and their movements with in the mound and cell movement within the 

mound [64].  Studies of the grex that are not covered include chemical waves and their movement [20, 

67].  Studies of culmination not covered include those of cell movement [19].  This review does not 

look at work that describes the non-linear mathematics of aggregating slime moulds, however 

references were found [5, 6, 37, 38, 40, 45, 55, 58].  These were not reviewed because they are out side 

the scope of this project. 

2.2 Parameters Determining Acrasin Wave Propagation and Slime 
Mould Aggregation 

Aggregation of slime mould amoebae is controlled by waves of acrasin.  It is the existence and nature 

of these waves that define aggregating slime moulds as a reactive medium.  Therefore if the medium 

won’t support an acrasin wave, then aggregation will not occur.  Furthermore, the streaming patterns 

that form will depend on the properties of the acrasin wave and its interaction with the aggregating 

amoebae. 

The acrasin wave is produced by the combined activities of the reactive amoebae being stimulated by a 

concentration above the threshold concentration of the chemical attractant or acrasin.  In the case of 

Dictyostelium discoideum the acrasin is cyclic adenosine 3’,5’-monophosphate (cAMP).  Other species 

of cellular slime moulds may use other chemicals and so it is possible for a mixed culture to aggregate 

to two separate, but closely spaced mounds simultaneously.  See Raper, 1984, p131, fig. 7-10 [63].  

The cells detect the threshold acrasin concentration through receptors on the cell membrane.  The 

properties of these receptors are important in determining the dynamics of the acrasin waves [18].  

Once the receptors are stimulated a cell produces and secretes more acrasin [10, 11, 14, 16, 17].  The 

slime mould will also move towards the source of the acrasin wave, i.e. chemotaxis [2, 63]. 

One of the primary parameters influencing the acrasin waves is the density of amoeba cells (which 

determines the average distance between amoebae) [23].  The speed of the wave is a function of the 

cell density, i.e. as the cell density increases so does the acrasin wave speed [36, 80].  Alcantara and 

Monk [2] report that the wave speed decreases with cell density.  The minimum cell densities 

necessary for wave propagation are 5 x 104 amoebae per cm2 [2]. 
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The excitability of the cell determines the amount of acrasin it produces and therefore the amount by 

which it amplifies the acrasin wave [12, 65].  The amount of acrasin produced by a cell is a function of 

the number of unoccupied acrasin receptors on the cell surface [23].  A cell with an insufficient 

number of acrasin receptors will not relay the acrasin wave, i.e. the cell is not excitable.  Also, a cell 

with many acrasin receptors that are occupied will not be excitable.  These cells are described as 

refractory and this refractory period is necessary for unidirectional acrasin wave propagation.  The 

number of acrasin molecules released by D. discoideum during a relay event is estimated to be between 

6 x 106 [65] and 1010 [21].  The number of acrasin receptors in a cell that can relay the acrasin wave is 

in the order of 104 [32]. 

The number of acrasin receptors on the cell surface is partly determined by the number of acrasin 

waves the cell has been exposed to and is probably due to a feed-back mechanism to gene expression 

for acrasin receptor production [23, 44]. 

The propagation of the acrasin wave will also be determined by the value of the threshold 

concentration of acrasin needed to trigger a relay response from the cell.  The lower the threshold 

concentration the faster the wave.  Values as low as 10-8 M have been reported [69], but the value for 

greatest response is 10-6 M [69]. 

Not only does the refractory period produce unidirectional waves, what is more it explains another 

feature of a reactive medium.  Waves annihilate when they meet.  This refractory period varies as the 

aggregation proceeds but in late stages a period of 2 minutes has been reported [21, 22].  After the 

refractory period the cell becomes partly excitable.  Partial excitability is responsible for what is 

known as the dispersion relation. 

The dispersion relation means that as the cells increase their density at the aggregation centre the 

excitability increases and so the period of a spiral wave center will also increase.  The cells away from 

the centre will not have time to fully recover before the next wave arrives [73].  This effectively 

reduces their excitability and thus the amount of acrasin they produce.  The result is a slower wave 

speed. 

There must also be a process to remove the acrasin from the system or else its concentration will 

continue to rise and the signal will be undetectable [63].  The acrasin degradation rate is therefore 

important.  If it is too low, i.e. the concentration is not reduced below the threshold level before the 

amoeba becomes excitable again.  The amoeba will then react by secreting acrasin and move in the 

direction of maximum acrasin concentration.  This may not be in the direction of the source of the 

initial wave and therefore an organised aggregation will not occur.  In D. discoideum the acrasin is 

removed by an enzyme cAMP phosphodiesterase (PDE) [8, 21]. 
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Because the acrasin wave propagates by diffusion through the medium in which the amoebae are 

aggregating, the value of the diffusion constant for the acrasin will be an important factor in setting the 

wave speed.  An accepted value for cAMP being 500 μm2 sec-1. [54]. 

2.3 Acrasin Wave Propagation Patterns 

One important characteristic of an excitable medium is that waves that collide will annihilate each 

other.  It is through this mechanism that a aggregation field becomes dominated by one or a few short 

period aggregation centres [43].  The short period centres entrain the longer period centres [42, 51, 63]. 

Acrasin waves propagate in two basic patterns, circular and spiral.  Whether concentric circles or spiral 

waves are formed depends largely on the cell density [23, 42] 

2.3.1 Concentric Circular Waves 

In a sense, the concentric circular acrasin wave pattern is the natural form.  It is explained by assuming 

the existence of a pacemaker cell in a field of excitable cells [41, 43].  It has been reported that after an 

aggregation with a fully developed spiral is “quenched” with a spray of acrasin that only concentric 

circular waves become established [43]. 

The concentric ring pattern is associated with a particular cell.  Generally it is thought that this is just a 

cell that has reached a more advanced point in the development process (it has become a pacemaker, 

i.e. internal limit cycle) than the ones surrounding it.  Raper described these cells as “founder cells” 

and an illustration of one can bee seen in Raper, 1984, p119, fig 7-7 A [63].  Because concentric 

circular wave patterns are associated with a pacemaker cell the frequency of acrasin waves is variable.  

Its frequency depends on the details of the limit cycle driving the autonomous oscillations of acrasin 

[21]. 

2.3.2 Spiral Waves 

Spiral waves are produced from circular wave segments due to the dynamics of waves in excitable 

media.  They will curl their ends into a double, contra-rotating spiral pair  [23].  The circular wave 

segments are formed when a cell randomly produces an acrasin pulse that encounters regions where 

the excitability of the cells is so low that much of the wave fails.  If this wave segment then moves into 

a region of reactive cells, then its ends will begin to curl [24].  The fact that the wave segment ends 

curl forming a spiral core is due to the dependence of wave speed on wave curvature.  The acrasin 

wave speed decreases as the curvature of the wave increases [43]. 

In the absence of other mechanisms the spiral pairs are stable and will endure as seen in cellular 

automata models of excitable systems [29, 70].  One mechanism proposed to break the symmetry and  
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produce a single large spiral is the expression of genes determining excitability, stimulated by 

detection of acrasin waves, i.e. a positive feed-back system [4, 44]. 

Once the spiral is established, it is maintained by its own dynamics [54].  The wave frequency is 

determined by the rotational frequency of the spiral.  The rotational frequency is limited by the rate at 

which the cells can recover and become excitable again [4, 42].  As a spiral wave forms its rotational 

frequency will rapidly converge on the maximum that can be sustained in a system with a given degree 

of excitability [21].  Subsequently the frequency of rotation increases only slowly as the excitability 

increases. 

Because the wave frequency of spiral wave centres is usually higher than that of autonomously 

oscillating centres, the spirals tend to over run the concentric circle centres and entrain them [21, 31] 

[43]. 

2.3.3 Loop Waves 

Loop aggregation patters occur in nature, as will be described in Section 2.4.  Mackay generated loop 

aggregations patterns in his computer models [51].  However, Mackay could only visualize the 

artificial amoebae and not the acrasin concentration, as in the author’s model.  So it is not possible to 

determine whether the acrasin wave that generated the aggregation loops was a loop wave or a spiral 

wave.  Under some conditions spiral waves can produce loop aggregations [36]. 

2.4 Slime Mould Aggregation Patterns 

Reactive amoebae detect an acrasin concentration gradient and will undergo chemotaxis in the 

direction of higher concentration.  The moving amoebae are elongated in the direction of movement 

and appear as a light band on a dark field image of the aggregation field [2].  For web based 

animations of chemotaxis see [74]. 

As the acrasin wave passes over the amoeba, it would be expected that the cell would change direction 

and attempt to follow the wave if it is always moving in the direction of the maximum gradient of the 

acrasin concentration.  During a chemotactic event, the amoeba moves for about 100 seconds [2], 

which is much longer than it takes for the acrasin wave to pass over the amoeba.  The amoeba does not 

follow the wave but ignores the concentration gradient at the back of the wave.  While the mechanism 

for this process is not fully understood there is some evidence that there is dynamic reorganisation of 

the actin filaments in the cell’s cytoskeleton during the chemotactic response [81]. 

In a field of randomly spaced amoebae, there will inevitably be small variations in the cell density.  

The cell density is unstable (Turing instability) in the direction at right angles to the direction of 

propagation of the acrasin wave [43].  These small variations in cell density will quickly grow until all 

cells are in aggregation streams separated by regions devoid of cells [45].  The physical explanation for 
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this stream formation is associated with the fact that the acrasin wave will increase its speed when it is 

in a region of higher cell density [80].  The curvature of the wave mandates that the amoebae that 

move at right angles to the wave front actually have a lateral component in their velocity vector 

towards the region of higher cell density. 

As the amoebae form streams, they make contact with each other and seem to form strings of head-to-

tail cells.  Strings can be seen in Raper 1984, fig 12-10 D, p286 [63].  These strings do not seem to 

greatly influence pattern formation [43]. 

Within this comparatively simple framework there is a surprisingly large variety of aggregation 

patterns seen in various species and varieties of cellular slime mould.  Patterns are illustrated below 

with a references to Raper’s figures. 

 

approximate
centre of aggregation

region depleted of amoebae

outside the aggregation

pseudoplasmodium

fine streams

short streams with little or no branching
forming a roughly circular ring or “halo”

 
Figure 2.1  A segment of an aggregation with streams with little branching 

Figure 2.1 is reproduced from Raper 1984, p129, FIG 7-9 A [63].  It displays a segment of a circular 

aggregation that has many short aggregation streams around the circumference.  Raper calls this 

pattern a “halo” aggregation.  It appears as if there was a two stage process; the first forming the 

pseudoplasmodium on the left (the centre of the aggregation) and the second forming the halo streams.  

Other figures from Raper 1984 display similar patterns.  These are on p331, FIG 12-27 E & F. 
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aggregation stream

pseudoplasmodium
 

Figure 2.2  A portion of an aggregation with branching streams 

Figure 2.2 is reproduced from Raper 1984, p325, FIG 12-24 D [63].  The aggregation pattern, which is 

roughly radially symmetrical aggregation with branching streams, is the most commonly observed 

patterns.  Raper, 1984 has other figures, which reveal branching aggregation streams p129, FIG 7-9 B, 

& p259, FIG 12-1 E, p280, FIG 12-8 D, p286, FIG 12-10 C, p298, FIG 12-14 D, p339, FIG 12-30 C, 

p344, FIG 12-32 E, p350, FIG 12-34 D, p353, FIG 12-35 D, p355, FIG 12-36 D.  Similar patterns are 

also displayed in Loomis 1975, Figure 5.1 A, p48 [47]. 
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pseudoplasmodium

region where streams are 
absent

region with streams

approximate
centre of aggregation

 
Figure 2.3  A segment of an aggregation where streams merge towards the centre 

Figure 2.3 is reproduced from Raper 1984, p355, FIG 12-36 E [63].  It displays a segment of a circular 

aggregation which is divided into three concentric regions.  The outermost region displays branching 

streams, which are arranged radially.  In the middle region, the pattern merges into a more or less 

uniform sheet does not indicate density variations.  The innermost region contains the 

pseudoplasmonia (three of them) with streams from the middle region. 

For other figures from Raper 1984 that also display the merging or breakdown of streams refer to 

p350, FIG 12-34 E.  In these figures streams reform closer to the centre of the aggregation. 
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pseudoplasmodiuminterconnecting streams

detached stream
 

Figure 2.4  An aggregations with interconnecting and detached streams 

Figure 2.4 is reproduced from Raper 1984, p403, FIG 14-4 E [63].  It reveals an aggregation where 

there are branching steams that are interconnected forming a net-like pattern.  Despite this, there is a 

defined centre of aggregation and a developing pseudoplasmodium. 

For other examples of interconnecting streams the reader is referred to Raper 1984, p286, FIG 12-10 

C, p307, FIG 12-17 F, p320, FIG 12-22 E. 

Another feature of Figure 2.4 is that the segments of streams have become detached from the 

aggregation. 

For further examples of detached streams the reader is referred to Raper 1984, p339, FIG 12-30 D, 

p323, FIG 12-23 D, p310, FIG 12-19 F, p309, FIG 12-18 F, p286, FIG 12-10 C, 181, FIG 9-2 A 
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loop aggregation

 
Figure 2.5  A loop aggregation 

Figure 2.5 is reproduced form Raper 1984, p128, FIG 7-9 B [63].  It displays an aggregation centre in 

the form of a loop. 

 

 
Figure 2.6  A network of interconnecting streams without a defined centre 
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Figure 2.6 is reproduced from Raper 1984, p401, FIG 14-3 D [63].  It reveals a series of 

interconnecting streams with no defined centre of aggregation.  Raper reports that such aggregations 

rarely go on to form fruiting bodies.  Other examples of net-like patterns are displayed in Raper 1984 

p276, FIG 12-7 E, p397, FIG 14-1 D. 
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3.0 Design and Implementation 

This chapter describes a model of the cellular slime mould Dictyostelium discoideum which was 

developed by the author.  The name of the model is “SMworld_5”. 

3.1 Introduction 

The approach taken in developing this model was to create individual artificial organisms (SM).  Each 

SM has a set of senses and a set of internal states.  The process starts with initial conditions and then 

lets the individual SM interact with each other in an artificial environment.  Global behaviour emerges 

from the multitude of interactions between the SM and their environment.  The model isn’t merely 

descriptive.  It also produces a natural representation of the system, and facilitates the study of SM and 

their interactions in detail. 

There are research groups working to create models of complete individual cells [71].  Even for simple 

cells such as bacteria, the resulting models are very large and complex.  There are two problems 

associated with developing these models.  What is the optimal level of detail to incorporate into the 

model?  How should the system be divided into sub-units?  With slime moulds for instance, the acrasin 

signalling system of aggregating slime moulds is mediated by the operation of cellular membranes and 

various signalling pathways within the cell.  These are complex systems in their own right [1, 25].  The 

membranes should maintain differential external and internal concentrations of chemicals.  The also 

sense chemicals in the external environment and this can trigger chemical and chemotactic reactions of 

the cell.  If too much detail is incorporated into the model, then the model becomes too computationally 

demanding to be useful.  In addition, extra detail may not be necessary to explore the desired aspects of 

the system under study.  As the aim of this model is to investigate the dynamics of aggregating slime 

moulds and not to study the operation of cellular membranes, suitable responses of the artificial slime 

mould cell membranes were assumed.  The operation of the SM’s cellular membrane is incorporated 

into the following simplified pseudo-code: 
 

if Cacrasin ≥ Cthreshold then 

 react 

end if 

where "if Cacrasin ≥ Cthreshold" models the cell membrane’s ability to sense the concentration of acrasin 

in the environment external to the cell.  "react" models the membrane’s triggering of the production 

and release of acrasin by the modelled amoeba into the environment and any chemotaxis of the SM.  

