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Preface 
 

 

 

 

 

Physarum polycephalum we have studied in the project Physarum Chip: Growing Com-

puters from Slime Mould belongs to the species of order Physarales, subclass Myxogastromy-

cetidae, class Myxomycetes, division Myxostelida. It is commonly known as a true, a cellular 

or multi-headed slime mould. P. polycephalum has a complex life cycle. Plasmodium is                    

a ‘vegetative’ phase, a single cell with a myriad of diploid nuclei. The plasmodium is visible 

to the naked eye. The plasmodium looks like an amorphous yellowish mass with networks of 

protoplasmic tubes. The plasmodium behaves and moves as a giant amoeba. It feeds on bacte-

ria, spores and other microbial creatures and micro-particles. When foraging for its food the 

plasmodium propagates towards sources of food particles, surrounds them, secretes enzymes 

and digests the food. Typically, the plasmodium forms a network of protoplasmic tubes con-

necting the masses of protoplasm at the food sources which has been shown to be efficient in 

terms of network length and resilience. When several sources of nutrients are scattered in the 

plasmodium's range, the plasmodium forms a network of protoplasmic tubes connecting the 

masses of protoplasm at the food sources.  

 

The main objectives of the project are to design and fabricate a distributed biomorphic 

computing device built and operated by slime mould of Physarum polycephalum. A Physarum 

chip (see Figure 1, 2) is a network of processing elements made of the slime mould’s proto-

plasmic tubes coated with conductive substances; the network is populated by living slime 

mould. A living network of protoplasmic tubes acts as an active non-linear transducer of in-

formation, while templates of tubes coated with conductor act as fast information channels. 

 

The Physarum chip will have parallel inputs (optical, chemo- and electro-based) and 

outputs (electrical and optical). The Physarum chip will solve a wide range of computation 

tasks, including optimisation on graphs, computational geometry, robot control, logic and 

arithmetical computing. The slime mould-based implementation is a bio-physical model of 

future nano-chips based on biomorphic mineralisation. 

 

We envisage that research and development centred on novel computing substrates, as 

self-assembled and fault-tolerant fungal networks will lead to a revolution in the bio-

electronics and computer industry. Combined with conventional electronic components in                  

a hybrid chip, Physarum networks will radically improve the performance of digital and ana-

log circuits. 

 

 

 

 



 

 

Figure 1. Phyrasum chip. 

 

 

 
 

 

 

 

 

Figure 2. Polymorphism of Physarum chip. 

 

 

 
 



Taking into account the enormous and growing interest of research centres and com-

mercial laboratories in the recent experimental implementations of chemical, molecular and 

biological computers, we can predict that in the next 20-30 years, networks of slime mould 

mineralised and/or coated with compound substances will become a widespread commodity 

and a very promising component of novel information processing circuits. 

 

This research has been supported by the Seventh Framework Programme (FP7-ICT-

2011-8) and carried out under the leadership of prof. Andrew Adamatzky (Bristol, UK). 

 

For more details please see http://www.phychip.eu/ 

 

Andrew Adamatzky,  

Victor Erokhin,  

Martin Grube,  

Theresa Schubert,  

Andrew Schumann 

 

 

  



 

 

Introduction 
 

 

 

 

 

Symbolic-logical, mathematical and programming aspects of the Physarum chip have 

been studied by Andrew Schumann and Krzysztof Pancerz in Rzeszow, Poland, and this     

book contains some materials from both periodic reports including a list of published works 

(Part I) and from conference presentations (Part II and Part III). In Part II we consider logics 

of Physarum machines and in Part III we consider a programming of Physarum machines. 

Part I and III are written jointly by Andrew Schumann and Krzysztof Pancerz. Part II is writ-

ten solely by Andrew Schumann. This book does not cover all results obtained by us, but just 

some results which are mentioned in the periodic reports and presented at conferences. We are 

grateful for our collaboration to Andrew Adamatzky, Martin Grube, Jeff Jones, Andrei 

Khrennikov, Jan Woleński, and Ludmila Akimova with whom we have written some papers 

jointly. In this book we have used some experimental photos taken by our colleagues and pub-

lished in some joint papers (the references to these papers are given with the photos properly). 

 

The aim of this book is to help the reader to learn our main ideas implemented in the 

project fast, without reading long argumentation and mathematical or programming details. 

This book contains main logical ideas, philosophical presuppositions, and mathematical re-

sults used in designing the Physarum chip. 

 

 

Andrew Schumann, 

Krzysztof Pancerz 

  



Part I. Materials from Periodic                

Reports 
 

1. Storage modification machine 

 

 

In the plasmodium behaviour we can implement different abstract automata such as 

Kolmogorov-Uspensky machines, Schönhage's storage modification machines, etc. In the 

meanwhile, plasmodium's active zones of growing pseudopodia are considered the key phe-

nomenon of all these automata. These zones interact concurrently and in a parallel manner. At 

these active zones, three basic operations stimulated by nutrients (attractants) and some other 

conditions can be observed and defined as basic: fusion, multiplication, and direction opera-

tions. The fusion means that two active zones A and B either produce new active zone C (i.e. 

there is a collision of the active zones) or just a protoplasmic tube. The multiplication means 

that the active zone A splits into two independent active zones B and C propagating along 

their own trajectories. The direction means that the active zone is not translated to a source of 

nutrients but to a domain of an active space with certain initial velocity vector.  

 

Attractants and repellents involved in the stimulation of plasmodium gives a topology 

which can be defined as a Voronoi diagram (see Fig. 3). Within one Voronoi cell a reagent 

has a full power to attract or repel the plasmodium. The distance is defined by intensity of 

reagent spreading like in other chemical reactions simulated by Voronoi diagrams. A reagent 

attracts or repels the plasmodium and the distance on that it is possible corresponds to the 

elements of a given planar set. When two spreading wave fronts of two reagents meet, this 

means that on the board of meeting the plasmodium cannot choose its one further direction 

and splits. Within the same Voronoi cell two active zones will fuse. 

 

 

 

 

 

 

 

 

 



 

 

Figure 3. The Voronoi diagram for Physarum polycephalum, where different attractants have different 

intensity and power. 

 

 
 

 

Let us consider an example of automata. In Schönhage's storage modification machines 

we deal with a fixed alphabet of input symbols, G, and a mutable directed graph with its ar-

rows labelled by G and identified with possible protoplasmic tubes. The set of nodes X, identi-

fied with attractants, is finite. One fixed node a from X is identified as a distinguished center 

node of the graph. It is the first active zone of growing pseudopodia. The distinguished node  

a has an edge x such that xg(a)=a for all g from G. That is, all pointers from the distinguished 

center node point back to the center node. Each g from G defines a mapping xg from X to X in 

accordance with directions of growing pseudopodia; xg(b) is the node found at the end of the 

edge starting at b labelled by g. Each word of symbols in the alphabet G is a pathway through 

the machine from the distinguished center node. For example ABBC would translate to taking 

path A from the start node, then path B from the resulting node, then path B, then path C. With 

respect to the word ABBC, the plasmodium moves. 

 

Schönhage's machine modifies storage by adding new elements and redirecting edges. 

Its basic instructions are as follows:  

 

 Creating a new node: new W. The machine reads the word W, following the path repre-

sented by the symbols of W until the machine comes to the last symbol in the word. It 

causes a new node y associated with the last symbol of W to be created and added to X; its 

location in relation to the other nodes and pointers is determined by W. If W is the empty 

string, this has the effect of creating a new center node a, linked to the old a. For example, 

new AB creates a new node that is reached by following the B pointer from the node desig-

nated by A. The growing pseudopodia from active zone A to active zone B corresponds to 



this word AB. Adding a new node B means adding a new attractant denoted by B within                

a Physarum Voronoi diagram. 

 A pointer redirection: set W to V. This instruction redirects an edge from the path repre-

sented by word W to a former node that represents word V. If W is the empty string, then 

this has the effect of renaming the center node a to be the node indicated by V. Notice that 

set W to V means removing nodes and the edges incident to W\V. So, we can remove some 

attractants denoted by W\V within a Physarum Voronoi diagram. 

 A conditional instruction: if V=W then instruction Z. It compares two paths represented 

by words W and V and if they end at the same node, then we jump to instruction Z else 

continue. This instruction serves to add edges between existing nodes. It corresponds to the 

splitting (multiplication) or fusion (fusion) of Physarum. 

 

Thus, a program of Physarum Schönhage's storage modification machine is any action 

transforming sets X of nodes for growing pseudopodia with the alphabet G into other sets                

X' of nodes for growing pseudopodia with the same alphabet G which carries out by instruc-

tions new W; set W to V; if V=W then instruction Z.   

 

Within Physarum Schönhage's storage modification machines we can implement differ-

ent logical systems such as Aristotelian syllogistics. In the Physarum implementation of Aris-

totelian syllogistics, all data points are denoted by appropriate syllogistic letters as attractants. 

A data point S is considered empty if and only if an appropriate attractant denoted by S is not 

occupied by plasmodium. We have syllogistic strings of the form SP with the following inter-

pretation: S is P, and with the following meaning: SP is true if and only if S and P are neigh-

bours and both S and P are not empty, otherwise SP is false. By this definition of syllogistic 

strings, we can define atomic syllogistic propositions as follows: 

 

 SaP. In formal syllogistics: there exists A such that A is S and for any A, if A is S, then A is 

P. In Physarum model: there is a plasmodium at A and for any A, if A is connected to S by 

a protoplasmic tube, then A is connected to P by a protoplasmic tube. 

 SiP. In formal syllogistics: there exists A such that both ‘A is S’ is true and ‘A is P’ is true. 

In Physarum model: there exists plasmodium at A such that A is connected to S by a proto-

plasmic tube and A is connected to P by a protoplasmic tube. 

 SeP. In formal syllogistics: for all A, ‘A is S’ is false or ‘A is P’ is false. In Physarum mod-

el: for all plasmodia at A, A is not connected to S by a protoplasmic tube or A is not con-

nected to P by a protoplasmic tube. 

 SoP. In formal syllogistics: for any A, ‘A is S’ is false or there exist A such that ‘A is S’ is 

true and ‘A is P’ is false. In Physarum model: for any plasmodia at A, A is not connected to 

S by a protoplasmic tube or there exists A such that A is connected to S by a protoplasmic 

tube and A is not connected to P by a protoplasmic tube. 

 



 

 

Physarum strings of the form xy, yx are interpreted as particular affirmative propositions 

“Some x are y” and “Some y are x” respectively (i.e. as SiP), strings of the form [xy], [yx], 

x[y], y[x] are interpreted as universal negative propositions “No x are y” and “No y are x” (i.e. 

as SeP). A universal affirmative proposition “All x are y” (i.e. SaP) are presented by a com-

plex string xy&x[y']. The sign & means that we have strings xy and x[y'] simultaneously and 

they are considered the one complex string. 

 

Hence, a spatial expansion of plasmodium is interpreted as a set of syllogistic proposi-

tions. The universal affirmative proposition xy&x[y'] means that the plasmodium at the place 

x goes only to y and all other directions are excluded. The universal negative proposition x[y] 

or [xy] means that the plasmodium at the place x cannot go to y and we know nothing about 

other directions. The particular affirmative proposition xy means that the plasmodium at the 

place x goes to y and we know nothing about other directions. Syllogistic conclusions allow 

us to mentally reduce the number of syllogistic propositions showing plasmodium's propaga-

tion. 

 

The implementation of Aristotelian syllogistic as a particular version of system codified 

within Physarum Schönhage's storage modification machines shows us how it is difficult to 

guarantee only one direction of the growing plasmodium. In the most cases the plasmodium 

aims to move to different directions. In other words, while in Aristotelian syllogisms we are 

concentrating on one direction of many Physarum motions, therefore we are dealing with 

acyclic directed graphs with fusions of many protoplasmic tubes towards one data point, in 

the most cases of Physarum behaviour, not limited by repellents, we observe a spatial expan-

sion of Physarum protoplasm in all directions with many cycles. Under these circumstances it 

is more natural to define all the basic syllogistic propositions in the way they would satisfy 

the inverse relationship, when all converses are valid: ‘All S are P’ = ‘All P are S’ and so on. 