While this gives no hint to the complexities of the cell membranes, it is sufficient for the model to 

produce realistic behaviours. 
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From the study of the small units, it is not obvious what large scale properties will emerge.  Modelling 

the interactions of small units and allowing the large scale properties to emerge, has the potential to 

give greater insight into the individual factors contributing to the large scale emergent properties. 

3.2 Overview of Model 

The model has a number of components.  These include: artificial slime moulds, i.e. SM which are 

described in detail in section 3.5; artificial bacteria, i.e. BACT described in section 3.6.  Experiments 

with bacteria are not presented and they are discussed for completeness only.  There is an artificial 

environment called the field, in which the SM exist.  The field is divided into sub-units called field 

cells.  This is documented in section 3.4.  This environment has the following attributes: 

• A rectangular space in the x and y dimensions of finite size (refer to Figure 3.3). 

• The 2-D space is subdivided into small areas called field cells (refer to Figure 3.4). 

• There can be up to four chemicals within the field.  The one that is used in experiments 

described in this thesis is the acrasin (cAMP).  However, the others are included for 

completeness.  They are folic acid, the enzyme that degrades cAMP (PDE) and an 

inhibitor of the PDE enzyme (PDI). 

• The chemicals can be created and destroyed and can diffuse throughout the field.  This is 

described in section 3.4.1. 

• The chemicals can have concentration gradients that vary across the field.  This is 

described in section 3.5.6.1. 

The implementation of the model is written in ANSI C and its output is text files.  Each file has a name 

that includes a four character identifier, a hyphen and the serial number of the experiment.  One file 

contains the position and stage of each SM.  The identifier for this file is “oSMF”.  Another file 

contains the locations of any bacteria.  The identifier is “oBAC”.  There is a file for each chemical in 

the environment, which contain the concentration of each field cell at specified iterations of the model.  

The acrasin file has identifier “oAMP”.  The acrasin degrading enzyme file has identifier “oPDE”.  The 

degrading enzyme inhibitor has identifier “oPDI”.  These files are read by another application which 

visualise the artificial organisms and/or their environment in a plan view.  The name given to this type 

of output is field visualisation.  They can include visualisation of the artificial organisms and up to one 

of the chemicals in their environment. 

A second type of file contains data that describes the cAMP concentrations along lines intersecting a 

field cell, which is normally located at the centre of the field.  This field cell contains a SM exhibiting 

limit cycle behaviour, which are denoted in this thesis as SM3.  For more detail about limit cycle 
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behaviour refer to section 3.5.1.  This type of output gives a cross-section of the cAMP waves.  The 

layout of this experimental setup is shown in Figure 3.1.  An example of a wave cross section is given 

in Figure 4.9. 

field border
 

Figure 3.1  Setup of acrasin wave cross-section experiments 

Figure 3.1 shows a square field with a SM3 at the centre of the field, surrounded by reactive SM, 

denoted in this thesis as SM2 (not shown).  The concentration of acrasin in field cells along the dashed 

lines is recorded and stored in a file.  The identifier for this type of file is “oao”.  The angle between 

each of the dashed lines is 15 degrees. 

A third type of output file contains data that represents measurement of speed and continuity of the 

cAMP wave.  The data in these files records is the iteration of the model when the cAMP concentration 

exceeds the threshold concentration in field cells denoted in this thesis as wave check field cells.  There 

is up to sixteen wave check field cells located near the edge of the field on the circumference of a circle 

centred on the SM exhibiting limit cycle behaviour or SM3.  This data measures the speed and 

continuity of the acrasin wave and is used to study the system as a reactive medium.  The layout of this 

experimental setup is displayed in Figure 3.2. 

The identifier for this type of file is “owc”. 
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Figure 3.2  Setup of experiments to measure the speed and continuity of acrasin wave 

Figure 3.2 shows a square field with a SM3 located at the centre of the field, surrounded by reactive 

SM2.  The wave check field cells are located at the intersection of the radial dashed lines and the 

dached circle.  The cAMP wave is said to have reached a wave check field cell when the cAMP 

concentration in this field cell rises above the threshold concentration.  The iteration of the model when 

the cAMP wave reaches each wave check field cell is recorded in the “owc” file.  If the cAMP wave 

never arrives, then an –1 is recorded for that location in the “owc” file.  The speed of the cAMP wave 

is calculated by dividing the distance the wave travelled (from the centre SM3 to the wave check field 

cell) by the elapsed time.  The degree to which the cAMP wave is continuous around its parimeter can 

be measured as the number of check sites that the wave reached. 

3.3 Overview of a Simulation 

The simulation involves a number of processes.  Firstly there is the initialisation process in which all 

the field matrices are set to their initial values.  Next the SM and the bacteria (if any) are created and 

placed in the field.  For most simulations their positions are determined by a pseudo-random number 

generator function. 

After the initialisation phase, the iterations begins.  The main loop cycles for the specified number of 

iterations or until all the SM are dead.  Each iteration of the simulation involves a number of steps.  
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Firstly there is a number of diffusion events.  The number of diffusion events depends on the size of the 

field cells and the time interval represented by an iteration of the model.  Diffusion is followed by the 

degradation of chemicals in the field.  The field chemical concentration data is written to a file for a 

proportion of the iterations.  The iterations at which data is written to the output files is determined by a 

value in the input parameter file. 

Each ‘live’ SM then checks its local environment and ‘decides’ which direction to move in and at 

which speed.  The local environment in which the SM’ senses operate is the field cell in which the SM 

finds itself.  The SM determines its speed by checking all SM within a ‘bucket’ of field cells 

surrounding the field cell in which it finds itself.  SM avoid over-running each other by adjusting their 

speed, refer to Figure 3.6.  Each SM checks its local chemical environment.  If the SM are aggregating, 

then they check the cAMP concentration and aligns its direction of movement with the direction of 

maximum cAMP concentration gradient.  If the SM is feeding then it aligns its direction of movement 

with the maximum folate concentration gradient.  Each feeding SM checks for bacteria within the circle 

defining its cell membrane.  SM can move only once per iteration.  Lastly the position and state of each 

SM is written to the “oSMF” file for the same iterations that the chemical output is written. 

3.4 Modelling of the Environment 

In this model the SM ‘live’ on an artificial two dimensional (2-D) rectangular surface called a field.  

Figure 3.3 depicts a rectangular field.  Although slime mould amoebae and their environment are 

actually three dimensional (3-D) but the 2-D simplification is justified by the fact that slime mould 

amoebae usually live in a thin aqueous film attached to the substrate.  The artificial aqueous film is 

assumed to be of a constant 1 μm thickness.  An SM can occupy any position on this space, with two 

restrictions.  An SM can’t reside in the edges of the field nor in a space already occupied by another 

SM.  Diffusion is modelled by dividing the field into rectangular sections called field cells.  A 

concentration of every environmental chemical is associated with each field cell and is assumed to be 

constant within that field cell.  There are therefore discontinuities in chemical concentrations at field 

cell boundaries.  Because the area of each field cell is constant and the artificial aqueous film is 

assumed to be of constant thickness, the volume of water in each field cell can also be assumed to be a 

constant.  Therefore, the amount (number of molecules) of a chemical in a field cell is proportional to 

its concentration.  Films of water attached to a substrate do not have a unique thickness.  Work done on 

the dynamics of water films indicates a range of thicknesses [26].  A value of 1 μm is within that range.  

Consequently, the volume of water depends on the area of a field cell.  The dimensions of the sides of a 

field cell are set at 5 μm x 5 μm, giving a volume of 25 μm3. 

Setting the length of a field cell’s side to be 5 μm, the SM radius, is some what arbitrary.  However, it 

was found that if the ratio of length of the side of a field cell to SM diameter was less than 1:1.2, then a 

feeding SM could become trapped in a couple of field cells.  That is, its movement was form one to an  
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adjacent field cell and never escaping.  This is because the chemical that the SM use to track their food 

can form static patterns (continuous production and degradation) and the relatively large field cells 

don’t produce a good approximation to a continuous concentration gradient.  In all experiments 

presented here, a ratio of field cell size to SM diameter of 1:2 was used. 

a field cell one field cell width border

field

 
Figure 3.3  The field is an artificial two dimensional surface on which SM 'live' 

As an example, the chemical cAMP can be modelled by differential equations: 

sourceslosses2 +−∇=
∂

∂
aa

a CD
t

C
 ..............................................................................  3.1 

where Ca is the concentration of cAMP in the environment around the SM (extracellular) and is a 

function of time and position, that is Ca(t,x,y), t is time, Da is the diffusion coefficient for cAMP, ∇2 is 

the two-dimensional Laplacian.  The term ‘losses’ models the degradation of cAMP and the term 

‘sources’ models the secretion of cAMP by the SM.  The ‘losses’ are a characteristic of the 

environment and always occurs outside the SM.  The ‘sources’ are a characteristic of the SM, however 

they are secreting into the environment. 

The three parts of the right hand side of Equation 3.1 will now be examined. 

3.4.1 Chemical Diffusion 

Diffusion without ‘sources’ or ‘losses’ can be described by Equation 3.2: 

CD
t
C 2∇=

∂
∂

 ......................................................................................................................  3.2 
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where C is the concentration of the chemical, t is time, is the two-dimensional Laplacian, D is the 

diffusion coefficient of the chemical and has the same value for the x and the y direction. 

2∇

This can be approximated by Equation 3.3 for the field cells illustrated in Figure 3.4: 
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= , Δt is the time increment, Δx is the space increment in the x 

direction, Δy is the space increment in the y direction.  If (rx + ry) ≤ 0.5 then Equation 3.3 gives a good 

approximation to . 1+t
ji,C

Now rx = ry = rxy for a square field cell (Δx = Δy = δfc) so the value of Δt can be calculated for any 

given value of the rxy using: 

D
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=Δ  .........................................................................................................................  3.4 

Δt is the time increment for the application of Equation 3.3, or diffusion event.  From this the number 

of diffusion events per iteration of the model can be calculated.  Each iteration of the model represents 

a time, TIME_PER_ITER, which is set in the header file, SMworld_5.h.  Thus, the number of diffusion 

events per iteration is TIME_PER_ITER/Δt. 
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x-axis
y-axis
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Figure 3.4  Calculation of diffusion 
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An alternative method of modelling diffusion that considered the concentration in a field cell along 

with that in the eight surrounding field cells was tried but it was not as efficient as the method 

described above [68]. 

Appendix 1 describes the derivation of Equation 3.3. 

3.4.2 Chemical Degradation 

Equation 3.5 is a model of the ‘losses’ term in Equation 3.1.  It indicates a set proportion of the 

chemical is removed during each loop. 

( lossCC tt −=+ 11 )  ............................................................................................................  3.5 

where Ct+1 is the chemical concentration at time t + 1, Ct is the chemical concentration at time t, loss is 

amount of chemical degradation and has a value between 0 and 1. 

3.5 Modelling of Amoebae 

SM represents individual slime mould amoeba in the model.  SM is a data type whose members 

represent the various state parameters of the SM.  Some members are necessary for the implementation.  

The important points about an SM are: 

• stage of life cycle; 

• energy level; 

• unoccupied acrasin receptors; 

• direction of travel; 

• speed of travel. 

Other members of the SM data type store information on aspects of the SM that are not strictly its 

internal state.  These include: 

• location in a two dimensional space; 

• the time since the last acrasin relay event; 

• the number of acrasin relay events. 
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The acrasin for Dictyostelium discoideum is cAMP.  cAMP can be used to substitute for the more 

generic term. 

Although living amoeba change shape, in this model SM are represented as circular disks of fixed 

radius of 5 μm.  This simplification is made because the modelling slime moulds ability to change 

shape would not contribute to the study of their aggregation. 

The SM data type is specified in C as follows: 

struct sm { 

 struct sm *ptrNextOrg; /*pointer to next SM*/ 

 struct sm *ptrPrevOrg; /*pointer to previous SM*/ 

 int stage; /*stage of life cycle*/ 

 float energy; /*energy of SM, 0 to REPRO_EN*/ 

 float recpt; /*the number of cAMP receptors, range 0-1*/ 

 float motion; /*still (0) to full speed (SPEED_SM)*/ 

 float orientation; /*direction sm is 'facing' in radians*/ 

 float posX; /*position in x direction*/ 

 float posY; /*position in y direction*/ 

 long reactCount; /*number of times the SM has reacted to cAMP*/ 

 float react; /*variation in receptors necessary to react*/ 

 float tmpTime; /*temporary time counter e.g. after reacted*/ 

 long sno; /*the serial number of the SM - to trace a SM*/ 

}; 

The following describes in more detail the aspects of an SM. 

3.5.1 Stage of Life Cycle 

Cellular slime moulds go through different stages during their life cycle.  These are: 

• Feeding stage (SM1) - unreactive to cAMP, i.e. it has no cAMP receptors on cell 

membrane. 

• Aggregation stage - reactive to cAMP; includes: 

- cells that are simply reactive to cAMP (SM2), i.e. it is developing cAMP receptors on 

cell membrane, and 

- cells that exhibit periodic secretion of cAMP (SM3), i.e. it has cAMP receptors on the 

cell membrane and the internal chemistry of the cell exhibits limit cycle behaviour. 

In the SM data type the life cycle stage is stored in the tag stage. 
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3.5.2 Energy of an SM 

The energy reflects the amount of food intake of the amoeba.  In living slime moulds it is not just the 

energy component of the food which is important, but also includes protein.  If the intake of food is 

greater than the amount necessary to live and move then the energy increases until it is sufficient to 

allow mitotic division into two feeding amoebae (SM).    If the food intake is less than that required for 

activity, then the energy level drops and eventually gets to a level where the amoeba stops moving and 

changes into the cAMP sensitive stage.  It is the lack of protein rather than energy, which is important 

in triggering the change to the cAMP sensitive stage in living slime moulds.  Eventually, as energy 

levels continue to fall, an cAMP sensitive SM (an SM2) will move to the next stage and start 

spontaneous periodic secretion of cAMP (an SM3).  There seems to be no plausible biological reason 

to link the transition of an SM2 to an SM3 to energy/food intake. In fact, it is more likely that the 

amoeba develops to a state exhibiting a limit cycle behaviour as argued by Novak [57].  However, this 

model does not attempt to model the dynamics of the internal chemistry of an amoeba.  The 

development of periodic secretions of cAMP is associated with the length of time since starvation 

began [63].  The energy level of an SM gives a rough measure of this time period, while being easy to 

implement with the minimum number of members of the SM data type.  Modelling the limit cycle 

behaviour would not improve the modelling of the aspects of the system described in this thesis and 

would add unnecessary complexity to the model.  In the experiments described later in this thesis the 

SM are not feeding and so their energy levels are always descending. 

Ultimately an SM can die of starvation if the energy level falls to zero. 

In the SM data type the energy is stored in the tag energy. 

3.5.3 CAMP Receptors 

The number of cAMP receptors on the cellular membrane unoccupied by cAMP molecules determines 

the reactivity of the living amoeba [73].  The characteristics of the reactivity is important to the model 

because the reactivity is the slower of the two components in the reaction-diffusion system.  The cAMP 

concentration is the faster component. 

One of the changes that accompanies the change of life cycle stage from a SM1 to an SM2 is the 

development of cAMP receptors.  It is probably easier to understand the behaviour of the cAMP 

receptors in the model by looking at a figure illustrating how the reactivity of the SM changes with 

time.  Figure 3.5 plots the cAMP receptors and the cAMP against time for a cAMP relay event. 
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Figure 3.5  The relationship between cAMP concentration and the reactivity of a SM 
plotted against time 

In Figure 3.5 time represented by the x-axis increases from the left to the right.  \ Figure 3.5 A displays 
the cAMP concentration C, the threshold cAMP concentration is CT.  The reactivity is r (0 ≥ r ≥ 1) is 

displayed in Figure 3.5 B.  In time period 1, left of t0, the cAMP concentration is less than the threshold 

value and so the SM does not react and there is no change in its reactivity.  At time t0 the concentration 
of cAMP exceeds the threshold concentration, Cathreshold

 which marks the beginning of the period 2.  

Period 2 is characterised by cAMP concentrations above the threshold.  Because the reactivity of the 

SM at time t0 is rmax (which is greater than rmin the minimum reactivity needed to trigger a response) 

the reactivity of the SM, r, goes to zero.  It then starts to restore at a constant rate.  At time t1 the 

concentration of cAMP drops below the threshold concentration.  This marks the beginning of period 3 

characterised by cAMP concentrations below the threshold and the reactivity below rmin.  The length of 

period 3 depends on the amount of cAMP secreted by the SM (and hence the peak concentration), the 

rate at which cAMP is degraded and the rate at which the reactivity of the SM is restored.  Under some 

conditions there would not be a period 3.  If r < rmin at time t1 then the system behaves as in Figure 3.5.  

If r ≥ rmin at time t1, as would be the case if there is little cAMP degradation and/or fast recovery rates 

and/or high peak cAMP concentrations, then r will go to zero again (t1 is after t2 and so is never 

reached).  At t2 the reactivity of the SM equals the minimum necessary for the SM to react to an above 
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threshold concentrations of cAMP.  This marks the beginning of period 4 where the cAMP 

concentration is below the threshold and the SM is not fully reactive.  At t3 the reactivity of the SM has 

reached it maximum value, rmax marking the beginning of period 5.  Period 5 is the same condition as 

period 1 so the cycle is complete. 

A value of rmax = 1 corresponds to 106 receptors [32]. 

In the SM data type this is recpt. 

3.5.4 cAMP Relaying 

When a reactive SM detects an above threshold concentration of cAMP, it will produce a quantity of 

cAMP and secrete it into the local environment.  To be reactive the SM must be either a SM2 or a 
SM3.  Further, the reactivity of the SM must be greater than or equal to the minimum, i.e. r ≥ rmin.  For 

SM2 & SM3 with greater than minimal reactivity, the quantity of cAMP produced will depend on the 

reactivity of the SM.  The amount of cAMP produced will be the product of the maximum amount that 

can be produced, 1010 molecules [21], multiplied by the reactivity. 

It is by this mechanism that the reactive SM relays a cAMP signal it detects. 

3.5.5 Speed of Movement 

The SM data type speed is simply the magnitude of the SM’s velocity vector.  Living slime mould 

amoebae can and do vary their speed.  In the model SM move at a constant speed, vmax, unless their 

path is obstructed.  This is a reasonable simplification because modelling an amoeba’s ability to vary 

its speed would not contribute to the study of aggregating slime moulds. 
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Δt*vmax

ζ

δ

σ

α

 
Figure 3.6  An SM about to move 
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The SM on the left side of Figure 3.6 is about to move in the direction left-to-right.  The SM checks for 

other near by SM to see if the path is blocked.  If the path is blocked as is the case illustrated in Figure 

3.6, then it adjusts its speed so it just touches its closest neighbour in the direction of travel.  It 

accomplishes this by moving a distance σ in the direction in which it is headed.  The distance σ is 

calculated by the following equations: 

σ = δ2 - ζ2  - d2 - ζ2  ...................................................................................................  3.6 

where σ is the distance the SM will travel in this iteration.  The resulting speed of the SM, v, can be 

calculated in μm/sec using: 

iter

v
tΔ

=
σ

..............................................................................................................................  3.7 

where Δtiter is the length of time taken for one iteration and 0 ≥ v ≥ vmax. 

In the SM data type the speed information is stored is the tag motion. 

3.5.6 Direction of Movement 

The movement of a slime mould amoebae is sometimes directed and some times apparently at random 

[63].  An SM needs to emulate this behaviour.  Each SM one records its direction in a fixed frame of 

reference associated with the artificial environment (field) in which it exists.  This is unrealistic in so 

much as the frame of reference for a real slime mould is relative to its immediate environment only. 

Dictyostelium discoideum reacts to chemical attractant gradients by producing binding sites for certain 

proteins on the inner surface of the cell membrane which faces the higher concentration [60].  This is 

the case whether the cell is moving or stationary.  So while an amoeba may not have a head and tail, 

the notion of a direction of orientation is realistic. 

Also, as the amoeba differentiates, the cell membrane develops anterior-posterior and lateral contact 

sites.  For the purpose of the model the direction of travel is simply the direction in which the SM is 

moving at any time. 

3.5.6.1 Directed Movement 

When hunting bacteria or when aggregating, the SM needs to be able to detect the direction from which 

the chemicals are diffusing, i.e. the direction of the maximum concentration gradient.  The SM gets this 

information by passing its location to a function that returns the direction of maximum concentration 

gradient to the SM.  The SM then sets its orientation to this direction (plus or minus a small randomly 

generated angle). 



 Design and Implementation 28 
The concentration of a chemical in a field cell is constant by definition therefore the direction of 

maximal rate of change of the chemical concentration, φ, must be calculated by reference to the 

neighbouring field cells, (refer to Figure 3.7). 
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Figure 3.7  The direction of maximum concentration gradient 

The rate of change of the chemical concentration with respect to the x-axis and with respect to the y-

axis is calculated.  The gradient vector is obtained by adding the x and y vectors. 
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Likewise for the y-direction: 

βy = atan
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where s is the length of the side of a field cell. 

The angle of maximum gradient of the chemical concentration, φ, is determined by the following 

equation: 
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φ = atan
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Figure 3.8  The orientation of an SM 

The orientation of an SM is the direction of maximum concentration gradient for the chemical the SM 

is sensing ±ε, a small random angle.  In Figure 3.8, the direction of maximum concentration gradient is 

indicated by the black arrow and the grey arrows indicate the possible SM orientation. 

3.5.6.2 Random Movement 

If the chemical gradient for the SM is zero then the SM will continue in its current direction (plus or 

minus a small random angle). 

In the SM data type the direction of motion is stored in the tag orientation. 

3.5.7 SM Location 

Position in a two dimensional space is not a property internal to living slime mould amoeba who are 

only aware of their local environment and its properties.  The reason for including this property in an 

SM is motivated by the need for computational simplicity.  The SM passes this property to the 

functions that determine the local environmental conditions. 

The location is also used to create images of the population of the SM at various times in the 

simulations. 

In the SM data type this information is stored in tags posX and posY. 

3.5.8 Time Since the Last cAMP Relay Event 

Real slime mould amoeba moves for about 100 seconds during a chemotactic event.  Because this time 

period is more than one iteration of the model, an SM needs to be able to measure the time since the 

movement started. 
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In the SM data type this information is stored in the tag tmpTime. 

3.5.9 The Number of cAMP Relay Events 

An SM needs to count the number of relay events it has experienced.  This arrises because changes in 

real slime moulds are accelerated by relay events. 

In the SM data type this information is stored in tag reactCount. 

3.6 Modelling of Bacteria 

Bacteria are represented by a data type called a BACT.  They are relatively simple compared to an SM, 

which possess the following members: 

struct bact { 

 struct bact *ptrNextOrg; /*pointer to next bact*/ 

 struct bact *ptrPrevOrg; /*pointer to previous bact*/ 

 float energy; /*energy of bact, == EN_BACT*/ 

 float posX; /*position in x direction*/ 

 float posY; /*position in y direction*/ 

}; 

A BACT therefore has energy, which it passes to a SM that eats it.  It also has a position on the field.  

While a BACT is alive, it secretes folic acid into the field cell in which it is located.  The folic acid then 

diffused into the surrounding environment and is degraded there at the rate set in the experiment 

parameter file. 

No experiments with BACT are presented here.  They were built into the model because an experiment 

starting with a few SM and many BACT will contain natural randomness by the time the SM are ready 

to aggregate.  BACT are included here for completeness. 
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4.0 Experiments, Results and Discussion 

4.1 Model Calibration 

4.1.1 Diffusion 

The first set of experiments undertaken with the model were designed to establish that the 

distribution of chemical concentration produced by the model is in agreement with a distribution of 

concentrations calculated by an analytic equation.  The analytic equation that was chosen is given in 

Equation 4.2.  It calculates the concentration per area at time t at a distance d from a point source of 

size M.  This is approximated in the computer model by placing an amount of chemical in the central 

field cell and initiating diffusion without degradation. 

In the model, the SM secrete cAMP in units that were given the name SMU (for SM units).  This unit 

is used because the number of molecules secreted by a slime mould is very large.  For example 

Durston gives a figure of  1010 molecules [21].  Using SMU avoids having to compute with these 

very large numbers.  The SMU relates to the number of molecules, M, by a constant k, as revealed in 

the following equation: 

(SMUkM = )  .....................................................................................................................  4.1 

The units of k are [molecules per SMU] and k has a value of 109 molecules per SMU.  How the value 

of k is derived is set out towards the end of this section. 

To check that the model produces a reasonable approximation to two dimensional diffusion of 

chemicals the field was initialised with an amount (100 SMU) of cAMP in the central field cell of the 

square field and allowed to diffuse with no degradation.  This produced a distribution with radial 

symmetry, as displayed in Figure 4.1.  The run parameter values listed in Figure 4.1 is discussed in 

Section 4.2 “Input Parameters”. 
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Figure 4.1  Diffusion with no degradation from a single central field cell 

Figure 4.1 displays a field visualization at t = 1 sec, with the concentration ranges of cAMP, C in 

SMU indicated by the colour.  Pale blue indicates less than the threshold of 0.0001 SMU.  Yellow 

indicates a range 0.0001 ≤ C < 0.001, and so on as per the legend in the Figure.  The field was 

initialised with the central field cell containing 100 SMU at t = 0 and the model then calculated 

diffusion with no degradation for a period of 1 sec.  The key outcome of this visualisation is that the 

distribution of cAMP is radially symmetrical about the central field cell. 

How well Equation 3.4 approximates diffusion depends on the value assigned to rxy.  For a two 

dimensional system, an appropriate value is given by 0.25 ≥ rxy [9].  To determine an acceptable 

value for rxy two experiments were conducted and the resultant concentration distribution compared.  

The two values of rxy used were 0.1 and 0.2.  The cAMP concentration for these experiments is 

displayed in Figure 4.2. 
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Figure 4.2  Modelled diffusion for two values of rxy 

Figure 4.2 shows the concentration C in SMU per μm2 for each field cell starting with the cell 

adjacent to the one at the centre of the field.  The radial distance in Figure 4.2 is in field cells, 

however this can be converted to μm by multiplying the number of field cells number by 5 μm.  

While there are small differences between the cAMP concentration distribution, they are most 

obvious near the source rather than at the edge of the diffusion wave.  Because the cAMP wave 

propagates at the edge, where the threshold concentration triggers the SM to react, the extra 

computation time needed for rxy = 0.1 is not necessary. 

The concentration distribution produced by the model’s implementation of diffusion has been shown 

to be of the expected shape for a point source.  Further more, and acceptable value of rxy = 0.2 has 

been established.  However, to relate the model’s output in SMU to molar concentrations, it is 

necessary to compare the model output values to values calculated with an analytic equation.  The 

analytic equation selected for this comparison is displayed in Equation 4.2.  Equation 4.2 calculates 

the concentration per unit area C on an infinite plane at time t, at a location which is a radial distance 

d from a point sources: 

⎟⎟
⎠

⎞
⎜⎜
⎝
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4

2

π
 ......................................................................................................  4.2 

where M is the total amount of substance diffusing [molecules] and D is the diffusion constant [μm2 

per sec] [9].  The values of the concentration distribution obtained from the model compare 

favourable with those predicted by Equation 4.2. 
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Figure 4.3  Comparing diffusion from the model with a calculated distribution from a point 
source 

Figure 4.3 displays a graphical representation which facilitates a comparison of the diffusion 

resulting from the model and that predicted by Equation 4.2 at a time t = 1.  The initial conditions for 

Equation 4.2 are: a point source of M = 100 SMU at t = 0.  The initial conditions for for the model 

are: 100 SM SMU of cAMP in the central field cell at t = 0.  As can be seen in Figure 4.3 the cAMP 

concentration distribution predicted by Equation 4.2 agrees well with that produced by the simulation 

results of the model. 

The average number of molecules of cAMP that a slime mould releases when it reacts is 1010 

molecules [21].  The model uses a corresponding value of 10 SMU.  The parameter used by the 

model is SOURCE_RATE_cAMP_2, which is defined in Section 4.2.  Figure 4.3 uses a value of 1 

SMU = 109 molecules or k = 109 molecules per SMU.  Figure 4.3 indicates that the concentrations 

produced by the model is effectively the same as that predicted by Equation 4.2.  In other words, the 

two results differ only by a constant. 

In order to calculate the molar concentration of cAMP, the volume of water in a field cell must to be 

estimated.  An aqueous film doesn’t have a set thickness however a reasonable average value is 1 μm 

[26].  This gives a field cell volume of 25 μm3 = 2.5 x 10-14 l.  In order to determine the number of 

moles in a field cell, the number of molecules in the field cell must be divided by Avagadro’s number 

= 6.022 x 1023.  The molar concentration can then be obtained by dividing the number of moles by 

the volume expressed in litres. 
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In the threshold concentration necessary to trigger a slime mould to secrete the maximum pulse of 

cAMP Cthreshold is 10-6 M [48].  A field cell (of 5 μm x 5 μm) must contain 0.00001506 SMU of cAMP 

for the model for the field cell to represent this molar concentration.  The minimum threshold 

concentration necessary to produce a response is Cthreshold = 10-8 M [69].  For the model field cell to 

have this concentration, it would require 0.00000015 SMU of cAMP.  From now on the units of 

Cthreshold will be SMU. 

The implementation of diffusion in the model produces a very close approximation to the chemical 

concentration distribution calculated by Equation 4.2.  This is especially true in the low 

concentrations values at the leading edge of the diffusion front, which are similar to values of the 

cAMP threshold concentration.  At 120 μm from the source the concentration calculated by Equation 

4.2 is 0.00001188 SMU per μm2, which is close to the threshold concentration for maximum 

response.  For rxy = 0.2 the model calculates a value at this point of 0.00001196 SMU per μm2.  This 

corresponds to a error of 0.654%, which the author believes to be acceptable. 

The implementation allows the calculation of a cAMP threshold concentration in the model’s units 

that corresponds to recognised cAMP threshold concentrations in the literature. 

4.1.2 Wave Speed and Continuity 

Aggregating slime moulds are an example of a reactive medium because the system supports 

undamped, travelling waves of cAMP.  For very low densities of amoebae cAMP waves will not be 

supported.  It is proposed therefore that there is a SM density above which the model emulates a 

reactive medium but below which it doesn’t.  A set of experiments were undertaken to determine this 

critical SM density.  These experiments examined characteristics of the wave, including the average 

wave speed, the variation in speed measured at various points around its perimeter and how well the 

wave approximates a circular band. 

4.1.2.1 Quantifying the Properties of the Wave 

As described in Chapter 3, the model facilitates examination of aggregating SM as an excitable 

medium.  This is achieved by recording the time when the first cAMP wave reaches a set of field 

cells located on a circle.  The diameter of this circle is slightly less than the length of side of the field 

and its centre is coincident with the only SM3 located at the centre of the field.  This set of field cells 

are called wave check field cells. 