In other words, then we can draw more natural conclusions for protoplasmic tubes which are 

decentralized and have some cycles. The formal syllogistic system over propositions with 

such properties is constructed in [A2]. This system is called performative syllogistics. Its 

atomic syllogistic propositions are defined as follows: 

 

 SaP. In formal performative syllogistics: there exist A such that A is S and for any A, A is              

S and A is P. In Physarum model: there is a string AS and for any A which is a neighbour 

for S and P, there are strings AS and AP. This means that we have a massive-parallel occu-

pation of region, where the cells S and P are located. 

 SiP. In formal performative syllogistics: for any A, both ‘A is S’ is false and ‘A is P’ is 

false. In Physarum model: for any A which is a neighbour for S and P, there are no strings 

AS and AP. This means that the plasmodium cannot reach S from P or P from S immediate-

ly. 

 SeP. In formal performative syllogistics: there exist A such that if ‘A is S’ is false, then                  

‘A is P’ is true. In Physarum model: there exists A which is a neighbour for S and P such 

that there is a string AS or there is a string AP. This means that the plasmodium occupies               

S or P, but surely not the whole region, where the cells S and P are located. 



 SoP. In formal performative syllogistics: for any A, ‘A is S’ is false or there exist A such 

that ‘A is S’ is false or ‘A is P’ is false. In Physarum model: for any A which is a neighbour 

for S and P there is no string AS or there exist A which is a neighbour for S and P such that 

there is no string AS or there is no string AP. This means that the plasmodium does not oc-

cupy S or there is a neighbour cell which is not connected with S or P by a protoplasmic 

tube. 

 

In the performative syllogistics we can analyse the collective dimension of behaviour. 

Within this system we can study how the plasmodium occupies all possible attractants in any 

direction if it can only see them. So, this system shows logical properties of a massive-parallel 

behaviour (i.e. the collective dimension of behaviour). One of the most significant notions 

involved in this implementation of performative syllogistics in Physarum topology is a neigh-

bourhood. We can define a distance for the neighbourhood differently, i.e. we can make it 

longer or closer. So, from different neighbourhoods it will follow that we deal with different 

universes of discourse. 

 

The Physarum performative syllogistics is a very simple logical system with massive-

parallel conclusions. This system can be defined within Physarum Schönhage's storage modi-

fication machines. Nevertheless, it can be defined within a super-computing approach as well. 

The matter is that in the plasmodium behaviour we face a quantum uncertainty which says 

about that the plasmodium “calculates” much more, than conventional abstract automata such 

as Physarum Schönhage's storage modification machines. 

 

So, if we perform the double-slit experiment for Physarum polycephalum, we detect the 

very similar or even the same self-inconsistencies showing that we cannot approximate atom-

ic individual acts of Physarum as well as it is impossible to approximate single photons. In-

deed, to approximate atomic acts of Physarum we can carry out the double-slit experiment for 

Physarum to show that propagating protoplasmic tubes can be considered a collective behav-

iour at a time, too.  

 

Let us take the first screen with two slits which are covered or opened and the second 

screen behind the first at which attractants are distributed evenly. Before the first screen there 

is an active zone of plasmodium. Then let us perform the following three experiments: (i) slit 

1 is opened, slit 2 is covered; (ii) slit 1 is covered, slit 2 is opened; (iii) both slit 1 and 2 are 

opened (see Fig. 4). In the first (second) experiment protoplasmic tubes arrive at the screen at 

random in a region somewhere opposite the position of slit 1 (slit 2). We have a curve P1(x) 

(respectively, P2(x)) which is interpreted probabilistically: Pi(x) dx is equal the probability of 

tubes arriving at the screen in some region (x, x + dx), where i = 1, 2.  

 

 

 

 

 

 



 

 

Figure 4. The result of reaching plasmodium protoplasmic tubes at a screen when (a) only slit 1 is 

open; (b) only slit 2 is open; (c) both slits are open. The curves P1(x), P2(x), P12(x) represent the inten-

sity of the tubes passing through the slits [A11], [A15]. 

 

 

 



The difference from the experiments with particles consists in that tubes split before the 

second screen (see Fig. 4a, 4b) and we always have several tubes split from the one and reach-

ing the screen in some region simultaneously (see Fig. 5). Let us denote all tubes landing at 

the second screen by A, thereby all tubes that pass through slit 1 by A1 and all tubes that pass 

through slit 2 by A2. Now we can check if there is a partition of set A in case of Physarum into 

sets A1 and A2. We open both slits. Then we see that the plasmodium behaves like electrons, 

namely it can propagates just one tube passing through either slit 1 or slit 2 or it can propa-

gates two tubes passing through both slits simultaneously. In the second case, these tubes split 

before the second screen and do not always occur at the same place, i.e. they appear to occur 

randomly across the whole screen (Fig. 4c).  

 

Figure 5. The real experiment with the Physarum plasmodium when only slit 1 is open, see [A15]. 

 
 

 



 

 

Thus, the total probability P(A) corresponding to the intensity of plasmodium reaching 

the screen is not just the sum of the probabilities P(A1) and P(A2). This means that the plas-

modium has the fundamental property of electrons discovered in the double-slit experiment. 

However, we can rather state that we observe the individual-collective duality in the behav-

iour, not only the particle-wave duality. Does it mean that electrons have the same duality 

instead of the particle-wave duality? In any case the experiment with Physarum shows more 

fundamental property of behaviour than the quantum uncertainty observed with electrons. 

This property is said to be the individual-collective duality. 

 

In order to involve the individual-collective duality of plasmodia in our calculations, we 

can define a new abstract object – wave set [M1]. The wave set includes as many versions of 

behaviour of the whole system as possible. It looks like the quantum bit (or qubit for short). 

Let us remember that a classical bit can be 0 or 1. The qubit exists in various superpositions of 

0 and 1 at the same time. There is an uncertainty of either 0 or 1, but qubit behaves like both  

0 and 1. In other words, each quantum state is described in terms of classical states, associat-

ing two numbers with each: absolute amplitude (between 0 and 1) which when squared gives 

you the probability of obtaining that classical state when you measure the system, and a com-

plex phase which governs interference effects. The classical states 0 and 1 are the top point 

and bottom point of the sphere, while the other states are in superposition. The points around 

the equator represent states where there is an equal probability of measuring 0 or 1. As a re-

sult, we can represent the state of a qubit as simply the point on the surface of a sphere, 

known as a Bloch sphere. 

 

We sketched a formal logical language for extending any formal structure to wave sets 

[A8], [A13]. For example, using this language it is possible to extend Boolean algebra or 

group theory to systems on wave sets. Calculations within the media of wave sets can be de-

fined as a version of super-computing. Notice that particular cases of Kolmogorov-Uspensky 

machines or Schönhage's storage modification machines are presented by game trees. Within 

the super-computing approach over wave sets we can define game structures for an instable 

environment [A8]. These structures describe the massive-parallel behaviour of plasmodia. 

 

 

 

 

 

 

 

 

 

 

 



2. Programming of Physarum storage modification 

machine 

 

 

2.1. Logical-philosophical assumptions 

 

 

If we understand Physarum computing as super-computing over wave sets, we can use 

algorithms of Physarum computing for behavioural sciences such as behavioural economics, 

behavioural logic, game theory, decision theory, etc. In business intelligence the majority of 

expert systems used to analyse an organization's raw data appeal to statistical and econometric 

tools. In their possible applications they are extremely limited by some fundamental assump-

tions about the characters of material laws. First of all, it is assumed that the system of the 

material universe consists of primary bodies (atoms) and their combinations and relationships 

described by mathematical equalities, in particular it is supposed that each atom bears its own 

separate and independent effect so that the total state is being compounded of a number of 

separate effects detected in the proceeding state. In other words, in order to explore the total 

state we should present an appropriate proceeding state as an abstract machine such as Kol-

mogorov-Uspensky machine or Schönhage's storage modification machine. 

 

Rene Descartes was one of the first thinkers who have put forward the assumption that 

wholes can be studied due to laws of connection between their individual parts described by 

maths, i.e. wholes are subject to different laws in proportion to the differences of their parts 

and these proportions can be analysed mathematically. This one of the main presuppositions 

of mathematical tools in science is called measurability and additivity of reality. Due to this 

assumption modern physics can have obtained all its results. For discovering the material uni-

verse it has appealed to additive measures such as mass, force, energy, temperature, etc. Eco-

nomics and conventional business intelligence tries to continue this empiricist tradition and in 

statistical and econometric tools they deal only with the measurable aspects of reality. They 

try to obtain additive measures in economics and studies of real intelligent behaviour, also. 

 

Nevertheless, there is always the possibility that there are important variables of eco-

nomic systems which are unobservable and non-additive in principle. We should understand 

that statistical and econometric methods can be rigorously applied in economics just after the 

presupposition that the phenomena of our social world are ruled by stable causal relations 

between variables. However, let us assume that we have obtained a fixed parameter model 

with values estimated in specific spatio-temporal contexts. Can it be exportable to totally dif-

ferent contexts? Are real social systems governed by stable causal mechanisms with atomistic 

and additive features? 

 



 

 

Thus, in statistical and econometric tools of business intelligence we accept only phe-

nomena with causal connections measured by additive measures. Nevertheless, in the social 

world we deal with symbolic interactions studied by non-additive labels (symbolic meanings 

or symbolic values). For accepting the variety of such phenomena we should avoid additivity 

of basic labels. 

 

Non-additivity of phenomena does not mean that they cannot be studied mathematical-

ly. There are some rigorous approaches such as p-adic probability theory which allow us to do 

it. There has been developed even p-adic quantum mechanics started from the publication of 

Igor Volovich in 1987. In p-adic quantum mechanics, p-adic probabilities are applied instead 

of real ones. 

 

The most significant feature of p-adic probabilities (or more generally, non-

Archimedean probabilities or probabilities on infinite streams) is that they do not satisfy addi-

tivity. On the one hand, the p-adic analogies of the central limit theorem in real numbers face 

the problem that the normalized sums of independent and i.d. random variables do not con-

verge to a unique distribution, there are many limit points, therefore there is no connection 

with the usual bell type curve. In other words, in p-adic distributions we cannot build up the 

Gauss curve as fundamental notion of statistics and econometrics. On the other hand, the 

power set over infinite streams like p-adic numbers is not a Boolean algebra in general case. 

In particular, there is no additivity – we cannot obtain a partition for any set into disjoint sub-

sets whose sum gives the whole set [M1], [A8], [A9]. Using p-adic (non-Archimedean) prob-

abilities we can disprove Aumann's agreement theorem [A8], [A9] and develop new mathe-

matical tools for game theory, in particular define context-based games by means of coalge-

bras or cellular automata [A10], [A12]. In these context-based games we can appeal just to 

non-Archimedean probabilities. These games can describe and formalize complex reflexive 

processes of behavioural finances (such as short selling or long buying). 

 

The programming language for Physarum behaviour we have constructed, on the one 

hand, simulates the Physarum behaviour and, on the other hand, shows which mathematical 

tools can be implemented in its behaviour. In particular, we consider Physarum polycephalum 

as simulation model for context-based games and behavioural finances. 

 

Let A be a set of any nature. It is built up over atoms. Its powerset denoted by P(A) is 

defined as a family of all subsets of A. Let U be the universe consisting of things as atoms. 

Every member of P(U) is called event. According to Descartes, the material universe is meas-

urable. This means that each event E may have a characteristic number. Let this number P(E) 

be called probability measure of E. Hence, P(.) is regarded as a set function (i.e., a function 

with sets constituting its domain). 

 

The probability measure satisfies the following three axioms: (i) measurability; (ii) cer-

tainty; (iii) additivity. 