The speed of the wave can be determined for each wave check field cell from the fact that the 

distance the wave travels, the elapsed time, which is calculated from the number of iterations 

multiplied by the time per iteration.  The average speed of the wave and the standard deviation can 

then be calculated.  A measure of the degree to which the cAMP wave is continuous around its 
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circumference is a count of the number of wave check field cells that were triggered, i.e. that the 

cAMP wave front reached. 

8 wave check field cells

0

20

40

60

80

100

150 200 250 300 350 400 450 500 600 700 800

number of SM2

total triggered standard deviation
wave speed [micro metre per sec]

 
Figure 4.4  cAMP wave speed, cAMP wave speed standard deviation, & number of 
triggered wave check field cells plotted against the number of SM2 

Figure 4.4 displays three properties of the cAMP wave plotted against the number of SM in a field of 

size 2,000 μm x 2,000 μm.  The maroon diamonds represent the average cAMP wave speed.  The 

standard deviation of the cAMP wave speed measured at each wave check field cell is represented by 

the light blue crosses.  The number of triggered cAMP wave check field cells are represented by the 

dark blue diamonds.  The other important parameters are a threshold cAMP concentration of 0.00001 

SMU per field cell and cAMP degradation rate of 0.7.  The average wave speed is a function of the 

number of triggered wave check field cells and the cAMP wave travel time interval.  This 

relationship is expressed in the following equation: 
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 ..........................................................................................................................  4.3 

where s is the average cAMP speed, n is the number of triggered wave check field cells, δfield is the 

distance from the central SM3 to the wave check field cells, and ti is one of the set of times taken for 

the wave to travel from centre to the wave check field cell. 
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4.1.2.2 Visualisation of the Wave 

Section 4.1.2.1 explained how the model can quantify properties of the cAMP wave for use in 

experiments investigating the excitable media properties of aggregating slime moulds. 

Visualisation of the wave is necessary to ensure that the experiment conducted with the model is 

simulating a reactive medium.  The SM density at which the system can no longer be considered as a 

reactive medium is not immediately evident from only looking at the quantitative results.  With the 

assistance of qualitative results provided by visualising the wave it is possible to establish a value for 

the minimum SM density necessary for the system to be considered a reactive medium. 
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Figure 4.5  cAMP wave at higher SM2 densities 

Figure 4.5 displays the field visualization for 800 SM2 and cAMP threshold concentration of 

0.00001 SMU per field cell and cAMP degradation of 0.7.  Overlaying the field depicted in Figure 

4.5 is the location of the wave check field cells.  In this visualization, the colour of the SM indicate 

the phase range of the SM.  Fully reactive SM are black.  Those that are unreactive are blue.  The 

green SM indicate recovering reactivity. 

Figure 4.5 reveals that the cAMP wave is reasonably circular and continuous.  At lower SM densities 

the cAMP wave looses its circular appearance. 
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Figure 4.6  cAMP wave at lower SM2 densities 

Figure 4.6 displays the field visualization for 250 SM2 and cAMP threshold concentration of 

0.00001 SMU per field cell and cAMP degradation of 0.7.  Again, the locations of the wave check 

field cells are overlaid on the visualization.  The wave is very irregular, fragmented and not at all 

circular.  It should be noticed that the wave fragments have reached or should reach some of the 

wave check field cells.  Wave check field cells 3, 14, and 15 have been triggered and cells 4 and 13 

look as if they will be.  This would produce the quantitative values calculated in Section 4.1.2.1, 

however the qualitative data from the wave visualisation shows that these values are misleading and 

the SM density for this experiment is too low to produce a system that could be considered a reactive 

medium. 

At higher SM densities, 800 SM2, all eight wave check field cells are triggered.  The wave is 

comparatively fast (86.96 μm per sec) and the standard deviation of the wave speed at each wave 

check field cell is small (0.926).  This indicats that the wave front is fairly circular.  As the SM 

density decreases, the cAMP wave speed decreases and the standard deviation of the wave speed 

increases.  Eventually, not all the wave check field cells are triggered (500 SM2).  These trends 

continue until 400 SM2 after which the wave speed becomes erratic.  At these lower SM densities, 

the local variations in SM density can have a large impact on the ability of the wave to propagate.  
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Also, the wave fails to propagate to about half the wave check field cells.  As a result, the average 

speed is based on a smaller sample. 

4.1.2.3 Average Wave Speed Calculated on 4, 8 and 16 Wave Check Field Cells 

Experiments were conducted to explore the effect the number of wave check field cells have on the 

average wave speed and the wave speed standard deviation.  The maximum number of wave check 

field cells is 16.  The quantitative wave measurements obtained in Section 4.1.2.1 were applied using 

16, 8 and 4 wave check field cells.  To calculate average wave speed for 16 wave check field cells for 

instance, all output values were included.  To calculate average wave speed using 8 wave check field 

cells, output values from every second wave check field cell were ignored.  Therefore values from 

wave check field cell 1,3, 5, 7, 9, 11, 13 and 15 were used in calculating the average wave speed.  

Similarly, when calculating average wave speed based on 4 wave check field cells the output values 

for field cell 1, 5, 9 and 13 were used. 
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Figure 4.7  Average wave speed for 4, 8, and 16 wave check field cells 

Figure 4.7 displays experimental results obtained by calculating the average wave speed using 4, 8 

and 16 wave check field cells.  In these experiments, the cAMP threshold concentration is 0.00001 

SMU per field cell and cAMP degradation is 0.7.  Generally the average wave speed decreases as the 

SM density decreases.  At higher SM densities, > 600 SM2, there is very little difference between the 

average wave speed calculated from 4, 8, or 16 wave check field cells.  In all cases the wave front is 
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reasonably circular and continuous.  The average wave speed calculated from 8 and 16 wave check 

field cells are very similar.  This situation hold for SM numbers as low as 400.  Below this SM value, 

the average wave speeds calculated using 8 and 16 have noticeably different values. 

4.1.2.4 Standard Deviation of Wave Speed Calculated on 4, 8, and 16 Wave Check 
Field Cells 

The relationship between the standard deviation of wave speed and the number of wave check field 

cells used to calculate the wave speed is displayed in Figure 4.8. 
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Figure 4.8  Standard deviation of wave speed for 4, 8, and 16 wave check field cells 

Figure 4.8 displays the experimental results that investigate the relationship between the number of 

wave check field cells affects the calculated variability in wave speed for 4, 8 and 16 wave check 

field cells.  The cAMP threshold concentration is 0.00001 SMU per field cell and cAMP degradation 

is 0.7.  In these experiments, the wave speed standard deviation generally increases as the SM density 

decreases.  The graph revels that the standard deviation calculated on 4, 8 , and 16 wave check field 

cells have similar values for 400 SM2 or more.  Below 400 SM2, the standard deviation of wave 

speed is generally higher and more erratic.  The differences calculated for 4, 8, and 16 wave check 

field cells is generally large at low SM values. 
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By definition, waves can propagate in excitable media.  As the reactivity of the medium decreases its 

ability to sustain waves decreases.  As can be observed from the graph displayed in Figures 4.7 and 

4.8 the point at which the wave breaks down is open to interpretation.  In this thesis, the model will 

be considered a reactive medium if no more than one wave check field cell fails to trigger.  For 4, 8 

and 16 wave check field cells, this interpretation implies that the system is a reactive medium for SM 

counts of 450 or more in a field 400 x 400 field cells in size.  This corresponds to a SM density of 

1.125 x 103 SM per cm2.  This a low minimum SM density when compared to 5 x 104 amoebae per 

cm2 reported by Alcantara & Monk; 1974 [2].  Under these conditions, the average wave speed and 

its variability are similar for 8 and 16 wave check field cells.  Its value is different for that calculated 

from 4 wave check field cells. 

4.2 Input Parameters 

There are a number of parameters in this model for whose values for a given experiment can best be 

tracked by storing in a file.  The file name “ParamFileSM5” identifies the input parameter file.  

These parameters and their interpretations are listed in Table 4.1. 

Table 4.1  Parameter values supplied by the ParamFileSM5 

Parameter Description 

EXP_SNO Each series of experiments has an experiment number 

RUN_SNO Each run in a series of experiments has a serial number.  

EXP_SNO.RUN_SNO is appended to the output file names 

and should uniquely identify them. 

TOTAL_TIME Total time of the run [sec]. 

INITIAL_STG_1_SM The number of SM1 at the beginning of the experiment. 

INITIAL_STG_2_SM The number of SM2 at the beginning of the experiment. 

INITIAL_STG_3_SM The number of SM3 at the beginning of the experiment. 

POS_SM A flag setting how the SM are initially arranged: 

= 0 then SM2 randomly and SM3 depends on 

POS_STG_3_SM 

= 1 then in a circle, 

= 2 then in a square 

SIDE The length of the side of the square or triangle or the 

diameter of the circle [pixels] 

PHASE_INC The increase in the reactivity from SM 0 to SM 1 for SM 
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initially in circles & squares, i.e. POS_SM = 1 or 2. 

POS_STG_3_SM Flag for setting the initial location of SM3: 

= 0 place all at random, 

= 1 place 1 at x,y and rest at random, 

= 2 place all stage 3 SM at same spot. 

DRAW_RATIO The number of iterations between each output. 

cAMP_LOSS The loss of cAMP if no PDE, 0.0-1.0. 

SOURCE_RATE_cA

MP_2 

The maximum amount of cAMP secreted by an SM in SMU. 

PNT_cAMP_FLD Flag setting whether cAMP concentrations are outputted: 

= 0 don’t print, 

= 1 print. 

RESTORE_RECEPT

OR_cAMP_2 

The rate (0.0 – 1.0) at which the cAMP receptors restore for 

stage 2 SM.  Receptors are measured as fraction of 

maximum number of receptors, between 0 & 1, and so the 

units for RESTORE_RECEPTOR_cAMP_2 are 

dimensionless. 

RESTORE_RECEPT

OR_cAMP_3 

The rate (0.0 – 1.0) at which the cAMP receptors restore for 

stage 3 SM.  Receptors are measured as fraction of 

maximum number of receptors, between 0 & 1, and so the 

units for RESTORE_RECEPTOR_cAMP_3 are 

dimensionless. 

RAND_FIRE Used to set the probability that a SM2 or SM3 will fire at 

random, 0.0 produces no random firing and 100.0 produces 

always random firing. 

cAMP_CONC1 The threshold cAMP concentration necessary to cause a 

SM2 or SM3 to fire [SMU].  Field cells with less than this 

concentration are coloured light blue.  The concentrations 

corresponding to other colours are: 

≥ cAMP_CONC1 & < 10 x cAMP_CONC1 is yellow, 

≥ 10 x cAMP_CONC1 & < 100 x cAMP_CONC1 is dark 

yellow, 

≥ 100 x cAMP_CONC1 & < 1,000 x cAMP_CONC1 is 

orange, 
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≥ 1,000 x cAMP_CONC1 & < 10,000 x cAMP_CONC1 is 

red, 

≥ 10,000 x cAMP_CONC1 & < 50,000 x cAMP_CONC1 is 

light purple, 

≥ 50,000 x cAMP_CONC1 is dark purple. 

PNT_DFO Flag to set the type of output required: 

0 = only angle file, 

1 = angle and position/chem file, 

2 = wave check file only - square fields only, 

3 = position/chem file only (not angle). 

RECEPTOR_cAMP_

FLG 

Flag to set how the initial values for the cAMP: 

0 = all have initial receptors = INIT_RECPT, 

1 = have random between 0 and INIT_RECPT. 

ANGLE_CNTR_X Sets the location of the centre for wave cross section 

measurements in proportion to the x-dimension of the field.  

Usually the location of the SM3, which is usually the centre 

of the field. 

ANGLE_CNTR_Y Sets the location of the centre for wave cross section 

measurements in proportion to the y-dimension of the field.  

Usually the location of the SM3, which is usually the centre 

of the field. 

CONTACT_ON Flag setting movement of SM: 

= 0 then SM will over-run each other, 

= 1 then SM won't over-run each other. 

EN_FLG Flag to set how the initial values for the SM energy: 

0 = all SM have the value passed to the function, 

1 = have random values between a minimum and a 

maximum, usually energies that mark a change in behaviour. 

R_CONST The constant relating the dimension of a field cell to the 

maximum time increment for diffusion, <= 0.25. 

REACT_SM_2 The minimum fraction of receptors necessary for an SM2 to 

be reactive, between 0 & 1. 

REACT_SM_3 The minimum fraction of receptors necessary for an SM3 to 
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be reactive, between 0 & 1. 

SPEED_SM_1 The maximum speed of a stage 1 SM. 

SPEED_SM_2 The maximum speed of a stage 2 SM. 

START_DRAW The iteration number where output starts. 

The following parameters were not used in any of the experiments presented in this 

thesis but are included for completeness. 

FOL_LOSS The loss of folate 0.0-1.0. 

INITIAL_BACT The initial number of bacteria. 

MIN_cAMP_RATE If R_V_A_cAMP = 1 then this sets the minimum rate of 

change of cAMP necessary to trigger a response. 

PDE_LOSS The loss of PDE, 0.0-1.0. 

Not used in any experiments presented here. 

PDI_LOSS The loss of PDI, 0.0-1.0. 

Not used in any experiments presented here. 

PDI_REDUCTION_R

ATE 

The rate at which PDI production is reduced. 

Not used in any experiments presented here. 

PNT_FOL_FLD Flag setting whether folate concentrations are outputted: 

= 0 don’t print, 

= 1 print. 

PNT_PDE_FLD Flag setting whether PDE concentrations are outputted: 

= 0 don’t print, 

= 1 print. 

Not used in any experiments presented here. 

PNT_PDI_FLD Flag setting whether PDI concentrations are outputted: 

= 0 don’t print, 

= 1 print. 

Not used in any experiments presented here. 

R_V_A_cAMP Flag to set how SM react to cAMP: 

= 0 for absolute cAMP, 

= 1 for rate of change of cAMP. 

In all experiments presented here R_V_A_cAMP = 0. 
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RAND_FIRE_MAX_

COUNT 

The iteration after which no random firing of SM will occur.  

NOTE:  This is not a time in seconds, which can be obtained 

by TIME_PER_ITER * RAND_FIRE_MAX_COUNT. 

RAND_REACT Used to produce variation in reactivity of SM2.   So if SM-

>recpt >= REACT_SM_2 * SM->react is true then the SM 

will check the cAMP concentration in its field cell.  The 

value of SM->react = 1 - RAND_REACT * randFlt(0.0,1.0).  

So if RAND_REACT = 0 then no variation. 

SOURCE_RATE_FO

L 

The amount of folate secreted by bacteria in SMU. 

SOURCE_RATE_PD

E 

The maximum amount of PDE secreted by an SM in SMU. 

Not used in any experiments presented here. 

SOURCE_RATE_PD

I 

The maximum amount of PDI secreted by an SM in SMU. 

Not used in any experiments presented here. 

START_PDI_REDU

CTION 

The iteration after which PDI production starts to decrease. 

Not used in any experiments presented here. 

The size of the field can be changed by re-compiling the application. 

4.3 Output 

This section lists the types of output the model can produce.  The output controls are listed and 

explained. 

4.3.1 Field Visualizations Output 

To undertake an investigation into the local interactions of SM it is necessary to be able to produce a 

graphical output of the SM and their chemical environment. 