 



In statistical and econometric tools of business intelligence these axioms are basic, too. 

However, if we would like to involve quantitative methods to analysing non-additive labels of 

symbolic interactions, we should avoid these axioms. In symbolic interactions we cannot de-

fine additive measures. Conventionally, probability measures run over real numbers of the 

unit [0,1] and its domain is a Boolean algebra of P(U) with atoms. 

 

Let us suppose that the sample space U is not fixed, but changes continuously. It can 

grow, be expanded, decrease or just change in itself. In this case we will deal not with atoms 

as members of U, but with streams. Let us denote this non-stable set by U* and call it a wave 

set. The powerset P(U*) cannot be a Boolean algebra [M1], [A8], [A9]. 

 

We can consider Physarum behaviours within a certain topology of attractants and re-

pellents as wave sample set U*. Physarum behaves by plasmodia which can have a form of 

either waves or protoplasmic tubes. Plasmodia grow from active zones concurrently and in                 

a parallel manner toward attractants. At the same time, they avoid repellents. 

 

Assume that there are two neighbour attractants a and b. We say that there is a string ab 

or ba if both attractants a and b are occupied by the plasmodium. As a result, we observe                

a continuous expansion of the set of strings. It can be regarded as U* (see Fig. 6). 

 

Figure 6. The number of members of U which satisfy properties ‘Attractants accessible for the attract-

ant N by protoplasmic tubes’ and ‘Neighbours for the attractant N’ for time t=0, 1, 2, 3. 

 

 

 



 

 

The wave set U* consists of streams of data for different time t=0, 1, 2, 3,…                          

Let us show how we can build up U* constructively. Suppose that A, B are subsets of U and  

A := ‘Attractants accessible for the attractant N by protoplasmic tubes’ and B := ‘Neighbours 

for the attractant N’. The property B is verified on the same number of members of U for any 

time t=0, 1, 2, 3, … Nevertheless, the property A is verified on a different number of members 

of U for different time t=0, 1, 2, 3, … This means that we can deal with infinite streams:  

 

/A*/ := (/A/ for t=0; /A/ for t=1; /A/ for t=2, ...); 

 

/B*/ := (/B/ for t=0; /B/ for t=1; /B/ for t=2, ...); 

 

/U*/ := (/U/ for t=0; /U/ for t=1; /U/ for t=2, ...); 

 

where /X/ means a cardinality number of X. Notice that if /U/ = p – 1, then /A*/, /B*/, /U*/ 

cover p-adic integers.  

 

Thus,   

A* := (A for t=0; A for t=1; A for t=2, ...); 

 

B* := (B for t=0; B for t=1; B for t=2, ...); 

 

U* := (U for t=0; U for t=1; U for t=2, ...). 

 

They are wave sets which can be defined as families of infinite streams mutually dependent 

on each other. Cardinalities of those unconventional sets are non-Archimedean numbers. Then 

we can define the probability of A* by the standard proportional relation: 

 

P(A*) := PS*(A*) = n(A*)/N, 

 

where 

 

/S*/=N, n(A*) = /A*&S*/. 

 

These probabilities are non-Archimedean [A8]. In this way, on the medium of plasmodia we 

can disprove Aumann’s agreement theorem and many other statements of classical game the-

ory. In other words, we can define on the medium of plasmodia knowledge operators, game 

strategies, game rules, etc. 

 



Let us assume that attractants are regarded as payoffs for Physarum and active zones of 

pseudopodia are regarded as players. Let us show how we can define a zero-sum game. An-

drew Adamatzky has performed promising experiments showing that there are cases when 

sets B*i (:= ‘Attractants occupying by agent i’) are disjoint. Let us suppose that we have only 

two agents. The first is presented by usual Physarum polycephalum  plasmodia. The second 

by another species called Badhamia utricularis plasmodia (PhyX for short). Physarum grows 

definitely faster than PhyX and overtakes more flakes at the same time than the latter (see Fig. 

7). Only if the inoculum was “fatter” for PhyX, PhyX might grow faster. Moreover, if the in-

vasive growth front of PhyX is well nourished by oat it easily overgrows the opposing tube 

system of Physarum. So, at the microscopic level we can find out that in most observations 

Physarum could grow into branches of PhyX, while PhyX could grow over Physarum strands 

[P6], [P13]. We can see that somehow Physarum feeds on small branches of PhyX (see Fig. 

7). 

 

Thus, in case of Physarum and PhyX we observe a competition in the small branches. 

For them some knowledge operators are disjoint. 

 

Figure 7. The experiment with two agents: fronts of growing pseudopodia of Physarum polycephalum 

(Phys) and Badhamia utricularis (Phyx), see [P6], [P13]. 

 
  

 

 



 

 

Figure 8. The experiment with two agents: Physarum polycephalum could grow into branches of Bad-

hamia utricularis (PhyX), see [P6], [P13]. 

 

 

 

Thus, storage modification machines on plasmodia are not conventional. First of all, we 

assume the principle of individual-collective duality [P15], [A15], therefore we avoid the no-

tion of elementary (atomic) acts. As a result, we use the notion of wave sets in computation 

and appeal to non-Archimedean probabilities in probability theory and game theory. For ex-

ample, let us consider cercariae, free-swimming larvae of pubertal generation parasitizing 

vertebrate animals. They are capable to insinuate into skin of human being who is for them              

a casual host, invoking at him/her an allergic reaction, the so-called cercarial dermatitis. In 

other words, human beings can play role of attractants for cercariae collectives (see Fig. 9). 

The behaviour of collectives of trematode larvae (miracidiae and cercariae) can be considered 

intelligent. For describing that behaviour, we appealed to the behavioural logic of Physarum 

polycephalum. We detected that the behaviour of one-cell organism of Physarum and the be-

haviour of local group of cercariae have identical patterns. So, these patterns may be consid-

ered an effect of the individual-collective duality. In some situations at a time, living agents 

may behave individually, but in the same situations at another time, they may behave collec-

tively. 

 

 



Figure 9. The stimulation of the following operations in cercariae motions: (A) the fusion of cercariae 

collectives, (B) the multiplication of cercariae collective, where the human beings are attractants and 

cercariae collectives behave like Physarum protoplasmic tubes which perform fusion or multiplication. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

2.2. Programming assumptions 

 

 

We have obtained a basis of new object-oriented programming language for P. poly-

cephalum computing. Within this language we can check possibilities of practical implemen-

tations of storage modification machines on plasmodia and their applications to behavioural 

science such as behavioural economics and game theory. The proposed language can be used 

for developing programs for P. polycephalum by the spatial configuration of stationary nodes. 

Geometrical distribution of stimuli can be identified with a low-level programming language 

for Physarum machines.  

 

At the beginning, we have proposed to construct logic gates through the proper geomet-

rical distribution of stimuli for P. polycephalum. This approach has been adopted from the 

ladder diagram language widely used to program Programmable Logic Controllers (PLCs). 

Flowing power has been replaced with propagation of plasmodium of P. polycephalum. Plas-

modium propagation is stimulated by attractants and repellents. Rungs of the ladder can con-

sist of serial or parallel connected paths of Physarum propagation. A kind of connection de-

pends on the arrangement of regions of influences of individual stimuli. If both stimuli influ-

ence Physarum, we obtain alternative paths for its propagation. It corresponds to a parallel 

connection (i.e., the OR gate). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

If the stimuli influence Physarum sequentially, at the beginning only the first one, then the 

second one, we obtain a serial connection (i.e., the AND gate).  

 



 
 

The NOT gate is imitated by the repellent avoiding Physarum propagation.  

 

 
 

In the proposed approach, we have assumed that each attractant (repellent) is character-

ized by its region of influence (ROI) in the form of a circle surrounding the location point of 

the attractant (repellent), i.e., its center point. The intensity determining the force of attracting 

(repelling) decreases as the distance from it increases. A radius of the circle can be set assum-

ing some threshold value of the force. The plasmodium must occur in a proper region to be 

influenced by a given stimulus. This region is determined by the radius depending on the in-

tensity of the stimulus. Controlling the plasmodium propagation is realised by activat-

ing/deactivating stimuli.  

 

Logic values for inputs have the following meaning in terms of states of stimuli: 0 – at-

tractant/repellent deactivated, 1 – attractant/repellent activated. Logic values for outputs have 

the following meaning in terms of states of stimuli: 0 – absence of P. polycephalum at the 

attractant, 1 – presence of P. polycephalum at the attractant. 

 



 

 

At the second stage, we have adopted more abstract models than distribution of stimuli 

to program P. polycephalum machines which can be identified with programming in the high-

level language. The choice fell on Petri nets. Petri nets were first developed by C.A. Petri. 

Petri nets are a powerful graphical language for describing processes in digital hardware. We 

have shown how to build Petri net models, and next implement as P. polycephalum machines, 

of basic logic gates AND, OR, NOT, and simple combination circuits. In our approach, we 

use Petri nets with inhibitor arcs. Inhibitor arcs are used to disable transitions. Inhibitor arcs 

test the absence of tokens in a place. A transition can only be if all its places connected 

through inhibitor arcs are empty. This ability of Petri nets with inhibitor arcs is used to model 

behaviour of repellents. Plasmodium of Physarum avoids light and some thermo- and salt-

based conditions and this fact can be modelled by inhibitor arcs. The Petri net model (code in 

the high-level language) can be translated into the code in the low-level language, i.e., geo-

metrical distribution of attractants and repellents of the Physarum machine.  

 

In the proposed Petri net models, we can distinguish three kinds of places: 

 

(1) Places representing P. polycephalum. For such a place, the presence of the token means 

that plasmodium of Physarum is present in the origin point. Otherwise, the absence of the 

token means that there is no plasmodium.  

(2) Places representing input attractants or repellents. For such a place, the presence of the 

token means that the attractant/repellent is activated. Otherwise, the absence of the token 

means that attractant/repellent is deactivated. 

(3) Places representing output attractants. For such a place, the presence of the token denotes 

the present of Physarum at the attractant (Physarum occupies the attractant). Otherwise, 

the absence of the token denotes the absence of Physarum polycephalum at the attractant. 

 

In the AND gate, the transitions T represents the flow (propagation) of plasmodium 

from the origin place to the output attractant. T is enabled to fire if both attractants are activat-

ed. 

 

 
 

In the OR gate, the transitions T1 and T2 represent the alternative flows of plasmodium from 

the origin place to the output attractant. T1 is enabled to fire if the first attractant is activated.  

 

 



T2 is enabled to fire if the second attractant is activated. 

 

 
 

In the NOT gate, the transition T represents the flow (propagation) of plasmodium from the 

origin place to the output attractant. T is enabled to fire if the repellent is deactivated. 

 

 
 

 

Then, experimentally, we have built a P. polycephalum demultiplexer based on the lad-

der diagram structure. A demultiplexer is a device taking a single input signal and selecting 

one of many data-output lines, which is connected to the single input. So, using the ladder 

diagram approach, we can determine geometrical distribution of attractants and repellents for 

the 1-to-2 demultiplexer [P4], see Fig. 6. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Figure 6. The 1-to-2 demultiplexer. 

 

 
 

Experiments have been performed using the experimental environment for a particle 

model of P. polycephalum. Pictures taken by Jeff Jones show how Physarum polycephalum 

was propagated in each situation, see [P4]. 

 

(1) s = 0 and d = 0: uneventful, because there is no data regardless of switch position. 

 
 

 

 

 

 

 

 

 

 

 

 



(2) s = 0 and d = 1: no repellent causes the stream to go to the upper output attractant, the 

model does not grow down because it is outside the region of influence of the lower out-

put attractant. 

 
 

 

(3) s = 1 and d = 0: uneventful, because there is no data regardless of switch position. 

 
 

 

(4) s = 1 and d = 1: the repellent causes selection of the lower path to the lower output                  

attractant. 

 
 

 

 

 

 



 

 

Using the object-oriented programming language for P. polycephalum computing, dif-

ferent logical systems from behavioural logic to illocutionary logic and from context-based 

games to epistemic logic on non-Archimedean probabilities are implementable. Let us con-

sider how we have implemented reflexive games as a kind of context-based games. Attract-

ants may be regarded as payoffs for Physarum. Plasmodia occupy attractants step by step. By 

different localizations of attractants we can affect on Physarum motions differently. We can 

interpret the stimuli for Physarum motions as Boolean functions on payoffs. Boolean func-

tions are designed by logical gates mentioned above. 

 

The game is designed as a tunnel consisting of attractants and repellents combined as 

logical gates. Plasmodia propagate towards the tunnel and face different lines. The first line of 

logical gates in the tunnel which is occupied by plasmodia implement Boolean functions at 

time t = 0. The second line of logical gates implement Boolean functions at time t = 1. The 

third line of logical gates implement Boolean functions at time t = 2, etc. The number of 

plasmodia before the tunnel corresponds to the number of propositional streams we are going 

to implement. Each plasmodium is active within a neighbourhood consisting of an appropriate 

set of attractants and depending on ranges of influence. Thus, the number of plasmodia before 

the tunnel corresponds to the number of neighbourhoods as well. 

 

Looking for maximal payoffs (this tunnel consists of 2 neighbourhoods): 

 

 
 

Looking for minimal payoffs (this tunnel consists of 2 neighbourhoods, too): 

 

 
 

Saddle Point: 

 

 



Equilibrium in Dominant Strategies: 

 
 

Thus, the idea of extensions of abstract automata to super-computing over wave sets allows us 

to develop new approaches in probability theory and behavioural sciences from behavioural 

finance to game theory. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

3. Formalisation of Physarum storage modification 

machine 

 

3.1. Process algebra 

 

 

In the object-oriented programming language for simulating the plasmodium motions 

we are based on process-algebraic formalizations of Physarum storage modification machine 

[P8]. So, we consider some instructions in Physarum machines in terms of process algebra 

like: add node, remove node, add edge, remove edge [P9], [P8]. Adding and removing nodes 

can be implemented through activation and deactivation of attractants, respectively. Adding 

and removing edges can be implemented by means of repellents put in proper places in the 

space. An activated repellent can avoid a plasmodium transition between attractants. Adding 

and removing edges can change dynamically over time. To model such behaviour, we propose 

a high-level model, based on timed transition systems [P9].  

 

In this model we define the following four basic forms of Physarum transitions (mo-

tions): direct (direction: a movement from one point, where the plasmodium is located, to-

wards another point, where there is a neighbouring attractant), fuse (fusion of two plasmodia 

at the point, where they meet the same attractant), split(splitting plasmodium from one active 

point into two active points, where two neighbouring attractants with a similar power of inten-

sity are located), and repel (repelling of plasmodium or inaction).  

 

In Physarum motions, we can perceive some ambiguity influencing on exact anticipa-

tion of states of Physarum machines in time. In case of splitting plasmodium, there is some 

uncertainty in determining next active points (attractants occupied by plasmodium) if a given 

active point is known. This uncertainty does not occur in case of direction, where the next 

active point is uniquely determined. To model ambiguity in anticipation of states of Physarum 

machines, we propose to use rough set theory. Analogously to the lower and upper approxi-

mations, we define the lower and upper predecessor anticipations of states in the Physarum 

machine [A16]. Behaviour of Physarum machines can also be modelled using Bayesian net-

works with probabilities defined on rough sets [A16].  

 

Thus, we propose some timed and probabilistic extensions of standard process algebra 

to implement timed and rough set models of behaviour of Physarum machines in our new 

object-oriented programming language, called here the Physarum language, for Physarum 

polycephalum computing [A16], [P9], [P8]. In this language we define Bayesian networks on 

rough sets. 

 

 

 



3.2. Computation on trees 

 

Computations on tree are usually represented by spatial algorithms like Kolmogorov-

Uspensky machines. Theoretically, Turing machines, Kolmogorov-Uspensky machines, 

Schönhage’s storage modification machines, and random-access machines have the same ex-

pressibility power. In other words, the class of functions computable by these machines is the 

same. Unfortunately, the computational power of their implementations on the Physarum pol-

ycephalum medium is low [A12].  

 

The point is that not every computable function can be simulated by plasmodium behav-

iours: first, the motion of plasmodia is too slow (several days are needed to compute simple 

functions such as 5-bit conjunction, 3-bit adder, etc., but the plasmodium stage of Physarum 

polycephalum is time-limited, therefore there is not enough time for realizations, e.g., of thou-

sands-bit functions); second, the more attractants or repellents are involved in designing com-

putable functions, the less accuracy of their implementation is, because the plasmodium tries 

to be propagated in all possible directions and we will deal with directed graphs and other 

problems; third, the plasmodium is an adaptive organism that is very sensitive to environ-

ments, therefore it is very difficult to organize the same laboratory conditions for calculating 

the same k-bit functions, where k is large.  

 

To make computations on tree more expressive we propose a syllogistic system of 

propagation. This system can logically simulate a massive-parallel behaviour in the propaga-

tion of collectives of parasites. In particular, this system simulates the behaviour of collectives 

of Trematode larvae (miracidia and cercariae) [A14]. Also, this syllogistic system of propaga-

tion can be used as basic logical theory for quantum logic [A11]. In this theory we can build 

non-well-founded trees for which there cannot be logical atoms [A11]. This theory is much 

more expressive than standard spatial algorithms in simulating the plasmodium motions 

[P10].  

 

So, protoplasmic trees can be interpreted as syllogistic trees. In this way while Aristote-

lian syllogistic may describe concrete directions of Physarum spatial expansions, performa-

tive syllogistic proposed by us [P7] may describe Physarum simultaneous propagations in all 

directions. Therefore, while for the implementation of Aristotelian syllogistic we need repel-

lents to avoid some possibilities in the Physarum propagations, for the implementation of per-

formative syllogistic we do not need them [P7]. Performative syllogistic has a p-adic valued 

semantics and satisfies p-adic valued probabilities [P10]. The syllogistic can be extended to             

a more general theory of context-based games. This theory is proposed in [P6], [P13]. Within 

this theory we can define algorithms for computing on protoplasmic tree. 

 

Computations on protoplasmic tree are understood as a kind of extension of concurrent 

processes defined in concurrent games proposed by Samson Abramsky. This extension is 

called context-based processes and they are defined in the theory of context-based games pro-

posed by us [P6], [P13]. 



 

 

Thus, we define some unconventional algorithms on non-well-founded trees to make 

calculations on plasmodia more expressive [P10]. These algorithms can be used for construct-

ing an alternative quantum logic (without logical atoms) [A11] and a simulation model for 

propagating parasites [A14]. 

 

 

3.3. Cellular automata 

 

The universe, where Physarum lives, consists of cells possessing different topological 

properties according to the intensity of chemo-attractants and chemo-repellents. The intensity 

entails the natural or geographical neighbourhood of the set's elements in accordance with the 

spreading of attractants or repellents. As a result, we obtain Voronoi cells [A17]. In this struc-

ture we can implement cellular automata. Taking into account the fact that the plasmodium is 

very sensitive to the environment and can change its strategies we can extent the standard 

notion of cellular automata and assume that transition rules can change in an appropriate 

neighbourhood in accordance with some outer conditions at time step t = 0, 1, 2... The theory 

of these automata with changing transition rules is proposed in [A10], [A13]. 

 

The plasmodium implements cellular automata with changing transition rules. Within 

these automata we can define context-based concurrent formal theories [A13]. 

 

 

 

 

 

 

 

 

 

 

 

 

 



3.4. p-Adic logic and arithmetics 

 

The slime mould is considered a natural fuzzy processor with fuzzy values on the set of 

p-adic integers. The point is that in any experiment with the slime mould we deal with attract-

ants which can be placed differently to obtain different topologies and to induce different 

transitions of the slime mould. If the set A of attractants, involved into the experiment, has the 

cardinality number p – 1, then any subset of A can be regarded as a condition for the experi-

ment such as “Attractants occupied by the plasmodium”. These conditions change during the 

time, t = 0, 1, 2, …, and for the infinite time, we obtain p-adic integers as values of fuzzy 

(probability) measures defined on conditions (properties) of the experiment. This space is                 

a semantics for p-adic valued fuzzy syllogistics we constructed for describing the propagation 

of the slime mould [A18]. This syllogistics can be extended to a p-adic valued logic and                  

p-adic valued arithmetics [A15]. Within this logic we can develop a context-based game theo-

ry [P13]. All these logical tools can be implemented on plasmodia by conventional and un-

conventional reversible logic gates [P12], [A19].  

 

We have proposed to use p-adic valued fuzziness and probabilities for measuring behav-

iours which cannot be measured additively. Then we constructed a natural deductive system 

for describing all possible experiments with P. polycephalum. This system is p-adic many-

valued [A18]. We considered possibilities for applying p-adic valued logic BL to the task of 

designing the Physarum chip. If it is assumed that at any time step t of propagation the slime 

mould can discover and reach not more than p−1 attractants, then this behaviour can be coded 

in terms of p-adic numbers. As a result, this behaviour implements some p-adic valued arith-

metic circuits and can verify p-adic valued logical propositions [A18].  

 

We have offered two unconventional arithmetic circuits: adder and subtractor defined 

on finite p-adic integers [B4]. Adder and subtractor are designed by means of spatial configu-

rations of several attractants and repellents which are stimuli for the plasmodium behaviour. 

As a result, the plasmodium could form a network of protoplasmic veins connecting attract-

ants and original points of the plasmodium. Occupying new attractants is considered in the 

way of adders and leaving some attractants because of repelling is considered in the way of 

subtracters. On the basis of p-adic adders and subtractors we can design complex p-adic val-

ued arithmetic circuits within a p-adic valued logic proposed by us [B4]. 

 

So, p-adic valued logic and p-adic valued arithmetic are implementable on plasmodia. 

 

 

 

 

 



 

 

3.5. Non-well-founded formal theories 

 

To formalize Physarum computing we define a kind of simple actions of labelled transi-

tion systems which cannot be atomic; consequently, their compositions cannot be inductive 

[A13]. Their informal meaning is that in one simple action we can suppose the maximum of 

its modifications. Such actions are called hybrid. Then we propose two formal theories on 

hybrid actions (the hybrid actions are defined there as non-well-founded terms and non-well-

founded formulas): group theory and Boolean algebra [A13]. Both theories possess many un-

usual properties such as the following one: the same member of this group theory behaves as 

multiplicative zero in respect to some members and as multiplicative unit in respect to other 

members [A13]. The group theory proposed by us can be used as the new design method to 

construct reversible logic gates on plasmodia [P11]. In this way, we should appeal to the so-

called non-linear permutation groups. These groups contain non-well-founded objects such as 

infinite streams and their families.  

 

The theory of non-linear permutation groups proposed by us can be used for designing 

reversible logic gates on any behavioural systems [P11]. The simple versions of these gates 

are represented by logic circuits constructed on the basis of the performative syllogistic 

[A17]. It seems to be natural for behavioural systems and these circuits have very high accu-

racy in implementing. Our general motivation in designing logic circuits in behavioural sys-

tems without repellents is as follows: in this way, we can present behavioural systems as                  

a calculation process more naturally; we can design devices, where there are much more out-

puts than inputs, for performing massive-parallel computations in the bio-inspired way; we 

can obtain unconventional (co)algorithms by programming behavioural systems.  

 

Hence, to formalize Physarum computing we propose new formal theories such as theo-

ry of non-linear permutation groups to design unconventional reversible logic gates [P11]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3.6. Reversible logic gates 

 

We considered different ways of designing reversible logic gates on P. polycephalum 

motions using controlling stimuli such as attractants and repellents [A19]. Repellents are 

needed because of uncertainty in the direction of plasmodium propagation to eliminate some 

directions as unimportant. In this way, we can construct conventional reversible logic gates: 

the CNOT gate, the FREDKIN gate, the TOFFOLI gate, etc. Combinations of reversible logic 

gates are regarded as matrix multiplications. Nevertheless, the plasmodium in its networking 

can permanently change its decisions and without repellents we have an extension of matrix 

multiplication group theory. Within this extension we can design unconventional reversible 

logic gates, where the number of inputs and outputs is uncertain [A19]. For designing logic 

gates we have proposed to use Petri net models that can be treated as a high-level description 

[P20]. Petri net models enable us to reflect propagation of protoplasmic veins of the plasmo-

dium in consecutive time instants (step by step). 