Field visualization allows the experimenter to observe chemical concentrations and/or the location of 

the artificial organisms.  Figure 4.1 displays an example of a field visualization.  The various 

parameter values are listed on the left hand side of the figure.  These parameters generally correspond 

to the parameters listed in table 4.1.  Also included is the dimensions of the field measured in field 

cells. 

In Table 4.2 the column labelled “draw mode” specifies the type of output visualized by the 

visualization application under the “View” menu. 
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Table 4.2  Field visualization output modes 

draw mode meaning 

SM only Only the SM are printed on the field. 

SM & cAMP Each field cell is printed with the colour coding for its cAMP concentration 

range and then the SM are printed over the top. 

SM & PDE Each field cell is printed with the colour coding for its PDE concentration 

range and then the SM are printed over the top.  This was not used as no 

experiments were done using PDE. 

SM & PDI Each field cell is printed with the colour coding for its PDI concentration 

range and then the SM are printed over the top.  This was not used as no 

experiments were done using PDI. 

SM & Bact The SM and the Bact were printed on the field. 

cAMP only Each field cell is printed with the colour coding for its cAMP concentration 

range.  Figure 4.1 is an example. 

PDE only Each field cell is printed with the colour coding for its PDE concentration 

range.  This was not used as no experiments were done using PDE. 

PDI only Each field cell is printed with the colour coding for its PDI concentration 

range.  This was not used as no experiments were done using PDI. 

Bact only Only Bact are printed on the field. 

In some visualizations the reactivity of the SM is colour coded.  The colour codes are listed in Table 

4.3. 

Table 4.3  Colour codes for SM reactivity 

colour of SM reactivity range 

blue Not reactive. 

green Partly reactive. 

black Close to or fully reactive. 

To obtain this type of output the PNT_DFO flag is set to either 1 or 3. 
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4.3.2 cAMP Wave Cross Sections Output 

When initially designing this computer model the author considered that the distribution of 

concentrations along a cross-section through the cAMP wave would be useful in analysing the 

subsequent aggregation patterns.  The facility to output these wave concentration cross-sections was 

therefore incorporated into the model.  The output files that stores wave cross-section data have the 

identifier “oao”. 

Graphs of cAMP wave cross section presented in this thesis were produced with Microsoft Excel.  

Figure 4.9 displays a cross section of the wave visualized in Figure 4.5.  The graph represents half a 

segment from the centre (on the right of the graph) to the edge of the field (left side of graph).  This 

is the line from the centre to wave check field cell number 13. 
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Figure 4.9  A cross section through the cAMP wave shown in Figure 4.5 

The front of the wave is in the range of field cell from 199 to 150. 

Wave concentration cross-sections did not prove to be very useful except in the calibration of the 

model’s method for calculating diffusion. 

To obtain this type of output the PNT_DFO flag is set to either 0 or 1. 
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4.3.3 Wave Speed and Continuity Output 

When investigation the excitable media properties of the model it is useful to configure the model to 

output just the data necessary to calculate the speed of the cAMP wave. 

The output for a particular run is to a file containing a header and the iteration at which each wave 

check field cell was triggered.  The header contains the experiment serial number and various 

parameter values and field size information.  Data from the output file will be analysed to give 

information about the speed, speed variability, and continuity of the cAMP wave. 

In these types of experiment only the first cAMP wave is measured.  If the SM are allowed to move, 

they will not travel far in the time the first wave take to travel from the centre to the edge of the field.  

Therefore, any movement of the SM will not affect the speed or continuity of the wave. 

To obtain this type of output the PNT_DFO flag is set to 2. 

4.4 Experiments 

This section describes some of the experiments carried out using the author’s model.  The resultant 

output is presented and discussed. 

4.4.1 Aggregations to a Pacemaker SM 

This section tests hypothesis 1: That the occurrence of the radially arranged branching streams 

pattern is highly stable over a wide range of parameters.  These parameters are the attractant 

degradation rate, the attractant threshold concentration and the attractant secretion rate. 

For the model to be a reasonable representation of living slime moulds it should be able to reproduce 

the cAMP wave patterns and subsequent aggregation patterns associated with a pacemaker cell.  

Pacemaker aggregations are a common form of aggregation.  An SM becomes an autonomous 

oscillator (an SM3) and entrains the surrounding SM.  However, there is considerable variation in the 

basic patterns. 

4.4.1.1 Formation of Aggregation Streams 

The model should be able to produce the increase in cAMP wave speed associated with higher SM 

densities. 

One feature of almost all aggregations is that aggregation occurs via aggregation streams.  This is 

true for aggregations associated with a pacemaker and spiral waves.  SM that are initially randomly 

distributed come together into a stream and it is in the stream that the SM enter the aggregation.  This 

process has been described mathematically [43].  It also has a physical basis in the local interaction. 
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Figure 4.7 and 4.10 demonstrate that the speed of the cAMP wave increases with increased SM 

density. 
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Figure 4.10  The relation between cAMP wave speed and SM density 

Figure 4.10 is similar to Figure 4.7.  However, they differ in that Figure 4.10 spans a bigger range of 

SM densities than Figure 4.7.  The lowest SM density in Figure 4.10 is that necessary to maintain a 

regular and continuous cAMP wave. 

If a plain wave were to approach a region of higher SM density, then the wave would develop a 

bulge in the region with the higher SM density.  Such bulging effects can be seen in Figure 4.5.  The 

effect is particularly evident near wave check field cell 15.  Conversely, if a plain wave approaches a 

region of low SM density, it will develop a dimple as the wave slows in the region of the low SM 

density.  This effect can be seen between wave check field cells 4 and 5 in Figure 4.5. 

The SM move towards the direction with the maximum cAMP concentration gradient.  This means 

that their velocity has a component at right angles to the general direction of the wave, i.e. at right 

angles to the radius from the centre of the aggregation to the circular wave front.  The result is a 

movement of SM towards the higher density of SM and away from lower densities.  Figure 4.11 

displays this effect. 
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Figure 4.11  The mechanism of aggregation stream formation 

The rapidity with which the SM will form streams will depend on the curvature of the cAMP wave 

associated with variations in SM density.  The parameters that can affect curvature include the cAMP 

degradation, the cAMP threshold concentration and the cAMP secretion rate. 

Increasing the cAMP degradation decreases the wave speed, decreases the continuity and regularity.  

Figure 4.12 and 4.13 display this effect. 

Increasing the cAMP threshold concentration has a similar effect to increasing cAMP degradation.  

The effect can be observed in Figure 4.14 and 4.15.  At low cAMP threshold values, the wave is 

faster, more continuous and regular. 
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Figure 4.12  The first cAMP wave at higher cAMP loss rate 
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Figure 4.13  The first cAMP wave at lower cAMP loss rate 
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Figure 4.14  The first cAMP wave at higher cAMP threshold 
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Figure 4.15  The first cAMP wave at lower cAMP threshold 
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The model does produce a cAMP wave speed that increases with increasing SM density.  This is 

sufficient to cause the curvature of the cAMP wave front necessary to produce aggregation streams. 

4.4.1.2 Formation of Branching Aggregation Streams 

For the model to be considered successful in emulating slime mould aggregation it should be able to 

produce branching aggregation streams.  Branching aggregation streams are one of the most common 

features of slime mould aggregations. 

The propagation of successive cAMP waves through the field effects the aggregation pattern that 

forms.  The model parameters that influence the cAMP wave for any given SM density are the cAMP 

degradation rate, the value of cAMP threshold and the cAMP secretion rate. 

4.4.1.2.1 cAMP Degradation Rate 

It is proposed that cAMP degradation is important in the formation of global aggregation patterns.  

Removal of cAMP from the environment allows the SM to detect the direction of the next cAMP 

wave’s origin.  Because increasing cAMP degradation should increase the curvature of a bulge 

associated with local higher SM densities it would be expected that the low cAMP degradation 

aggregations would differ from those with high degradation. 

In experiments described in Section 4.4.1, the origin of the wave is the central SM3.  If the SM2 

surrounding the SM3 become reactive before sufficient cAMP degrades to bring the concentration 

below the threshold, then the SM2 will react by secreting cAMP and move in the direction of the 

maximum cAMP concentration gradient.  In this situation the direction is unlikely to be towards the 

SM3 that originated the cAMP wave.  It is more likely that a slightly higher local SM density will be 

the source of the maximum gradient of cAMP concentration.  In this case the SM will form small 

clumps rather than a structured aggregation with streams. 
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Figure 4.16  Clump aggregations 

Figure 4.16 illustrates the clumping produced when the SM become reactive before the cAMP has 

been degraded. 

The implementation of the model permits the rate at which the cAMP receptors recover to be 

adjusted so that the SM will not become reactive before the cAMP concentration falls below the 

threshold.  Under these conditions, the cAMP degradation rate has very little effect on the structure 

of the aggregation streams. 
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Figure 4.17  Aggregation with very low cAMP degradation 

Figure 4.17 illustrates the effect of a very low cAMP degradation rate and slow recovery.  In 

comparison, Figure 4.18 F displays a very similar pattern, which was produced in half the time by 

employing high cAMP degradation and faster receptor recovery.  The patterns are similar in the 

number of streams that form and the average angle formed when streams join. 

A high cAMP degradation rate allows a faster recovery of cAMP receptors and therefore aggregation 

can occur in a shorter time period.  Real slime moulds would probably benefit from faster 

aggregation.  Amoebae are safe from predation by nematodes once they are in the slime sheath that 

surrounds the pseudoplasmodium and streams [34]. 

The importance of having cAMP degradation was demonstrated.  For a given rate of degradation 

there is a maximum rate of restoration of reactivity of the SM.  As long as SM reactivity is not 

restored faster then this maximum then cAMP degradation has very little influence on the overall 

observed aggregation pattern over a range of degradation values from 0.1 to 0.9.  The number of 

streams, the degree of branching, and the angles formed at the junctions of streams are very similar in 

all these experiments.  The exact location of the streams is not the same for all the degradation rates. 
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Figure 4.18  Aggregation patterns for cAMP threshold of 0.000001 and various cAMP 
degradation rates 

Figure 4.18 displays the aggregation patterns for acrasin threshold concentration 0.000001, at time 

500 seconds.  Acrasin degradation rate for each sub-figure is: A 0.4 B 0.5, C 0.6, D 0.7, E 0.8, F 0.9.  

The values of other parameters used are:  SM1 0, SM2 2000, SM3 1, acrasin secretion rate SM2 & 

SM3 10, speed of SM2 & SM3 0.10, acrasin receptor restoration rate SM2 0.009 & SM3 0.01, 
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REACT_SM  0.5, RAND_FIRE 0, number of field cells in x & y direction 400, field cell size 5 μm, 

R_CONST 0.2 

4.4.1.2.2 cAMP Threshold Concentration 

Higher cAMP threshold concentration will accentuate the curvature of a bulge associated with a 

locally higher SM density.  It would therefore be expected that low cAMP threshold aggregations 

should differ from those with higher thresholds. 

Increasing the cAMP threshold concentration by two orders of magnitude has very little effect on the 

aggregation pattern.  To compare aggregation where the only changed input parameter is cAMP 

threshold, it is necessary to look at the same sub-figure letter in Figures 4.18, 4.19 and 4.20.  For 

instance, Sub-figure F in Figures 4.18, 4.19 and 4.20 depicts aggregations with cAMP degradation of 

0.9 and cAMP thresholds of 0.000001, 0.00001 and 0.0001 respectively.  In these figures the number 

of streams, the degree of branching and the angles formed at the junctions of streams are very similar 

in these three sub-figures.  The exact location of the streams is not the same for all the threshold 

concentrations.  However the location of the streams does reveal a tendency for a decrease in cAMP 

threshold concentration to compensate for increased cAMP degradation.  The stream locations in 

Figure 4.18 D are closer to those in Figure 4.19 C and 4.19 D. 

The insensitivity of the aggregation pattern to cAMP threshold is not what was expected. 
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Figure 4.19  Aggregation patterns for cAMP threshold of 0.00001 and various cAMP 
degradation rates 

Figure 4.19 displays the aggregation patterns for acrasin threshold concentration 0.00001, at time 500 

seconds.   Acrasin degradation rates for each sub-figure is: A 0.4 B 0.5, C 0.6, D 0.7, E 0.8, F 0.9.  

The values of other parameters used are:  SM1 0, SM2 2000, SM3 1, acrasin secretion rate SM2 & 

SM3 10, speed of SM2 & SM3 0.10, acrasin receptor restoration rate SM2 0.009 & SM3 0.01, 
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REACT_SM  0.5, RAND_FIRE 0, number of field cells in x & y direction 400, field cell size 5 μm, 

R_CONST 0.2 
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Figure 4.20  Aggregation patterns for cAMP threshold of 0.0001 and various cAMP 
degradation rates 

Figure 4.20 displays the aggregation patterns for acrasin threshold concentration 0.0001, at time 500 

seconds.   Acrasin degradation rate for each sub-figure is: A 0.4 B 0.5, C 0.6, D 0.7, E 0.8, F 0.9.  
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The values of other parameters used are:  SM1 0, SM2 2000, SM3 1, acrasin secretion rate SM2 & 

SM3 10, speed of SM2 & SM3 0.10, acrasin receptor restoration rate SM2 0.009 & SM3 0.01, 

REACT_SM  0.5, RAND_FIRE 0, number of field cells in x & y direction 400, field cell size 5 μm, 

R_CONST 0.2 

4.4.1.2.3 cAMP Secretion Rate 

Reduced cAMP secretion rate will increase the curvature of a bulge associated with locally higher 

SM densities.  It would therefore be expected that aggregation patters produced with low cAMP 

secretion rate aggregations should differ from those with higher rates. 

Decreasing the cAMP secretion rate to 5 SMU has little impact on the structure of aggregation 

streams.  The pattern displayed in Figure 4.21 has half the cAMP secretion that produced Figure 4.19 

F.  The aggregation pattern displayed in these two figures is very similar in the number of streams, 

the degree of branching and the angles formed at the junctions of streams.  The exact location of the 

streams is not the same, however. 
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Figure 4.21  Aggregation with cAMP secretion reduced to 5 SMU 

The rate at which cAMP is secreted, degraded and the threshold concentration have been presented 

separately.  However, combining the extreme values of each does have an observable effect on the 
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aggregation pattern.  Figure 4.22 illustrates this effect.  The aggregation was produced with a 

degradation rate of 0.9, a threshold concentration of 0.0001 and a cAMP secretion rate of only 2 

SMU.  The number of aggregation streams entering the aggregation is reduced from about eight, 

which is about normal for other aggregation, to just three.  The angle at which the branches join the 

aggregation streams is generally increased as compared to aggregations displayed in Figures 4.17, 

4.18, 4.19, 4.20 and 4.21.  Also, the streams meander in comparison to those observed in Figures 

4.17, 4.18, 4.19, 4.20 and 4.21.  Finally, some SM have failed to join the aggregation and there are 

indications that streams are beginning to become detached from the aggregation.  This effect is 

particularly noticable in the top left hand corner of Figure 4.22. 

The pattern displayed in Figure 4.22 has some similar characteristics to the pattern displayed in 

Figure 2.4.  This includes: streams that meander and detached streams.  However, Figure 4.22 

doesn’t exhibit interconnection streams. 
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Figure 4.22  Aggregation with high cAMP degradation, high cAMP threshold 
concentration, and very low cAMP secretion rate 

It is argued that the aggregation pattern illustrated in Figure 2.2 is the most common pattern observed 

in nature because it results from a wide range of parameters.  A much smaller set of parameters 

results in aggregation patterns similar to those displayed in Figure 2.4.  These parameters are at the 

extreme range of values that will produce an aggregation. 
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4.4.2 Random Secretion of cAMP 

This section test hypothesis 2: That continued random secretion of chemical attractant is the 

underlying mechanism that produces the net-like aggregation pattern. 