 

 

3.7. Actin filament networks 

 

We have proposed actin filament networks where inputs are different stresses and out-

puts are formations and destructions of filaments, on the one hand, and as assemblies and dis-

assemblies of actin filament networks, on the other hand [P24]. Hence, under different exter-

nal conditions we observe dynamic changes in the length of actin filaments and in the outlook 

of filament networks. As we see, the main difference of actin filament networks from others 

including neural networks is that the topology of actin filament networks changes in responses 

to dynamics of external stimuli. Some new filaments/processors can appear in one conditions 

and they can disappear in other conditions. 

 

 

 

 

 

 

 

 

 

 



 

 

3.8. Solving some computation problems 

 

By modelling the plasmodium behaviour in the Physarum chip we can simulate some 

patterns of collective intelligent behaviours of animal or insect groups: flocks of birds, colo-

nies of ants, schools of fish, swarms of bees, etc. for which there are ever emergent patterns 

which cannot be reduced to a linear composition of elementary subsystems properly [B22], 

[B5]. In swarm intelligence the Travelling Salesman Problem can be solved: more shorter 

distance between cities (pieces of food for the plasmodium), more attracting they are, as well 

as the Generalized Assignment Problem can be solved: the tubes of the plasmodium are re-

garded as agents, the nutrient sources as tasks, the amount of nutrient as profit, and the dis-

tance as cost [B22], [B5]. We show that by using p-adic integers we can code different emer-

gent patterns so that the implementation of some unconventional algorithms of p-adic arith-

metics and logic can be more applicable than conventional automata [B5].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



4. Game-theoretic interface for Physarum storage 

modification machine 

 

4.1. Chemical interface 

 

In moving, the plasmodium switches its direction or even multiplies in accordance with 

different bio signals attracting or repelling its motions, e.g. in accordance with pheromones of 

bacterial food, which attract the plasmodium, and high salt concentrations, which repel it. So, 

the plasmodium motions can be controlled by different topologies of attractants and repellents 

so that the plasmodium can be considered a programmable biological device in the form of                 

a timed transition system, where attractants and repellents determine the set of all plasmodium 

transitions [P14]. Furthermore, we can define p-adic probabilities on these transitions and, 

using them, we can define a knowledge state of plasmodium and its game strategy in occupy-

ing attractants as payoffs for the plasmodium [P14].  

 

We can regard the task of controlling the plasmodium motions as a game and we can 

design different interfaces in a game-theoretic setting for the controllers of plasmodium tran-

sitions by chemical signals [P14]. 

 

 

4.2. Bio-inspired game theory 

 

We have proposed a bio-inspired game theory on plasmodia, i.e. an experimental game 

theory, where, on the one hand, all basic definitions are verified in the experiments with 

Physarum polycephalum and Badhamia utricularis and, on the other hand, all basic algo-

rithms are implemented in the object-oriented language for simulations of plasmodia. Our 

results allow us to claim that the slime mould can be a model for concurrent games and con-

text-based games. In context-based games, players can move concurrently as well as in con-

current games, but the set of actions is ever infinite. In our experiments, we follow the follow-

ing interpretations of basic entities: 

 

 Attractants as payoffs; 

 Attractants occupied by the plasmodium as states of the game;  

 Active zones of plasmodium as players; 

 Logic gates for behaviours as moves (available actions) for the players; 

 Propagation of the plasmodium as the transition table which associates, with a given set 

of states and a given move of the players, the set of states resulting from that move. 

 



 

 

In the Physarum game theory we can demonstrate creativity of primitive biological sub-

strates of plasmodia. The point is that plasmodia do not strictly follow spatial algorithms like 

Kolmogorov-Uspensky machines, but perform many additional actions. So, the plasmodium 

behaviour can be formalized within strong extensions of spatial algorithms, e.g. within con-

current games or context-based games. 

 

 

4.3. Zero-sum games 

 

We have proposed a game-theoretic visualization of morphological dynamics with non-

symbolic interfaces between living objects and humans. These non-symbolic interfaces are 

more general than just sonification and have a game-theoretic form. The user interface for this 

game is designed on the basis of the following game steps: first, the system of Physarum lan-

guage generates locations of attractants and repellents; second, we can chose n plasmo-

dia/agents of Physarum polycephalum and m plasmodia/agents of Badhamia utricularis; third, 

we obtain the task, for example to reach as many as possible attractants or to construct the 

longest path consisting of occupied attractants, etc.; fourth, we can chose initial points for 

Physarum polycephalum transitions and initial points for Badhamia utricularis transitions; 

fifth, we start to move step by step; sixth, we define who wins, either Physarum polycephalum 

or Badhamia utricularis, see Fig. 10. 

 

 

Figure 10. Game theoretic visualization of morphological dynamics. 

 

 

 

 



Hence, we propose a game-theoretic interface from Physarum to humans. 

 

Within this interface we have designed the zero-sum game between plasmodia of 

Physarum polycephalum and Badhamia utricularis, the so-called PHY game [P14], [B6]. To 

simulate Physarum games, we have created a specialized software tool. It is a part of the larg-

er platform developed, using the Java environment. The tool works under the client-server 

paradigm. The server window contains: 

 

 a text area with information about actions undertaken, 

 a combox for selecting one of two defined situations, 

 start and stop server buttons. 

 

Communication between clients and the server is realized through text messages con-

taining statements of our object-oriented programming language, called the Physarum lan-

guage. The locations of attractants and repellents are determined by the players during the 

game. At the beginning, origin points of Physarum polycephalum and Badhamia utricularis 

are scattered randomly on the plane. During the game, players can place stimuli. New veins of 

plasmodia are created. The server sends to clients information about the current configuration 

of the Physarum machine (localization of origin points of Physarum polycephalum and Bad-

hamia utricularis, localization of stimuli as well as a list of edges, corresponding to veins of 

plasmodia, between active points) through the XML file [B6]. 

 

The game designed by us shows aesthetic aspects of plasmodium patterns and can be at-

tractive for the Internet users. We assume that bio-inspired games wake new interests in de-

signing new games and new game platforms. 

 

 

 

 

 

 

 

 

 

 

 



 

 

4.4. Go games 

 

We have simulated the motions of P. polycephalum plasmodium by the game of Go 

[P18], [B3]. We have considered two syllogistic systems implemented as Go games: the Aris-

totelian syllogistic and performative syllogistic. In the Aristotelian syllogistic, the locations of 

black and white stones are understood as locations of attractants and repellents, respectively. 

In the performative syllogistic, we consider the locations of black stones as locations of at-

tractants occupied by plasmodia of P. polycephalum and the locations of white stones as loca-

tions of attractants occupied by plasmodia of Badhamia utricularis. The Aristotelian syllo-

gistic version of Go game is a coalition game. The performative syllogistic version of Go 

game is an antagonistic game. We described selected functionality of the current version of                

a new software tool, called PhysarumSoft, developed for programming Physarum machines 

and simulating Physarum games [P19]. The tool was designed for the Java platform. We pro-

posed a rough set approach for description of a strategy game created on the Physarum ma-

chine. The strategies of such a game are approximated on the basis of a rough set model, de-

scribing behaviour of the Physarum machine, created according to the VPRSM (Variable Pre-

cision Rough Set Model) approach [P16], [P21], [P23], [B6]. 

 

 

4.5. Neural properties of slime mould 

 

There are two main properties of neural networks: lateral activation and lateral inhibi-

tion. The same properties are observed in Physarum polycephalum networks. We have gener-

alized our studies of lateral inhibition effects in P. polycephalum behaviour in the way of con-

structing new syllogistics and modal logics [A20]. So, we have shown that there are two main 

possibilities of pairwise comparisons analysis in computer science: first, pairwise compari-

sons within a lattice, in this case these comparisons can be measurable by numbers (this one 

corresponds to lateral inhibition); second, comparisons beyond any lattice, in this case these 

comparisons cannot be measurable in principle (this one corresponds to lateral activation of 

neural networks). We have shown that the first approach to pairwise comparisons analysis is 

based on the conventional square of opposition and its generalization, but the second ap-

proach is based on unconventional squares of opposition [A20].  

 

Furthermore, the first approach corresponds to lateral inhibition in transmission signals 

and the second approach corresponds to lateral activation in transmission signals. For combin-

ing lateral inhibition and lateral activation in the same behaviour we introduced the notion of 

the so-called context-based games to describe rationality of the slime mould [P15]. In these 

games we assume that, first, strategies can change permanently, second, players cannot be 

defined as individuals performing just one action at each time step. They can perform many 

actions simultaneously.  
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Part II. Logics of Physarum Machines. 

Materials from Conference Presenta-

tions. Selected Slides 
 

 

1. Context-based games 

 

1.1. Plasmodium transition system 

 

 

The life cycle of Physarum polycephalum consists of the following phases: (i) The 

plasmodium (networks of protoplasmic veins) as the main vegetative phase, when Physarum 

searches for food by propagating protoplasmic veins. When it finds food, it secretes enzymes 

to digest it. (ii) The sclerotium as a dormant phase, protecting Physarum for long periods of 

time, when environmental conditions cause the plasmodium to desiccate during feeding. If 

favourable conditions resume, the plasmodium reappears again and searches for food. (iii) 

Stalks of sporangia form from the plasmodium as a reproductive phase, when meiosis occurs 

and spores are formed. This phase begins in case there is not enough food for Physarum. (iv) 

Amoeboid swarm cells as a motile phase, when the spores germinate. The swarm cells fuse 

together to form a new plasmodium. And the cycle continues. 

 

In computer science, the following fact was taken into account: the plasmodium spread 

by networks can be programmable and thereby it may simulate different simple engineering 

tasks such as designing transport systems. Notice that the Physarum motions are a kind of 

natural transition systems, <States, Edg>, where States is a set of states presented by attract-

ants and Edg  States  States is a transition of plasmodium from one attractant to another. 

The point is that the plasmodium looks for attractants, propagates protoplasmic tubes towards 

them, feeds on them and goes on. As a result, a transition system is being built, see Fig. 11. 

 

 

 

 

 

 

 

 

 

 



Figure 11. Plasmodium transition system. Source: Schumann, A., Adamatzky, A.: Physarum Poly-

cephalum Diagrams for Syllogistic Systems, “IfCoLog Journal of Logics and their Applications”,                 

2 (1), 2015, pp. 35-68. 

 

 
 

 

1.2. Physarum spatial logic 
 

 

In the phase of plasmodium it looks like an amorphous giant amoeba with networks of 

protoplasmic tubes. It feeds on bacteria, spores and other microbial creatures (substances with 

potentially high nutritional value) by propagating towards sources of food particles and occu-

pying these sources. A network of protoplasmic tubes connects the masses of protoplasm. As 

a result, the plasmodium develops a planar graph, where the food sources are considered as 

nodes and protoplasmic tubes as edges. This fact allows us to claim that plasmodium behav-

iour can be regarded as a biological implementation of Kolmogorov-Uspensky machines. The 

modification of locations of nutrients (source foods) causes a storage modification of plasmo-

dium.  

 

Entities of Physarum spatial logic: 

 

 The set of attractants {A1, A2,...} are sources of nutrients, on which the plasmo-

dium feeds. It is still subject of discussion how exactly plasmodium feels pres-

ence of attractants.  

 The set of repellents {R1, R2,...}. Plasmodium of Physarum avoids light and 

some thermo- and salt-based conditions. Thus, domains of high illumination are 

repellents such that each repellent R is characterized by its position and intensity 

of illumination, or force of repelling.  

 The set of protoplasmic tubes {C1, C2,...}. Typically, plasmodium spans sources 

of nutrients with protoplasmic tubes/veins. The plasmodium builds a planar 

graph, where nodes are sources of nutrients, e.g. oat flakes, and edges are proto-

plasmic tubes. C(α) means a diffusion of growing pseudopodia α. 



 

 

Physarum spatial logic contains the following basic operators: Nil (inaction),  (prefix),| 

(cooperation), \ (hiding), & (reaction/fusion), + (choice), a (constant or restriction to a stable 

state), A() (attraction), R() (repelling), C()  (spreading/diffusion). Let T = {a, b, ...}, the set 

of all actions (evidently, this set is finite), be considered as a set of names. A name refers to               

a communication link or channel. With every aT we associate a complementary actiona. 

Let us suppose that a designates an input port anda designates an output port. Any behaviour 

of Physarum is considered as outputs and any form of outside control and stimuli as                     

appropriate inputs. For instance, T' is to be regarded just as the set of output ports and thereby 

T \ T' contains ports that can be interpreted under different conditions as input ports or                   

output ports. So, for each X {A1, A2,...}  {R1, R2, ...}, we take that X() =  is a function 

from T' to T' such that X is a stimulus for  and X makes an output T' along . Evidently 

that X(Nil) = Nil. Let X() denote an input and  an output.  

 

Some properties of the operations Nil (inaction),  (prefix), | (cooperation), \ (hiding),                

& (reaction/fusion), + (choice), where P1, P2, P3 are different processes of plasmodium: 

 

(P1 + P2) + P3 = P1 + (P2 + P3)    P1 + P2 = P2 + P1 

 

(P1 + P2) \ L = (P1 \ L) + (P2 \ L)   P + Nil = P  

 

(P1&P2) &P3 = P1& (P2&P3)   P + P = P 

 

P1&P2 = P2&P1    P&P = P 

 

(P1&P2) \ L = (P1 \ L) & (P2 \ L)  

 

P&Nil = Nil     P1& (P2 + P3) = (P1&P2) + (P1&P3) 

 

P1 + (P2&P3) = (P1 + P2) & (P1 + P3) 

 

(P1 | P2) | P3 = P1 | (P2 | P3)  

 

P1 | P2 = P2 | P1    P | Nil = P 

 

Nil \ L = Nil     (P \ L1) \ L2 = P \ (L1 U L2) 

 

 

 

 

 

 

 



1.3. Spatial logic for Schistosomatidae (Trematoda : Digenea) 

 

 

All representatives of subclass Digenea Carus, 1863 (Platyhelminthes: Trematoda) are 

exclusively endoparasites of animals. The digenean life cycle has the form of heterogony, i.e. 

there is a natural alternation of amphimictic (usually synarmophytous) and parthenogenetic 

stages. At these stages digeneae have different outward, different means of reproduction and 

different adaptation to different hosts. The interchange of hosts is necessary for a successful 

realization of digenean flukes life cycle. The majority of representatives of this subclass have 

a complete life cycle with participation of three hosts: intermediate, additional (metacercarial) 

and definitive. Molluscs are always the first intermediate hosts, while different classes of ver-

tebrate animals are definitive hosts.  

 

Avian schistosomatidae have been observed on all continents, including Europe. In               

a pubertal state they parasitize birds, however they are capable to incorporate into a human 

organism as nonspecific host. After they penetrate human skin, where they perish, they invoke 

thereby allergic dermatitis. The fact of incorporation of these larvae into nonspecific hosts 

invokes interest to avian schistosomatidae, see Fig. 12. Therefore the simulation of behaviour 

of their local groups can be interesting from a medicine view, because it allows to perceive 

better features of digenean behaviour. Simulating their behavior is possible by means of 

Physarum spatial logic as we can show. 

 

 

Figure 12. Schistosomatidae (Trematoda: Digenea). Source: Schumann, A., Akimova, L.: Process 

Calculus and Illocutionary Logic for Analyzing the Behavior of Schistosomatidae (Trematoda: Dige-

nea), [in:] Pancerz, K., Zaitseva, E. (eds.): Computational Intelligence, Medicine and Biology - Select-

ed Links. Studies in Computational Intelligence 600, Springer 2015, ISBN 978-3-319-16843-2 

 

 

 



 

 

The life cycle of all representatives of the family Schistosomatidae is identical, it passes 

with participation of two hosts: Miracidiae  molluscs as hosts, then: Cercariae  birds and 

humans as hosts 

 

From an egg which got to water from an organism of definitive host, a miracidia hatch-

es. It is a free-swimming larval stage of parthenogenetic generation of Schistosomatidae. Mi-

racidia for a short span should find a mollusc of a certain kind to insinuate into it, otherwise it 

perishes. Molluscs, thus, are attractants for miracidiae. More precisely, in respect to miracidi-

ae the chemotaxis as attractant holds (miracidia moves towards a chemical signal proceeding 

from a molluc). Other kinds of attractants for miracidiae are presented by light (there is                    

a positive phototaxis) and gravitation (negative geotaxis). We will designate all miracidian 

attractants by Am
1, A

m
2, …, Am

n. Miracidian repellents have not been detected still, i.e.{Rm
1, 

Rm
2, …, Rm

n} = .  

 

In a body of mollusc, a miracidia undergoes metamorphosis and it is transformed into                

a mother sporocyst in which daughter sporocysts educe. In the latter then cercariae start to be 

formed. This state can be called the miracidian diffusion. We will designate these diffusions 

by Cm
1, C

m
2, …, Cm

n. 

 

Now we can construct a version of Physarum spatial logic for simulating the behaviour 

of local groups of miracidiae. The processes have the following syntax which is defined in the 

way of Physarum logic:  

 

P, Q ::= Nil | .P | Am().P |.P | 

 

Cm().P | (P | Q) | P \ Q | P&Q | P + Q | a 

 

For the simulation we need also to have two sets of actions T and Tm, where T contains 

actions of Physarum plasmodium, Tm includes actions of local group of miracidiae. These sets 

should have the same number of members (the same cardinality), namely we should have the 

same number of active zones (growing pseudopodia and active miracidiae), the same number 

of attractants, and the same number of diffusions (motions of protoplasmic tubes towards food 

and miracidian motions towards chemical signals of eventual hosts to transform into a mater-

nal sporocyst). For instance, if we have five molluscs in one experimental dish with water and 

a suspension of miracidiae, then we can try to simulate the miracidian processes by Physarum 

spatial logic for stimuli of five nutrient sources with similar localizations as that for mollusсs. 

 

Cercariae are free-swimming larvae of pubertal generation parasitizing vertebrate ani-

mals. They are capable to insinuate into skin of human being who is for them a casual host, 

invoking at him/her an allergic reaction, the so-called cercarial dermatitis. 

 

 

 



Figure 13. The constitution of Trichobilharzia szidati. A. The schematic structure of cercaria (from 

Ginetsinskaya, 1968), B. The photo of cercaria. 1. Penetration organ, 2. Penetration gland ducts, 3. 

Pigmented eye-spots, 4. Ventral sucker, 5. Penetration glands (5 pairs), 6. Tail stem, 7. Furcae. Source: 

Schumann, A., Akimova, L.: Process Calculus and Illocutionary Logic for Analyzing the Behavior of 

Schistosomatidae (Trematoda: Digenea), [in:] Pancerz, K., Zaitseva, E. (eds.): Computational Intelli-

gence, Medicine and Biology - Selected Links. Studies in Computational Intelligence 600, Springer 

2015, ISBN 978-3-319-16843-2. 

 

 



 

 

Cercariae actively react to changes in intensity of illumination (shadings) and to turbu-

lence of water. These external factors, corresponding to possible appearances of definitive 

hosts in water, stimulate the cercarial transition from a resting state into actions that enlarge 

their chances to meet hosts.  Cercariae possess a chemotaxis in relation to specific hosts. On 

body surfaces larvae of the genus Trichobilharzia have chemo-receptors which receive appro-

priate chemical signals proceeding from a skin of potential host. The similarity of compound 

of fatty acids of bird and human skin leads to that cercariae equally react to the bird and hu-

man appearance in water: they move in their direction, and then they are attached to skin and 

begin penetration into it. So, the chemotaxis from a skin of potential hosts (surface lipids of 

skin of human being and swimming bird), the positive phototaxis, the negative geotaxis and 

the water turbulence present cercarial attractants of different degree of appeal. We will desig-

nate these attractants by Aс
1, A

с
2,…, Aс

n. In some cases, for example children, cercarial larvae 

can “chip” skin and be brought by venous blood to lungs, invoking there haemorrhages and 

inflammation.  

 

At the same time, repellents for cercariae have not been found yet. Cercariae simply 

freely float and as soon as they appear in that part where there is the reacting material they 

perish. Thus, {Rc
1, R

c
2,…, Rc

n} = . In definitive hosts cercariae reach diffusion states. We 

will designate these diffusions by Cc
1, C

c
2,…, Cc

n. 

 

The behaviour of local groups of cercariae can be simulated within a version of 

Physarum spatial logic, where the processes have the following syntax:  

 

P, Q ::= Nil | .P | Ac().P |.P | 

 

Cc().P | (P | Q) | P \ Q | P&Q | P + Q | a 

  

The sets of actions T and Tc, where T consists of actions of Physarum plasmodium,                  

Tc contains actions of local group of cercariae, should have the same number of members. For 

example, if we have three human beings in one lake with cercariae, then we can simulate the 

cercarial processes by Physarum spatial logic where three nutrient sources with similar locali-

zations as that for human beings act as stimuli. Hence, the behaviour of local groups of cer-

cariae is another biological implementation of Kolmogorov-Uspensky machines. It can build 

planar graphs as well. 

 

 

 

 

 

 

 

 



1.3. Concurrent games 

 

 

So, Physarum polycephalum motions are a kind of natural transition systems, States, 

Edges, where States is a set of states presented by attractants and Edges  States  States. Its 

basic transitions are pictured in Fig. 14. 

 

Figure 14. Basic transitions of Physarum polycephalum plasmodia, where N is an attractant, R is                  

a repellent, A is plasmodium. Operations: (a) Fusion; (b) Split; (c) Repellent. 

 

 
 

 



 

 

Timed transition systems on plasmodia can be considered games within the so-called 

concurrent game approach. Thus, we can control the plasmodium motions as a game. As                  

a consequence, user interfaces for the controllers of plasmodium propagations can have a nat-

ural form of game-theoretic setting. 

 

For example, in the game Physarum polycephalum vs. Badhamia utricularis, we have 

two players (the first plays for the Physarum polycephalum plasmodia, the second for the 

Badhamia utricularis plasmodia). The game soft system places attractants and repellents au-

tomatically. Then the players choose which attractants are occupied before the game and 

which rules of the game hold (to reach as many as possible attractants or to construct the 

longest path consisting of occupied attractants, etc.). Then the system shows who wins and 

who loses. 

 

It is known due to the experiments performed by Andrew Adamatsky and Martin Grube 

that if there are only two agents of the plasmodium game, where the first agent is presented by 

a usual Physarum polycephalum plasmodium and the second agent by its modification called 

a Badhamia utricularis plasmodium, then both start to compete with each other. In particular, 

the Physarum polycephalum plasmodium grows faster and could grow into branches of Bad-

hamia utricularis, while the Badhamia utricularis plasmodium could grow over Physarum 

polycephalum veins, see Fig. 15, 16. 

 

 

Figure 15.Physarum polycephalum (Phys for short) vs. Badhamia utricularis (Phyx for short). Source: 

Schumann, A., Pancerz, K., Adamatzky, A., Grube, M.: Bio-Inspired. Game Theory: The Case of 

Physarum Polycephalum, BICT 2014, 1‐3 Dec. 2014, ACM. 

 

 
 



Figure 16.Physarum polycephalum (Physarum for short) vs. Badhamia utricularis (PhyX for short). 