If the aggregation pattern is sensitive to the initial distribution of SM then random cAMP secretion 

by the SM should disrupt the streaming pattern produced. 

Experiments were conducted where the SM randomly secrete cAMP throughout the period of the 

aggregation.  In one experiment, the initial conditions were identical to those that produced the 

pattern displayed in Figure 4.22, except that there was a 0.01% chance that a SM would randomly 

secrete during any iteration.  The aggregation that this produced had similar features as those 

observed in the pattern displayed in Figure 4.22.  These features include: reduced number of streams, 

branches join streams at a greater average angle, the presents of detached streams, and streams that 

meander.  However, the shape of the streams is very different.  Detached streams and SM that fail to 

join the aggregation are considerably more common than those observed in Figure 4.22. 
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Figure 4.23  Random secretion of cAMP with one SM3 

It would appear that the elements of the aggregation pattern are robust when random changes are 

introduced.  However the exact locations of streams is sensitive to random disturbance. 
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An experiment was conducted with the same initial condition and input parameters to the ones that 

produced the pattern displayed in Figure 4.23, with one exception.  There was no SM3 at the centre 

of the field.  The lack of an SM3 did not inhibit the SM from forming into streams due to the random 

firing.  The resulting structure is a net-like pattern over the field.  This is in contrast to the radial 

patterns observed in Figures 4.17, 4.18, 4.19, 4.20 and 4.21 and to a lesser extent Figure 4.22. 
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Figure 4.24  Net-like aggregation steams produced by random secretion of cAMP but 
with no SM3 

The pattern displayed in Figure 4.24 has similarities to the pattern displayed in Figure 2.6.  In both 

the field is covered with interconnecting streams.  It is argued that net aggregations are associated 

with continued random secretion of cAMP by the amoebae.  The continued random secretion of 

cAMP could explain why these aggregations rarely form mounds. 

Further experimentation should be undertaken to investigate net-like aggregations.  Figure 4.23 

illustrates the early stages of the aggregation and the field is not large. 

4.4.3 Formation of Natural Loop Aggregation 

This section tests hypothesis 3: That loop waves are caused by random initial conditions plus random 

secretion of chemical attractant. 
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It is proposed that loop aggregations are a natural consequence of an initial random distribution of 

cAMP reactivity rather than the initial location of the SM. 

To test this experiments were conducted where the SM were initially randomly assigned values for 

reactivity.  This assignment strategy can result in small patches where the reactivity of the SM is low.  

If an SM randomly secrets cAMP on the edge of one of these patches with low reactivity, a cAMP 

wave can only propagate away from and around the patch.  Eventually the wave may arrive back to 

the other side of the patch.  If the patch has become reactive in the mean time, then the wave will 

complete a loop.  This is one mechanism by which loop aggregations can form. 
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Figure 4.25  The beginnings of a loop aggregation 

Figure 4.25 displays the first two random firings.  The wave formed by the lower random firing will 

propagate around a loop.  The path of this wave has been superimposed on the field.  The direction of 

the arrow indicates the direction that the wave will propagate, i.e. anti-clockwise.  Initially, the wave 

starts to propagate in both directions.  However, the SM to its right are not fully reactive and don’t 

produce sufficient cAMP to diffuse between SM.  In this situation, the wave collapses in this 

direction.  As there is a group of fully reactive SM to its left, the wave propagates in this direction. 
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Figure 4.25 displays the situation early in the experiment.  The loop wave is established from the 

time it completes the first loop.  The loop then provides the aggregation centre for the rest of the 

field.  Streams form and they enter the loop aggregation as displayed in Figure 4.26. 
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Figure 4.26  A loop aggregation formed by initial randomly assigned reactivity and some 
random firing of SM 

Figure 4.26 displays the results of a loop aggregation after 300 iterations.  The colour of a SM 

indicate the reactivity range.  Black SM are fully reactive.  Blue SM are unreactive.  Green SM are 

recovering but not fully reactive.  It should be noted that the SM in Figure 4.26 rarely become fully 

reactive.  This is because the cAMP wave moves around the loop aggregation as fast as is allowed by 

the rate of recovery of the SM.  This is similar to the situation for spiral or double spiral waves that 

begin from cAMP wave segments.  The stream at the bottom of Figure 4.26 has become detached 

from the aggregation and so is fully recovered.  In Figure 4.26 it can be observed that the loop is 

acting as the aggregation centre for much of the field and the SM are entering the loop in aggregation 

streams.  This is similar to the loop aggregation pattern formed by living slime moulds, refer to Raper 

1984, p128, FIG 7-9 B [63]. 

Two movies of this aggregation have been created.  Movie “mv0030.2” is an animation depicting the 

SM only.  Figure 4.26 is a frame from this movie.  Movie “mv0030.5” is an animation that depicts 

the SM and the cAMP concentrations in the early stages of the aggregation. 
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Figure 4.25 is a frame from this movie.  Refer to Appendix 6 for notes on how to use the movie 

viewer. 

It has been demonstrated that loop aggregations can form naturally from a combination of random 

cAMP reactivity and random cAMP secretion.  It is not necessary to have a wave segment whose 

ends curl into a spiral wave.  In fact such wave segments would normally curl at both ends to form a 

double spiral wave.  These double spirals may subsequently experience a form of symmetry breaking 

to form a single spiral [59].  The mechanism for spiral wave initiation demonstrated in this section 

produces a single spiral from the beginning.  The significance of the results of this experiment is that 

it provides an alternative mechanism other than wave segments, for the formation of spiral waves. 

4.4.4 Loop Dynamics Experiments 

It was observed in the natural loop experiment of Section 4.4.3 that the initial, almost triangular path 

of the loop became more circular and decreased in diameter as time progressed.  Experiments were 

conducted to examine the mechanisms underlying the observed behaviours.  This section reports on 

the properties of loops.  Loops are created by artificially arranging the initial of the SM into some 

arbitrary shape such as squares or circular patterns.  A SM fires once and a wave is initiated.  The 

direction of propagation of this wave is confined to one direction by initialising some of the SM to be 

unreactive. 

As demonstrated in the previous section, loop aggregations can occur naturally as a result of 

randomness.  Once formed, the loop maintains itself and acts as an aggregation centre into which the 

surrounding SM stream. 

This experiment demonstrates that the initial shape of the loop is independent of the final pattern.  

This is not altogether surprising because the SM move themselves into a circular pattern.  The movie 

“mv0032.2” displays this effect.  An explanation for this effect is that the SM in or near a corner will 

move in a direction at right angles to the cAMP wave front.  This will make them ‘cut the corner’.  

Figure 4.27 displays this effect. 
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Figure 4.27  Detail of a cAMP wave approaching the corner of a square loop 

Figure 4.27 displays the cAMP wave that arrives in the corner of a square loop.  The SMs in and 

immediately around the corner move towards the highest cAMP concentration.  The effect of this 

movement rounds off the corner. 

Movie “mv0032.1” illustrates the above mentioned movement, of the cAMP wave travelling around 

a loop that begins as a square.  This movie doesn’t colour the SM according to how reactive they are 

because it was created with an earlier version of the visualisation application. 

Movie “mv0033.1” illustrates that the diameter of a circular loop decreases with time.  This is 

because the SM move in the direction of maximum cAMP concentration gradient as seen in Figure 

4.28. 



 Experiments, Results and Discussion 68 

 
Figure 4.28  Detail of how the wave interacts with SM arranged in a circle 

Figure 4.28 depicts a wave that is moving in the anti-clockwise direction.  The SM are therefore 

moving clockwise.  The SM immediately outside the wave front move in the direction of the arrow in 

Figure 4.28.  Because the arrow is slightly inside the circle the diameter of the circle will decrease as 

long as the SM doesn’t travel further than the length of the arrow before the wave completes the 

loop. 

Move “mv0033.6” illustrates the cAMP wave travelling around a loop that begins as a circle. 

 



 Further Work 69 

5.0 Further Research 

There are a number of experiments that should be undertaken using the model described in this 

theses. 

• A more extensive search of the parameter space associated with aggregating SM acting as a 

reactive medium could be conducted.  Experiments visualizing aggregations using parameters at 

points on the reactive media parameter space should be conducted and these compared to the 

aggregation patterns observed in living slime moulds. 

• More experiments to investigate loop aggregations.  To prove whether this is the dominant 

mechanism for producing spiral waves it would be useful to know the frequency with which this 

type of aggregation occurs from random placement of SM with random reactivity.  To do this 

the model would need to be modified slightly to produce truly random SM locations and 

reactivity.  With this modification, a series of experiments could be undertaken using identical 

except for the random SM locations and reactivity.  The frequency of the occurrence of loop 

aggregations could then be determined. 

• Experiments to create spiral waves from segments of circular waves should be compared to 

those produced by loops. 

• In all the experiments described in this thesis a simple form of acrasin degradation was used.  

Experiments should be conducted with a more realistic form of degradation, i.e. using an 

enzyme catalyst. 

• Experiments should be conducted on the aggregation streams.  These could include the addition 

of more advanced tactile senses for the SM so they form the sticky strings that seem to form in 

living slime moulds. 

• The SM are linked together into a list in the order in which they were created.  The SM are 

processed by the model in the order they occur in this linked list.  This will not be the order in 

which they find them selves in the aggregation streams.  The order of the linked list of SM could 

also be re-ordered during the simulations to place the SM in the same order they appear in the 

aggregation streams.  This would test whether the order the SM are processed in has any 

influence on the aggregation pattern. 

• Further experiments with random cAMP secretion should be conducted to explore how these 

patterns develop over time. 
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• A form of genetic feedback could be added to the model.  This would allow more realistic 

simulations of the changes of reactivity of SM as aggregation proceeds. 

• Simulations could be conducted with the naturally derived randomness associated with living 

slime mould, i.e. they start with the vegetative amoebae, which feed and multiply and then 

finally aggregate. 

• The field visualization application could be improved by introducing scrolling of the viewing 

window, so that fields larger than the monitor size could be investigated. 

• The model could be expanded into three dimensions.  Living slime moulds can and do climb on 

top of each other to form three dimensional aggregation streams and mounds. 
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6.0 Conclusion 

A computer model named “SMworld_5”, that facilitates the study of cellular slime moulds was 

presented.  This thesis examined the global aggregation patterns produced by artificial cellular slime 

moulds.  Explanations for these aggregation patterns were presented in terms of the local interaction 

of the artificial slime mould amoebae with each other and with their environment.  The interaction 

between slime moulds and their environment was controlled by parameters of the model.  How these 

parameters influence the local interactions was investigated through experiments conducted using the 

computer model. 

It was demonstrated that this model simulates chemical diffusion to an acceptable degree of precision 

when comparing the model output to values calculated using an analytic equation.  The error in the 

concentration corresponding to the cAMP threshold was 0.654%. 

It was demonstrated that the model produces pacemaker aggregations.  The radially arranged 

branching streams that characterize pacemaker aggregations were analyzed in terms of the input 

parameters. 

The impact on the aggregation pattern produced by random secretion of cAMP by the artificial slime 

mould was presented.  There are three characteristics that are independent of the random secretions.  

These are the junction between stream branches, the number of streams and the degree to which the 

streams meander.  The features that were sensitive to random events were the exact paths that the 

streams followed, the degree to which streams became detached and the number of SM that failed to 

join the aggregation. 

Aggregations produced or influenced by a degree of randomness in the initial conditions were 

presented and interpreted.  The model demonstrated that two aggregation patterns which result from 

the effects of randomness are: net-like aggregations and loop aggregations.  An explanation of these 

two patterns was provided. 

This thesis tested a number of hypotheses.  They are: 

Hypothesis 1:  That the occurrence of the radially arranged branching streams pattern is highly stable 

over a wide range of parameters. 

It is the conclusion of this thesis that this hypothesis is accepted (section 4.4.1). 
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Hypothesis 2:  That continued random secretion of cAMP is the underlying mechanism that 

produces the net-like aggregation pattern. 

A netlike pattern of interconnection streams was produced through random cAMP secretion alone.  

This is especially noticeable in the early stages of the aggregation.  The thesis therefore concludes 

that this hypothesis is probably correct.  However, further experimentation is needed (section 4.4.2). 

Hypothesis 3:  That loop waves are caused by random initial conditions plus random secretion of 

chemical attractant. 

The results of the experiments allow us to accept this hypothesis for simulations run using the model.  

The result provides strong evidence that this mechanism produces loop aggregations in living slime 

moulds (section 4.4.3). 

The computer model presented in this thesis has proved to be effective in emulating the behaviour of 

the cellular slime mould Dictyostelium discoideum.  In its present form the model is a useful tool to 

biologists.  The results of experiments conducted with the model suggest mechanisms that may 

underlie certain pattern produced by living slime moulds.  The next step would be for biologists to 

test the hypotheses with experiments using living slime moulds. 

There is scope for the further development of this model which would enhance its usefulness to the 

scientific community. 
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Appendix 1: Discrete Diffusion 

Because the chemicals in a slime mould amoeba's environment diffuse through a thin aqueous layer 

there is a need for a discrete approximation to the two dimensional diffusion equation: 

CD
t
C 2∇=

∂
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where C is the concentration of the chemical, t is time, D is the diffusion constant for that chemical, 

and is the two-dimensional Laplacian.  This discrete approximation is derived as follows. 2∇

The Taylor series expansion of f(x) is: 
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for small h. 

For time the first differential is needed and for space the second [9]. 

So for time: 
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and for space in x dimension: 
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Now the 2

2

x
C

∂
∂

is what is required not the first order partial derivative so to remove the first order 

partial derivative C(x-Δx,y,t) is added to equation 4, giving: 
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Applying the same procedure to the 2-D diffusion equation for the space variable, y: 
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Rearranging equation 5: 
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and rearranging equation 6: 
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Substituting into equation 1: 
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By letting , ( )tyxCC k
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=  and rearranging equation 9 can be 

rewritten as: 
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Which give the concentration at time t+Δt and point (x,y) given the concentrations at time t and 

points (x+Δx,y), (x-Δx,y), (x,y+Δy), and  (x,y-Δy).  If Δx is the distance between field cells in the x-

direction and Δy is the distance between field cells in the y-direction then equation 10 can be used in 

an algorithm that moves from field cell to field cell in the field calculating the concentrations at time 

t+Δt from the concentrations at time t. 