Source: Schumann, A., Pancerz, K., Adamatzky, A., Grube, M.: Bio-Inspired. Game Theory: The 

Case of Physarum Polycephalum, BICT 2014, 1‐3 Dec. 2014, ACM. 

. 

 

 

Physarum polycephalum and Badhamia utricularis demonstrate an intelligent behaviour 

with intentionality and efficiency, although they do not have nervous systems at all. In partic-

ular, they demonstrate the ability to memorize and anticipate repeated events. Furthermore, by 

means of plasmodium behaviour, it is possible to simulate the behaviour of some collectives 

such as collectives of parasites. Thus, the complex intelligent behaviour of plasmodium is 

biologically unexplained still and shows the limits of our understanding what natural intelli-

gence is. 

The server window of our game soft for the game Physarum polycephalum vs. Bad-

hamia utricularis contains, see Fig. 17 – 21: 

 

1. text area with information about actions undertaken, 

2. combox for selecting one of the possible general game strategies: 

–  by stimuli placement, 

– by plasmodium movement rules. 

3. start and stop server buttons. 

 



 

 

Figure 17. The server window of the game Physarum polycephalum vs. Badhamia utricularis. 

 

 
 

 

 

Figure 18. The initial client window at the first game strategy (by stimuli placement). At the begin-

ning, Physarum and Badhamia are scattered randomly on the plane. 

 

 

 

 

 

 

 

 

 



Figure 19. The client window at the first game strategy (by stimuli placement) after several player 

movements. The player can place stimuli. New veins of plasmodium are created. 

 

 
 

 

 

Figure 20. The client window at the first game strategy (by stimuli placement) after further several 

player movements. The player can place other stimuli. New veins of plasmodium are created, but 

some of them are annihilated. 

 

 

 

 

 

 

 



 

 

Figure 21. The initial client window at the second game strategy (by plasmodium movement rules).  

At the beginning, Physarum and Badhamia as well as stimuli are scattered randomly on the plane. 

 

 
 

However, not always concurrent games defined above can describe real motions of 

Physarum polycephalum plasmodia. The problem is that in their motions we cannot approxi-

mate atomic acts in all cases, because plasmodia can move differently under the same condi-

tions, see Fig. 22. 

 

 

 

 

 

 

 

 

 

 

 



Figure 22. Hybrid act. The plasmodium faces the barrier with one slit and in the first experiment it 

combines two acts at once: repelling and direction. More precisely, we deal here with a transition  

system with only one stimulus and one passable barrier may have the following three simple actions: 

(i) pass through, (ii) avoid from left, (iii) avoid from right. But in essence, we deal only with one stim-

ulus and, therefore, with one action, although this action has the three modifications defined above. 

 

 

 

As a result, we need to define the so-called context-based games, where each game can 

be assumed infinite, because its rules can change. Players in context-based games can change 

their strategies and the set of actions is infinite for each player. Resistance points for players 

are reduced to the payoffs if all actions are well-founded. For any game there is performative 

efficiency, when hybrid actions of players belong to the interval of expected modifications. 

 

Thus, the plasmodium motion is an intelligent way of constructing expanding networks 

for solving complex tasks. This motion has the form of transitions determined by locations of 

attractants and repellents. On these transitions, it is possible to define p-adic probabilities 

which are used for defining a knowledge state of plasmodium and its game strategy in occu-

pying attractants as payoffs for the plasmodium. Consequently, the task of controlling the 

plasmodium motions is considered a game. So, we deal with a kind of experimental game 

theory that is characterized as follows: 

 

 Attractants are considered payoffs, 

 Attractants occupied by the plasmodium are considered states of the game, 

 Active zones of plasmodium are considered players, 

 Logic gates for behaviours are considered moves (available actions) for the players, 

 Propagation of the plasmodium are considered the transition table which associates, 

with a given set, of states and a given move of the players, the set of states resulting 

from that move. 

 



 

 

2. Logic gates 

 

2.1. Sequential logic gates 

 

 

Let logic variables x1, x2, ..., xn be presented by attractants. Each variable xi can be of               

a truth value either 0 or 1: it is 0 if xi is not occupied by the plasmodium and it is 1 if xi is oc-

cupied. Let us denote an ordered collection consisting of all elements of a set {x1, x2, …, xn} 

by [x1x2 … xn]. It is a string. We can replace the variables with their values to obtain a binary 

combination. For example, variables {A, B, C, D} of Fig. 23 have truth values A = 0, B = 1,               

C = 1, D = 0 at t = 2 and we receive the binary string [0110]. 

 

Figure 23.One of the possible experiments when the plasmodium propagates a protoplasmic tube to 

attractants A, B, C, D. A is the nearest attractant and it is expected that it will be occupied first. How-

ever, the plasmodium occupies B at step t = 1 and then C at step t = 2. 

 

 

 

 



One single variable can change its values. Moreover, the plasmodium can leave an               

occupied attractant B so that an appropriate value of B will be then 0. The sequence <011> 

means that the variable B is presented by three values fixed during time, since the step                          

t = 0 and finishing at t = 2.  

 

Thus, our Fig. 23 can be regarded as a truth table structured as follows. There are hori-

zontally located binary strings X0 = [0000], X1 = [0100], X2 = [0110] fixed at time t0, t1, t2 re-

spectively. All these strings are meanings of [ABCD] at different time. Also, there are verti-

cally located binary sequences A(t) = <000>, B(t) = <011>, C(t) = <001>, D(t) = <000>.  

 

Now let us define a logical switching as an action to change the value from 0 to 1 or 

from 1 to 0. For instance, by passing from the binary string X0 to X1, variable B changes its 

value from logical zero to unity. At the same time, other variables do not change their truth 

values and, therefore, create a stable background for switching B. In (V. Vasyukevich, Asyn-

chronous Operators of Sequential Logic, 2011), the operation of venjunction is defined as the 

function which is read as follows: “switching x on the background y” and takes a unity value 

in the case of switching of variable x from zero to unity at the constant unity value of variable 

y. It is supposed that the unity value of function remains until x or y reduces to zero. On the 

basis of venjunction and some other Boolean functions, it is possible to implement asynchro-

nous sequential logic gates on the medium of Physarum polycephalum.  

 

Notably that in asynchronous binary sequences there are no external control of time 

points t0, t1, t2, ..., i.e. there is no external synchronizer which would set these points. The 

main disadvantage of asynchronous sequential logic gates on slime mould is that there is an 

analogy between the uncertainty of plasmodium propagation and the uncertainty of position 

and momentum of quanta. So, in Fig. 23 we expect that the plasmodium occupies the nearest 

attractant first, but it can be different. Therefore we cannot predict what will be occupied at 

once and what further. This means that it is difficult to manage switching of logic variables. 

Nevertheless, we can use a reversible gate which does not erase any information when it acts, 

because we fix a transformation of the whole computation system. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

2.2. Reversible logic gates 
 

 

In reversible logic gates there is always a unique input associated with a unique output 

and vice versa. So, any n-bit reversible gate specifies how to map each distinct bit string input 

of the length n into a distinct bit string output of the same length. For example, the NOT gate 

is reversible: it is a 1-input and 1-output gate that simply inverts the bit value 0 to 1 and 1 to  

0 (see table 1). In the case of the CNOT gate (the 2-bit controlled-NOT gate), the four possi-

ble input bit strings are 00, 01, 10, 11 and these are mapped into 00, 01, 11, and 10 respective-

ly. Thus, each reversible gate fixes a specification for how to permute the 2n possible bit 

strings inputs expressible in n bits. An n-bit reversible gate is considered an array whose rows 

and columns are indexed by the 2n possible bit strings expressible in n bits. The (i,j)-th ele-

ment of this array has the truth value 1 if and only if the input bit string corresponding to the 

i-th row is mapped to the output bit string corresponding to the j-th column. In this way we 

obtain a permutation matrix.  

 

Some implementations of reversible logic gates on plasmodia are pictured in Fig.                  

24 – 29. 

 

Figure 24. The NOT gate on slime mould, where repellents are denoted by triangles, attractants by 

circles, black circles are attractants occupied by the plasmodium, white circles are attractant which              

are not occupied, black triangles are activated repellents, white triangles are deactivated repellents:              

(a) mapping 1 into 1, which is 0; (b) mapping 0 into 1, which is 1; (c) mapping  1 into 0, which is                 

1; (d) mapping 0 into 0, which is 0. 

 

 
 

 



Figure 25. The CNOT gate on slime mould: the string [ab] is transformed into the string [cd] and vice 

versa. 

 

 
 

 

 

Figure 26.The CNOT gate: mapping 00 into 00. 

 

 
 

 



 

 

Figure 27. The CNOT gate: mapping 01 into 01. 

 

 
 

 

 

Figure 28. The CNOT gate: mapping 11 into 10. 

 

 
 

 

 

 

 



Figure 29. The CNOT gate: mapping 10 into 11. 

 

 
 

2.3. Non-linear permutation groups 

 

 

Assume that G is a set of various motions (actions). On this set we can define a linear 

composition: if x, y are two motions in G, then the motion xy is a result of their composition. 

Suppose, the operation xy satisfies the law of associativity, G contains hereafter the unit 

member e and inverse member x-1. The unit member means an identity motion, when nothing 

moves. The inverse member x-1 of x is a motion which is opposite to x. Obviously, it means 

that ex = xe = x and x -1x = xx -1 = e. So, G is a group and every motion in G causes the set-

ting of linear sequences. For example, the equilateral triangle has the three motions to come 

back to its place, i.e. the three rotations by 120, 240, and 360 around the center of the triangle 

mapping every vertex (a1, a2, a3) of the triangle to another one (to a2, a3, a1, respectively). 

Indeed, for describing all motions of the triangle we have x1x2x3 = e, where xi is the i-th rota-

tion by 120, 240, or 360, i = 1, 2, 3.  

 

If X is a set (e.g. it is the set of vertexes), then a permutation group may be defined as              

a group homomorphism h from G to the symmetric group on X. The motion assigns a permu-

tation of X to each element of G in such a way that the permutation of X assigned to: the iden-

tity element of G is the identity transformation of X (e.g. the identity rotation of the equilateral 

triangle); a product gh of two elements of G is the composition of the permutations assigned 

to g and h. 

 



 

 

Reversible logic gates combinations can be defined within a permutation group as mul-

tiplication of matrices.  

 

On the Physarum polycephalum motions, logic variables of reversible gates are ex-

pressed by attractants. So, a string of the length n is a sequence of n attractants. Usually, the 

plasmodium occupies the whole region in many directions simultaneously. Let us assume that 

all attractants stand in line (see Fig. 30). So, the plasmodium can move only to one of the two 

possible directions: either up or down. Suppose that we do not have repellents at all. We can 

try to define the plasmodium motions as a group G of actions. Each attractant will be denoted 

by a member of G in the following way: (i) all attractants above are enumerated from a0 to an 

and all attractants below are enumerated from b0 to bn; (ii) each bi is equal ai
-1  (this means 

that each ai is equal to bi
-1 ), i = 0,…, n; (iii) the member of G holds if it is occupied by the 

plasmodium. Hence, each motion ai is opposite to the motion bi. The linear composition xy at 

time t is defined for all x, yG as follows: xy occurs at time t if and only if both x and y are 

occupied by the plasmodium at this time.  

 

Figure 30. Non-linear permutation groups. 

 

 

 

 



Now, let us answer the question, whether G is a group indeed. To be a group, the fol-

lowing assumption has to hold on G: the plasmodium chooses a direction of motions (up, 

down or up and down simultaneously) just at its start point. It cannot change its strategy at the 

points x, y, x-1; y-1. Nevertheless, this assumption is very strong and to realize it we must ap-

peal to repellents, which block any come-back of plasmodium. Thus, the plasmodium can 

permanently change its decisions at the points x, y, x-1, y-1. In this case, x can become opposite 

to y-1 (i.e. y-1 to x as well) and y can become opposite to x-1 (x-1 to y), although first x was op-

posite to x-1 and y to y-1. Let us assume that the plasmodium changes its choices all the time at 

all points. Then we obtain a strong extension of the group. Instead of usual members of G we 

will deal with mutually defined streams: (i) x = xy-1 if the plasmodium comes back from x to 

y-1; (ii) y-1 = y-1x if the plasmodium comes back from y-1 to x; (iii) y = yx-1  if the plasmodium 

comes back from y to x-1; (iv) x-1 = x-1 y if the plasmodium comes back from x-1  to y.  