If (rx + ry) > 0.5 the solution obtained from equation 10 will not give a good approximation to the 

true distribution of concentrations [9].  This puts constraints on the size of Δt , therefore for D = 5 x 
10-10 m2 sec-1 and Δx = Δy = δfc = 5 x 10-6 m then Δtmax. = 0.0125 sec. 
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Appendix 2: Calculating Maximum Gradient 

A discrete method for approximating the angle of maximum rate of change with respect to distance, 

in the chemical concentration is necessary for guiding the SM.  The maximum rate of change in the 

concentration of a chemical with respect to distance is given by grad C where C is the concentration 

of the chemical and grad in two dimensions is given by: 

yx ∂
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+
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where i and j are unit vectors along the x and y-axes respectively.  So grad C is given by: 
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Now the Taylor expansion of f(x) is: 
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for small h.  Substituting x ± Δx for x + h in equation 3: 
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Subtracting 5 from 4 and neglecting the higher order terms: 
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Rearranging for f'(x): 
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Substituting for f(x) and using the same process for f(y) equation 2 becomes: 
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Now Δx and Δy can be obtained from the x and y dimensions of the field cells and values for 

C(x+Δx,y) etc can be obtained from the chemical concentration in the adjacent field cells.  The angle 

 



 Appendix 2: Calculating Maximum Gradient 83 

of maximum slope of C(x,y), β, is obtained by a vector addition of the x and y components of 

equation 8, (see Appendix 2 Figure 1). 

x-axis

y-
ax
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C
y j

Cx i

Δ

C

 

Appendix 2 Figure 1  Vector addition to obtain the vector ∇C with a direction given by β

The angle β can be obtained by: 
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This equation can be used calculate the directions that the SM use to orient them selves.
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Appendix 3: Slime Mould Parameter Values 

Parameter Value Source 

DcAMP 500 μm2 sec.-1 Monk & Othmer; 1990 [54] 

amoeba diameter 5-10 μm Durston; 1973 [21] 

amoeba volume 700 μm3 Monk & Othmer; 1990 [54] 

maximum number of amoebae 

in aggregation 

106 Losick & Shapiro; 1984 [48] 

diameter of large aggregation 10 mm Durston; 1973 [21] 

speed of amoeba 0.3 - 0.5 μm sec.-1 Höfer, Sherratt & Maini; 1995 

[32] 

cAMP wave speed 5 μm sec.-1 Losick & Shapiro; 1984 [48] 

cAMP wave speed 4.17 μm sec.-1 Monk & Othmer; 1990 [54] 

cAMP wave speed 5 μm sec.-1 Kessler & Levine; 1993 [36] 

cAMP wave speed 10 μm sec.-1 Vasuev, Hogeweg, & Panfilov; 

1994 [80] 

cAMP wave speed 42 μm sec.-1 Loomis; 1975 [47] 

cAMP wave speed 0.7-0.8 μm sec.-1 Durston; 1974 [22] 

cAMP wave speed at  

5 x 105 amoeba/cm2 

2.5x105 amoeba/cm2 

1.7x105 amoeba/cm2 

1.25x105 amoeba/cm2 

 

3.8-4.3 μm sec.-1 

3.5-4.4 μm sec.-1 

4.5-5.2 μm sec.-1 

5.1-5.9 μm sec.-1 

Alcantara & Monk; 1974 [2] 

amount of cAMP released by an 

amoeba in one pulse 

1010 molecules Durston; 1973 [21] 
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Parameter Value Source 

Cthreshold 10-8 M Tang & Othmer; 1994 [69] 

Cthreshold for maximum 

response  

10-6 M Losick & Shapiro; 1984 [48] 

τ − time between spontaneous 

periodic acrasin secretions 

3-10 min. Durston; 1974 [22] 

Tr - refractory period late 

aggregation 

2 min. Durston; 1974 [22] 

number of acrasin receptors per 

relay competent amoebae 

106 Höfer, Sherratt & Maini; 1995 

[32] 

ρmin - density of amoebae 5 x 104 amoebae cm-2 Alcantara & Monk; 1974 [2] 

ρmax - density of amoebae 5 x 105 amoebae cm-2 Alcantara & Monk; 1974 [2] 
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Appendix 4: Glossary 
 

Term Meaning 

acrasin a substance capable of causing a positive chemotactic response in 

aggregation competent slime mould amoebae, e.g. for Dictyostelium 

discoideum it is cAMP 

aggregation phase that part of the cellular slime mould life cycle the beginning of which is 

marked by the cessation of hunting and feeding on bacteria and the end 

by the formation of a pseudoplasmodium. 

Belousov-Zhabotinskii 

reaction 

a chemical reaction involving bromate and an acid (e.g. malonic) in the 

presence of a cerium catalyst, which exhibits both temporal and spatial 

oscillations 

cAMP a nickname for the chemical adenosine-3',5'-monophosphate, and on 

that acts as acrasin in Dictyostelium discoideum. 

cellular slime mould a group of organisms that live in moist places such as leaf litter and soil 

that have a life cycle that includes a amoeboid vegetative phase, an 

aggregation phase that culminates in the formation of a 

pseudoplasmodium that produces a fruiting body which marks the 

beginning of the resting phase.  The resting phase is terminated when 

conditions are suitable for the germination of the spores into slime 

mould amoebae.  Cellular slime moulds can be distinguished from 

other slime moulds by the fact that the cells maintain their identity in 

the pseudoplasmodium.  The other slime moulds aggregate into a 

plasmodium in which the cells dissolve their exterior cellular 

membranes and become a vast multi-nucleate cell 

chemotaxis movement of a cell in response to the detection of a chemical in the 

environment surrounding the cell, e.g. slime mould amoebae exhibit a 

positive chemotactic response to folic acid, a chemical secreted by 

bacteria, i.e. they move towards higher concentrations of folic acid. 
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Term Meaning 

computer model for this project the computer model can be defined as an approximate 

description of the system being studied in which components of the 

system are represented by various data types that try and capture the 

essential characteristics of the system components and the interaction 

of these components is governed by sets of rules which try and 

represent the behaviours of the system components 

Dictyostelidae the group of cellular slime moulds that form vegetative communities 

that aggregate to form a pseudoplasmodium which develop into 

fruiting bodies containing resistant spores through a process of 

integration and differentiation 

Dictyostelium discoideum a species of cellular slime mould 

dispersion relation a relationship that is obtained by substituting the leading edge form of 

the wave front solution for the non-linear reaction-diffusion equation 

(i.e. for one dimension C(x,t) = Ae-a(x-ct)) into the linear 

approximation to the reaction-diffusion equation, giving ca = 1 + a2 

where c is the wave speed, x is the displacement along the x-axis, t is 

time, a  and A are constants 

entrainment  where an aggregation centre with a shorter period between pulses than 

another centre will force the second cell to lock phase and period with 

the acrasin waves produced by the first centre 

excitable if a stimulus of a size greater than some minimum value is applied to 

the system then the system executes a large phase trajectory excursion 

before returning to the origin, e.g. acrasin concentration greater than 
CT will cause the SM to execute a cycle in which it excrete a pulse of 

acrasin, becomes refractory, and eventually returns to its initial stable 

but excitable state 

excitable medium is a system where a stimulus of sufficient size can initiate a travelling 

pulse which will propagate through the medium e.g. a field of 

aggregating slime mould amoebae is an excitable medium that can 

support travelling waves of acrasin which if two waves impinge on 

each other they will annihilate each other. 
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Term Meaning 

field the artificial space that artificial slime mould amoeba (SM) can occupy 

and through which artificial chemicals can diffuse 

field cells a rectangular subdivision of the field in which the concentration of any 

chemical in the artificial environment is constant 

fruiting bodies the structures produced in the final phase of the slime mould life cycle 

which are composed of a basil disk, a stork (or sorophores), and the 

spores (or sori) - also called sorocarps 

gating where only a fraction of the acrasin pulses of a autonomously secreting 

cell are propagated through the field because the surrounding cells are 

still in their refractory period from a previous acrasin wave 

grex see pseudoplasmodium 

limit cycle an excitable system where any steady states are unstable and so the 

system tends to cycle through a phase space trajectory 

macrocyst an approximately spherical, double walled structure produced by the 

aggregation of about 100 amoebae who apparently undergo some sort 

of genetic mixing before germinating as normal amoebae 

microcyst a spore produced by some species in situ rather than at culmination 

following aggregation 

myxamoeba the free living, vegetative stage in the cellular slime mould life cycle 

parenchyma pithy tissue found in plants 

PDE the enzyme phosphodiesterase that destroys cAMP and is used by 

Dictyostelium to reduce the background concentration of cAMP and 

thus allow the signal concentrations of cAMP to be detectable above 

the 'noise' 

PDI phosphodiesterase inhibitor 

phosphodiesterase see PDE 
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Term Meaning 

plasmodium a multi-nucleate mass produced when the amoebae of a acellular slime 

mould aggregate 

pseudoplasmodial 

migration 

the pseudoplasmodium forms as an upright cylinder that topples over 

onto its side and then migrates by the coordinated movement of it cells 

from the site of the aggregation for up to 6 cm to a place judged by the 

pseudoplasmodium to be more suitable for the formation of the fruiting 

body.  The factors influencing the choice of direction for this migration 

are: 

• light - they move towards a low intensity light but a high 

intensity light causes them to stop and form a fruiting body 

• temperature - they move towards warmth however the 

distance traveled is inversely proportional to the temperature and above 

a certain temperature they stop and form a fruiting body 

• humidity - they move to lower humidity 

• the composition of the substrate can inhibit migration 

• free surface water 

The influence of the above factors guides the pseudoplasmodium to the 

surface. 

pseudoplasmodium cylindrical, slug-like organism (also called a grex) formed by the 

aggregation of many cellular slime mould amoebae (typically 100,000 

but can be much less) enveloped in a sheath of slime secreted by the 

cells.  The pseudoplasmodium is differentiated into anterior cells that 

go on to form the stork of the fruiting body, and posterior cells that go 

to form the basil disk and the spores of the fruiting body. 

sori resistant spores that form in the fruiting body 

sorocarp see fruiting body 

vegetative phase the part of the slime mould life cycle when they are actively hunting 

for and feeding on bacteria 
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Appendix 5: Cellular Slime Mould Biology 

This brief overview of cellular slime moulds is devoted mainly to the species of cellular slime mould 

which up to now has been given the most attention in the literature, Dictyostelium discoideum.  Studies 

made into many aspects of this group of organisms are outside the scope of the project reported in this 

thesis and so are not described in detail. 

Classification 

The classification of cellular slime moulds is subject to dispute, however this thesis will follow that 

given by Raper [63].  Raper places them in the Class Acrasiomycetes which contains two Sub-Classes, 

Acrasidae and Dictyostelidae.  The acrasids are less differentiated and are presumed to be more 

primitive.  The dictyostelids undergo a greater degree of differentiation and are considered more 

advanced for this reason.  There is doubt whether these two sub-classes form a natural grouping, 

however similarities in life history make it convenient to group them into the same class. 

Acrasidae contains three families; Acrasiaceae, Copromyxaceae, and Guttulinaceae and six genera.  

The Sub-Class Dictyostelidae contains two families; Dictyosteliaceae and Acytosteliaceae.  The Family 

Dictyosteliaceae contains three genera; Dictyostelium, Polysphondylium, and Coenonia.  The Family 

Acytosteliaceae only contains one genus Acytostelium. 

The relationship of cellular slime moulds to other organisms is also contentious.  They have some 

features that link them to protozoa, i.e. they don't photosynthesise but ingest other organisms to gain 

the energy necessary for life.  On the other hand they have similarities to fungi or even plants 

especially in the way the stork cells produce cellulose and vacuolate into a tissue similar to 

parenchyma.  Those who believe them to be fungi (Kingdom Mycetae) place them in the Division 

Myxomycota, a grouping which also includes Class Protosteliomycetes - a group lacking 

pseudoplasmodia with flagellate cells in some genera and producing unicellular or up to four cells in 

the fructifications; and Class Myxomycetes, which are the acellular or plasmodium-forming slime 

moulds. 
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Life History 

Cellular slime moulds tackle the problems of survival in  a unique and intriguing way.  When food is 

plentiful they lead essentially solitary lives as amoebae, hunting in the thin watery film of the soil and 

leaf litter and ingesting other unicellular organisms such as bacteria.  When food is scarce they signal to 

each other using a chemical attractant [39] that they secrete into the extracellalar environment [66].  

This chemical, which is called an acrasin, coordinates a remarkable process of aggregation where up to 

105 amoebae will come together and form a cellular mass called a pseudoplasmodium or grex.  

Different species of slime mould may utilise different acrasins and so it is possible for a mixture of two 

such species of slime mould amoebae to aggregate into two separate pseudoplasmodia simultaneously.  

In some species such as Dictyostelium purpureum the long stalked fruiting body, called a sorocarp, 

develops from where the pseudoplasmodium formed.  The fruiting body will orient towards light, 

increased temperature and lower humidity and as the stalk extends it lifts the spore mass into places 

more favourable to dispersal of the spores, i.e. the surface of the soil or leaf litter.  In other species such 

as D. discoideum the pseudoplasmodium migrates towards the surface before producing a sorocarp.  

The cells that go to from the stalk die while those that become spores can survive the period of 

environmental stress in a dormant state and then germinate when conditions are more favourable, to 

produce a new generation of amoebae. 

The above is not the only path an amoeba can take during its life.  Under some conditions the amoebae 

will form into microcysts rather than aggregate.  Under other conditions a macrocyst can form.  The 

life cycle is illustrated in Appendix 5 Figure 1. 
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Appendix 5 Figure 1  Life cycle of the cellular slime mould Dictyostelium discoideum 

The following is a more detailed look at each phase of the life cycle. 

Feeding 

Feeding cellular slime moulds are amoeboid organisms that hunt other organisms by following the ir 

chemical trails left by the prey.  Mostly the food organisms are bacteria that are tracked by the folic 

acid that is secreted by them.  Some species of slime mould, however, hunt other species of slime 

mould [63]. 
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When feeding at the edge of a bacterial colony the amoebae take on a somewhat flattened shape and 

often appear roughly triangular with the side nearest the colony showing non-granular protoplasmic 

extensions (microfibrillar layer in Figure 2) indicating the direction of movement. 

microfibrillar layer

bacteria being engulfed

vesicular structures

nucleolus

nucleus

mitochondria

osmoregulatory vacuole

 
Appendix 5 Figure 2  Feeding amoeba 

 In the case of D. discoideum, feeding amoebae secrete an acrasin, which is adenosine-3',5'-

monophosphate (cAMP), even if they don't react to it in the same manner as they will when 

aggregating.  This acrasin, however, is removed through the actions of the enzyme phosphodiesterase 

(PDE) [8], which is secreted by the amoebae before aggregation begins [47]. 

Aggregation 

In slime mould cultures grown on bacteria and allowed to aggregate in situ, the final stages of feeding, 

when food is becoming hard to find, the amoebae secrete phosphodiesterase (PDE) into the 

intercellular environment to reduce the concentration of acrasin and thus reduce the chance of 

premature aggregation [47].  If some of the amoebae attempt to aggregate before a sufficient proportion 

of the population are relay competent then the resulting pseudoplasmodium and subsequent sorocarp 

(see Figure 2.1) will be small or the aggregation may fail altogether.  A little later, during the early 

stages of aggregation the action of PDE is reduced by the phosphodiesterase inhibitor (PDI) [27, 35], 

which is secreted by the amoebae.  This allows the concentration of the acrasin to rise [47, 59].  This 

has the effect of making the system more excitable [59].  Also exposure of starved amoebae to acrasin 

increases their relay competence [66]. 

The onset of the aggregation phase is usually taken to be the beginning of starvation.  This point in time 

is not easy to define if the amoebae are allowed to complete their life cycle in the bacteria culture.  

Therefore many researchers remove the cultured amoebae from the bacterial culture on which they 
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have been grown and wash them to remove any bacteria and then spread the purified culture over an 

agar substrate.  Initially the amoebae will make a random search for more food and then they become 

spherical and apparently dormant.  In fact they are in the process of becoming acrasin relay competent, 

i.e. moving to a state where they can detect an external concentration of acrasin above a threshold 
concentration (Cathreshold

) [53] and react to it by secreting a pulse of acrasin into the extracellular 

environment [12].  For a period of about two minutes following the acrasin pulse the amoeba is 

insensitive to further stimulation by external acrasin.  The amoebae sense the acrasin with a 

phosphodiesterase-like enzyme that is bound to the cell membrane and is unaffected by 

phosphodiesterase inhibitor [47].  The acrasin signal is amplified by a factor of at least ten calculated 

on the concentration [65].  After a period of eight hours approximately 40% of cells are relay 

competent and after ten hours all the cells are relay competent [54]. 

The relay competence of amoebae depends on the number of operative acrasin receptors on the cell 

membrane.  Vegetative cells are not relay competent because they have very few receptors whereas 

starved cells can have approximately 40,000 [79].  The acrasin produced during relaying of the signal 

diffuses through the environment and can trigger other nearby amoebae to 'fire' a signal [2].  The 

extracellular acrasin is degraded by the enzyme PDE, which the amoebae secrete, and which makes the 

amoebae more sensitive to acrasin [30].  This is because the relay response adapts to the ambient 

concentration of acrasin [12, 13, 15]. 

How signalling begins can vary between species and between strains of a species.  Often there is a 

period in which amoebae give a single pulse of acrasin and this can trigger a circular wave if the 

surrounding cells are sufficiently reactive [22, 42].  The amoebae that give these single pulses rarely go 

on to become aggregation centres but the waves (or fragments of them) that they produce can go on to 

develop into spiral waves which do act as centres of aggregations.  A given strain of slime mould can 

produce all spiral waves, all concentric waves, or a combination of both depending on the density of 

amoebae [42]. 

Although both concentric and spiral waves produce aggregations they are produced in fundamentally 

different ways and have different properties.  Concentric waves are produced by an amoeba that is 

secreting pulses of acrasin in a periodic fashion.  Periodic secretion of acrasin is caused by a limit cycle 

type reactions producing autonomous oscillations of acrasin.  While such limit cycles have been 

modeled by a few at two equations relating extracellular acrasin and the fraction of activated acrasin 

receptors a more realistic model involves the intracellular acrasin as well [52].  The autonomously 

oscillating amoeba does become the centre of the aggregation. 

Spiral waves have no central amoeba [21] and indeed the centre of a spiral (core) can become devoid of 

amoebae altogether.  This is because the amoebae are attracted to the inner termination of the spiral 
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wave, which has a motion that describes a circle1 defining the outside limit of the core region.  Away 

from the spiral core they do produce periodic acrasin waves but this is achieved by rotation of the spiral 

around the spiral core.  This rotation is maintained by the dynamics of the reactive medium alone [42, 

54].  It is for this reason that the spiral aggregation centres are much more uniform in their behaviour 

than concentric centres [31].  Not only do spirals converge rapidly onto their period of rotation [22], 

but this period is less variable than for concentric centres [31].  While the period between successive 

waves remains constant the speed of later acrasin waves is lower than the ones that came before [31]. 

The system dynamics that produce spiral acrasin waves in aggregating slime moulds can also be seen in 

other systems such as the Belousov-Zhabotinskii reaction in thin layers [24].  In these systems also the 

spiral waves are produces by the development of the ends of wave segments and concentric or target 

patters are associated with a lack of homogeneity in the system.  For instance a grain of dust can create 

a concentric pattern of waves and if the reaction is setup under very clean conditions concentric wave 

patters do not occur.  In the case of aggregating slime moulds the autonomously oscillating amoeba.  

As with aggregating slime mould the period of the concentric BZ waves is much more variable than 

those of spiral waves. 

What has been described so far is really what is occurring within a single aggregation domain.  Spiral 

or concentric waves will propagate out until they reach some barrier such as the edge of the field or 

they reach an area populated by unreactive amoebae.  If the extent of the field is small then the wave is 

likely to reach the boundary.  A relatively long period concentric wave can exist in such a system and 

the only consequence is that there will be a larger distance between wave and the overall aggregation 

will be slower.  If the area over which the amoebae are spread is large then multiple aggregation 

domains can be established.  In this case there will be competition between the aggregation domains 

and the longer period centres will be entrained by the faster ones, be they short period concentric or 

spiral centres.  Spiral centres always operate at the minimum period. 

Temperature has a profound effect on the dynamics of wave propagation.  Within a range, the period 

between waves decreases as temperature increases.  There is a linear relation between the natural log of 

the period and the inverse of the absolute temperature [31].  The fact that lower temperatures increase 

the period of pace-maker regions in not too surprising given that the general metabolic rate of many 

creatures is temperature dependant.  The rate at which the cell can restore the acrasin receptors could 

well depend on the metabolic rate of the cell. 

It is found that for many species the amoebae density distribution is unstable in the transverse direction, 

that is at right angles to the general direction of the acrasin wave propagation [45].  This exaggerates 

any small variations in amoebae density and so aggregation streams form with areas devoid of amoebae 

                                                 
1The path taken by inner termination of the spiral wave depends on the dynamics of the system but the 
simplest is a circle24. Field, R.J. and M. Burger, Oscillations and Traveling Waves in Chemical 
Systems. 1985, New York, Chichester, Brisbane, Toronto, Singapore: John Wiley & Sons. 681. 
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separating them, see Figure 2.1.(b).  These aggregation streams often form into dendritic structures 

radiating from a central point.  The amoebae in the streams are in contact with each other on specific 

parts of the cell membranes.  There are two types of contact site, the end-to-end and the side-to-side 

[48].  The side-to-side sites (contact site B) are present in both vegetative and aggregating amoebae 

while the end-to-end sites (contact site A) are only found in aggregating amoebae.  The formation of 

contact sites is accelerated by pulses of acrasin [30].  The cell-to-cell contact may stabilises the streams 

and could be important to the development of the pseudoplasmodium [48].  Models of aggregating 

slime moulds demonstrate that cell-to-cell contact, and the presumed associated head-to-tail trains of 

amoebae, is not necessary for the formation of aggregation streams [36] [68].  Is this associated with 

the degradation of cAMP … is it in Mackay?  However there is a tendency for the streams to become 

detached and for the amoebae in the detached part of the stream not to aggregate as will be shown later 

in this thesis. 

Mostly the streams converge in approximately a radial pattern, to form a mound, see Figure 2.1 (b).  

However under some conditions loop aggregations can form (see Raper[63], p128,.FIG. 7-9 B), see 

Figure 2.3.  This can be compared to the results obtained in section 4.4.2 of this thesis, where a loop 

aggregation formed without a spiral wave.  However, the loop aggregation can mark the inner free end 

of the spiral wave and the centre of the loop is the spiral core.  Mostly the core contracts during the 

aggregation process due to the increase in excitability [32].  If the initial excitability of the system is 

sufficiently low then the spiral core with no amoebae can persist. 

 
Appendix 5 Figure 3  Loop aggregation 

Eventually a 'tip' will form on the mound.  This marks the beginning of the formation of the 

pseudoplasmodium. 

Pseudoplasmodium 

From the mound of aggregating Dictyostelium discoideum  amoebae a tip appears.  This will become 

the anterior end of the pseudoplasmodium [48].  The mound becomes integrated by a sheath of slime 

produced by the amoebae [47].  It is this slimy sheath that gives slime moulds their name.  The tip 
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extends upwards and eventually the aggregate topples over onto its side and begins its migration.  The 

cylindrical shape of the migrating grex is controlled by the tip [48].  The tip produces a new slime 

sheath which flows forward and attaches to the substrate.  The cells of the grex move over the slime 

sheath which is left as a trail behind.  The slime sheath constrains the cells of the grex to move in a 

forward direction as it is more fluid at the anterior and closes and fuses at the rear [47]. 

The migration of the grex takes it into the increasingly difficult conditions on the surface and away 

from the environment in which amoebae can flourish.  The grex orientates towards low humidity, 

higher light intensities, and away from gravity [47, 63]. 

The grex not only has the function of coordinated movement to a suitable location for culmination but 

differentiation of the various tissue types is occurring during the migration.  The development process 

is mediated by the acrasin, a differentiation-inducing factor (DIF), ammonia, and cell-to-cell adhesion 

[25, 48].  The cells are sorted into pre-stalk cells anteriorly, pre-spore cells in the middle, and pre-basal 

disc cells at the rear. 

Culmination 

%% look up Raper on control of the grex migration time.  Once the migration is finished the tip moves 

so that it is vertically above the rest of the pseudoplasmodium and begins to synthesize cellulose.  The 

pre-stalk cells of the tip then push through the pre-spore cells and attach to the cells at the base of the 

mass [63].  These cells differentiate into the basal disc.  The stalk cells continue their development by 

expanding and vacuolizing, producing a parenchyma like tissue whose thin walls are reinforced by 

cellulose.  Thus the stalk raises the pre-spore cells into the air.  These cells continue their development 

into spores or sori by encapsulating themselves in thick cell walls. 

Sori 

Once the sori have developed their thick walls they are resistant to extended periods of dehydration, 

starvation, high temperatures [47], and ingestion by nematodes [34].  They can be dispersed by the 

action of wind, water, or other organisms.  If they subsequently find themselves in a suitable 

environment they germinate as an amoeba and the cycle is complete. 
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Appendix 5 Figure 4  Mature spore 

Microcysts 

Microcysts are spores that have differentiated in situ, rather than proceeding through the aggregation 

and culmination system.  They are only formed by some species and by some strains of those species.  

They tend to develop under suboptimal culture conditions. 

Sex and Macrocysts 

The life cycle of Dictyostelium discoideum does not contain an obligatory sexual stage, however they 

do exhibit parasexuality [47].  Cells of a population will engulf each other and apparently undergo 

some form of genetic exchange.  Also, under some conditions, about 100 amoebae will aggregate to 

form a macrocyst.  This is a roughly spherical structure with a double wall.  A giant cell develops by 

engulfing the other cells.  After a dormant period of a week or more the giant cell divides.  It is not 

certain that mating has occurred in the macrocyst. 

Adaptive Advantage of Life Cycle 

The life cycle of the cellular slime mould is complex for such a comparatively simple organism.  The 

advantages to the species of such a life cycle is that through coordinated development a multicellular 

organism is formed that can survive where an individual amoeba could not.  Advantages bestowed by 

their life cycle include: 

• greater opportunities of dispersal 

• protection from predation 

• survival during periods of low availability of food and adverse environmental conditions 
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Ecology 

Cellular slime moulds are found in the soils of tropical, subtropical, and temperate countries.  The 

number of species decreases with increasing latitude and altitude.  They effectively control the 

population of bacteria in the soils in which they are found [63]. 

They are preyed upon by nematodes such as Caenorhabditis elegans [34].  This predation is on the free 

living amoebae and it can be at a level which interfere with their ability to produce pseudoplasmodia.  

If aggregation does take place to the point where the slime sheath forms then the amoebae are protected 

from further attacks.  When culmination is complete and spores are formed nematodes are attracted to 

the sorocarp and will ingest the spores, however they are not digested in the nematode's gut but pass 

through unharmed.  Thus the nematodes use slime moulds as a food source but also aid in their 

dispersal.  Nematodes are not the only predators.  Some species of slime moulds prey on their cousins 

[63]. 
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Appendix 6: Notes of Electronic Media 

This appendix lists the application and other electronic resources included in this thesis.  Notes on the 

use of the visualisation applications are also included. 

List of Files on Windows CD 

This CD contains the electronic copy of the thesis in a directory entitled “thesis”.  It was composed 

using Microsoft Office 2000. 

Also on this CD is the source code for the model, that is “SMworld_5.c” and the header file 

“SMworld_5.h”.  These are in a directory entitled “source code”.  An sample of a parameter file, 

“ParamSMW5”, is also included. 

Finally there is a copy of the QuickTime movies.  They are in a directory called “movies” and each 

ends with a “.mov” extension and have been tested on a PC running windows 2000 and with 

QuickTime 5 installed. 

List of Files on Macintosh CD 

The source code and Think C project (plus resources) for the visualization application is on the root of 

the CD.  The files are “SMWview.c” and “SMWview.h” for the source code and header, 

“SMWview.π” for the Think C project and “SMWview.π.rsh” for the resource file. 

There are two directories.  One entitled “mac apps” contains the field visualisation application and a 

sample set of output files.  The other directory entitled “movies” contains the QuickTime movies, all of 

which have names beginning with “mv”.  They were created on a Macintosh running MacOS (8.5) and 

can be opened with the application called “QTVRPlayer”. 

Field Visualisation Application 

To start the field visualisation application double click on the “SMviewer3” application.  The view 

mode can be selected under the “view” menu.  Viewing SM only is the default.  Then open the sample 

output file by selecting “open OSMF” under the “file” menu.  To move forward through the file select 

“forward …” form the “control” menu or pressing the command-f keys.  To quit select “quit” under the 

“file” menu. 

 

 


	Statement of Originality
	Acknowledgements
	Abstract
	Table of Contents
	List of Figures
	List of Tables
	Notation
	1.0 Introduction
	1.1 Background
	1.2 Aims
	1.3 Significance
	1.4 Key Terms
	1.5 Organisation of Thesis

	2.0 Literature Review
	2.1 Introduction
	2.2 Parameters Determining Acrasin Wave Propagation and Slime Mould Aggregation
	2.3 Acrasin Wave Propagation Patterns
	2.3.1 Concentric Circular Waves
	2.3.2 Spiral Waves
	2.3.3 Loop Waves

	2.4 Slime Mould Aggregation Patterns

	3.0 Design and Implementation
	3.1 Introduction
	3.2 Overview of Model
	3.3 Overview of a Simulation
	3.4 Modelling of the Environment
	3.4.1 Chemical Diffusion
	3.4.2 Chemical Degradation

	3.5 Modelling of Amoebae
	3.5.1 Stage of Life Cycle
	3.5.2 Energy of an SM
	3.5.3 CAMP Receptors
	3.5.4 cAMP Relaying
	3.5.5 Speed of Movement
	3.5.6 Direction of Movement
	3.5.6.1 Directed Movement
	3.5.6.2 Random Movement

	3.5.7 SM Location
	3.5.8 Time Since the Last cAMP Relay Event
	3.5.9 The Number of cAMP Relay Events

	3.6 Modelling of Bacteria

	4.0 Experiments, Results and Discussion
	4.1 Model Calibration
	4.1.1 Diffusion
	4.1.2 Wave Speed and Continuity
	4.1.2.1 Quantifying the Properties of the Wave
	4.1.2.2 Visualisation of the Wave
	4.1.2.3 Average Wave Speed Calculated on 4, 8 and 16 Wave Check Field Cells
	4.1.2.4 Standard Deviation of Wave Speed Calculated on 4, 8, and 16 Wave Check Field Cells


	4.2 Input Parameters
	4.3 Output
	4.3.1 Field Visualizations Output
	4.3.2 cAMP Wave Cross Sections Output
	4.3.3 Wave Speed and Continuity Output

	4.4 Experiments
	4.4.1 Aggregations to a Pacemaker SM
	4.4.1.1 Formation of Aggregation Streams
	4.4.1.2 Formation of Branching Aggregation Streams
	4.4.1.2.1 cAMP Degradation Rate
	4.4.1.2.2 cAMP Threshold Concentration
	4.4.1.2.3 cAMP Secretion Rate


	4.4.2 Random Secretion of cAMP
	4.4.3 Formation of Natural Loop Aggregation
	4.4.4 Loop Dynamics Experiments


	5.0 Further Research
	6.0 Conclusion
	References
	Appendix 1: Discrete Diffusion
	Appendix 2: Calculating Maximum Gradient
	Appendix 3: Slime Mould Parameter Values
	Appendix 4: Glossary
	Appendix 5: Cellular Slime Mould Biology
	Classification
	Life History
	Feeding
	Aggregation
	Pseudoplasmodium
	Culmination
	Sori
	Microcysts
	Sex and Macrocysts
	Adaptive Advantage of Life Cycle

	Ecology

	Appendix 6: Notes of Electronic Media
	List of Files on Windows CD
	List of Files on Macintosh CD
	Field Visualisation Application