 

Furthermore, the plasmodium can move back at points x and y -1 (respectively, at                         

points y and x-1) simultaneously. This motions will be denoted by (}x, y-1{) (respectively,                 

by (}y, x-1 {)), where x = xy-1 and y-1 = y-1x (respectively, y = yx-1 and x-1 = x-1y). The objects 

(}x, y-1{), (}y, x-1{) are called wave sets. The composition of logic devices consisting just of 

attractants standing in line is not a conventional permutation group. This new group will be 

called non-linear permutation group. This group contains infinite streams and wave sets.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

3. p-Adic valued universe 

 

3.1. Double-slit experiment 

 

 

There are many spatial presentations of algorithms such as Kolmogorov-Uspensky ma-

chines which can be approximated in the plasmodium. However, these approximations cannot 

be used for projecting an unconventional computer on programmable behaviour of Physarum 

polycephalum. The matter is that we should know how we can extract atomic acts of plasmo-

dium from its possible actions. In this case we would be able to define a natural transition 

system of Physarum polycaphalum, <States, Edg>, as a Kolmogorov-Uspensky machine and 

then to construct a computer by using the conventional notion of algorithms. Nevertheless, we 

cannot extract atomic acts as a linear sequence in the meaning of algorithms. This fact can be 

proven by the double-slit experiment. 

 

Due to experiments performed by our colleagues, we know some basic acts of plasmo-

dium, see Fig. 14: (i) Direction: the plasmodium moves towards the attractant; (ii) Fuse: the 

two plasmodia fuse after meeting the same attractant; (iii) Split: the plasmodium splits in front 

of many attractants.  

 

The principal question is that whether we can consider these acts of plasmodium as                 

its atomic acts. To answer that question we can carry out the double-slit experiment, see                  

Fig. 31 – 33. 

 

Figure 31.The double-slit experiment: slit 1 is opened, slit 2 is covered. 

 

 
 

 

 



Figure 32.The double-slit experiment: slit 1 is covered, slit 2 is opened. 

 

 
 

 

 

 

Figure 33.The double-slit experiment: both slit 1 and 2 are opened. 

 

 
 

 



 

 

The results of experiments mean that the plasmodium has the fundamental property of 

photons discovered in the double-slit experiment, i.e. we face a self-inconsistency, too, ac-

cording to that it is impossible to approximate not only single photons, but also single actions 

of Physarum polycephalum. Indeed, we observe the one act of Physarum that is partly Direc-

tion, partly Fuse, and partly Split. So, this one act of plasmodium is not individual, but collec-

tive. This allows us to state that we face the individual-collective duality of Physarum poly-

cephalum plasmodium. In other words, there are no atomic acts for Physarum polycephalum. 

Its acts are parallel: in the one act, the plasmodium can do many things at once and it can al-

ways perform many and many acts concurrently. Please see also Fig. 22. 

 

Real double-slit experiments with P. polycephalum plasmodia were performed by prof. 

Andrew Adamatzky, see Fig. 34. 

 

Figure 34. Real double-slit experiment with Physarum. Source: Schumann, A., Adamatzky, A.: The 

Double-Slit Experiment with Physarum Polycephalum and p-Adic Valued Probabilities and Fuzziness, 

International Journal of General Systems, 27 Jan 2015, DOI: 10.1080/03081079.2014.997530. 
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3.2. Growing Sample Space 
 

 

In probability theory, the universe is understood as a sample space Ω such that every 

member of P(Ω) is called event. Conventionally, probability measures run over real numbers 

of the unit [0, 1] and their domain is a Boolean algebra of P(Ω) with atoms (singletons) denot-

ing simple (atomic) events. In the previous section, we have just shown that in the Physarum 

behaviour we cannot find out atomic events/actions, therefore we cannot define additive 

measures in the universe Ω. This means that if we wanted to define a domain of probability 

measures to calculate probabilities on the plasmodium, we could not appeal to the Boolean 

algebra of P(Ω). Otherwise, our measures would be additive.  

 

So, in our case, the powerset of P(Ω) for the universe Ω must be non-atomistic. It would 

be possible if the sample space Ω was not fixed, but it changed, continuously at t = 0, 1, 2, ... 

In other words, let us assume that Ω is a set at t = 0, which can grow, be expanded, decrease 

or just change in itself at next steps. As a consequence, we will deal not with atoms as mem-

bers of Ω, but with streams of the form <a0, a1, a2,...>, where a0∈ Ω at t = 0, a1∈ Ω at t = 1, 

a2∈ Ω at t = 2, etc.  

 

Let us denote this instable set, i.e. the set of all these infinite streams, by Ω and call it     

a wave set. The powerset P(Ω) is not a Boolean algebra, e.g. it is not atomistic, see Fig. 35.  

 

Figure 35. Growing sample space. 

 

 
 

 



 

 

p-Adic probabilities in the growing sample space  are defined as follows. Let                         

// = p – 1 be a cardinality number, A, B, ... be subsets of . Assume  A := “Attractants                 

accessible for the attractant N1 by protoplasmic tubes” and B := “Neighbours for the attractant 

N1”, etc. Now, let us define the cardinality number of X as follows: /X/ := (/X/ for t = 0; 

/X/ for t = 1; /X/ for t = 2, ...), where /X/ means a cardinality number of X. Notice that if                    

// = p – 1, then /A/, /B/, and // cover p-adic integers. Then the simplest way to define  

p-adic probabilities is as follows: 

 

P(A) = /A/ 

 

or  P(A) = /A// // 

 

Notice that in p-adic metric, // = –1 

 

Hence, we use a p-adic valued fuzzy measure in space  defined thus. A function P() 

Zp is a p-adic valued fuzzy measure if it verifies the following properties:(i) P() = 0; (ii) 

if A, BP(), then P(AB) = sup(P(A), P(B)); (iii) ) if A, BP(), then P(AB) = inf(P(A), 

P(B)); (iv) P() = – 1; (v) if AP(), then P(A) = – 1 – P(A). This measure is defined for 

time t = 0, 1, 2, … and shows, how a set AP() changes from the start point t = 0. Recall 

that Zp denotes the set of p-adic integers, i.e. numbers of the form: 

 

 

 

 

where k {0, 1, …, p – 1} for all natural number k. The p-adic number sometimes has the 

following notation n = … k…10. 

 

Notice that the p-adic numbers differ a lot from the real numbers, e.g. they are not line-

ar-ordered and any distance on them is non-Archimedean. Accordingly, the p-adic valued 

fuzzy measure possesses many unique properties. 

 

Agent i's knowledge structure is a function Pi which assigns to each a  a non-empty 

subset of , so that each world a belongs to one or more elements of each Pi, i.e.  is con-

tained in a union of Pi, but Pi are not mutually disjoint. 

 

KiA = {a : APi()} 
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If the number of neighbouring attractants does not exceed p – 1, see Fig. 36 – 38, then 

we can consider the plasmodium motions as strings which can be analyzed within a p-adic 

valued logic, see: 

 

- Schumann, A., Adamatzky, A.: The Double-Slit Experiment with Physarum Polycepha-

lum and p-Adic Valued Probabilities and Fuzziness, “International Journal of General 

Systems”, 27 Jan 2015, DOI: 10.1080/03081079.2014.997530. 

- Schumann, A.: p-Adic valued logical calculi in simulations of the slime mould behav-

iour, “Journal of Applied Non-Classical Logics”, 2015,  

DOI: 10.1080/11663081.2015.1049099. 

 

Figure 36.4-adic valued strings. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Figure 37. 4-adic valued strings. 

 

 
 

 

Figure 38. 5-adic valued strings. 

 

 

 

 

 

 

 

 

 

 

 

 



4. Go games 

 

 

Go game is a board game with two players (called Black and White) who alternately 

place black and white stones, accordingly, on the vacant intersections (called points) of                    

a board with a 19x19 grid of lines. Black moves first. Stones are placed until they reach                   

a point where stones of another colour are located. There are the following two basic rules of 

the game: (1) each stone must have at least one open point (called liberty) directly next to it 

(up, down, left, or right), or must be part of a connected group that has at least one such open 

point; stones which lose their last liberty are removed from the board; (2) the stones must 

never repeat a previous position of stones. The aim of the game is in surrounding more empty 

points by player’s stones. At the end of game, the number of empty points player's stones sur-

round are counted, together with the number of stones the player captured.  

 

Let we have a 5-adic valued universe for plasmodium motions with a Voronoi topology, 

see Fig. 39. Then we can implement Go games on plasmodia, see Fig. 40. 

 

Figure 39.The six Voronoi cells in accordance with the four attractants denoted by the black stones 

and with the two repellents denoted by the white stones. The plasmodium located in the center of the 

picture connects the three attractants by the three protoplasmic tubes. It cannot see the fourth attractant 

because of the two repellents. 

 

 

 

 

 

 

 

 

 



 

 

Figure 40.The Go game board with two white stones designating repellents and four black stones  

designating attractants. 

 

 
 

 

In Go games, syllogistic letters S, P, M, ... are interpreted as attractants as follows: a da-

ta point S is considered empty if and only if an appropriate attractant denoted by S is not oc-

cupied by plasmodium. Let us define syllogistic strings of the form SP at time t with the fol-

lowing notation: ‘S is(t) P,’ and with the following meaning: SP at t is true if and only if S and 

P are neighbour cells and both S and P are not empty at t, otherwise SP is false. Thus, this 

definition represents syllogistic reasoning as Physarum labelled transition system <States; 

Edg>, where S, P, M, ...   States and true propositions ‘S is(t) P’, …  Edg. 

 

Using the definition of syllogistic strings, we can define simple syllogistic propositions 

as follows: 

 

1) ‘All S are P at time t’ (Sa(t)P): there is a string AS at time t and for any A which is a neigh-

bour for S and P, there are strings AS and AP. This means that we have a massive-parallel 

occupation of region at t, where the cells S and P are located. 

2) ‘Some S are P at time t’ (Si(t)P): for any A which is a neighbour for S and P at t, there are 

no strings AS and AP. This means that the plasmodium cannot reach S from P or P from              

S immediately at t. 

3) ‘No S are P at time t’ (Se(t)P): there exists A at time t which is a neighbour for S and                   

P such that there is a string AS or there is a string AP. This means that the plasmodium oc-

cupies S or P, but surely not the whole region at time t, where the cells S and P are located. 

4) ‘Some S are not P at time t’ (So(t)P): for any A which is a neighbour for S and P at time              

t there is no string AS or there exists A which is a neighbour for S and P such that there is 

no string AS or there is no string AP. 

 



p-Adic probabilities are semantics for our p-adic fuzzy (non-Aristotelian) syllogistic. 

Let At{S,P} mean “attractants that are neighbours of attractants S and P at time t” and Ot{S,P} 

mean “attractants that are neighbours of attractants S and P and are occupied by the plasmodi-

um at time t”. The cardinalities of At{S,P} and Ot{S,P} are finite p-adic numbers like that: 

αk…α3α2α1α0. It means that p-adic fuzzy measure P takes these values on At{S,P}and Ot{S,P}. 

 

Then we can define the following semantic rules: 

 

Sa(t)P is true if and only if P(At{S,P}) = P(Ot{S,P}); 

 

Si(t)Pis true if and only if P(Ot{S,P}) = 0; 

 

Se(t)Pis true if and only if P(Ot{S,P}) > 0; 

 

So(t)Pis true if and only if P(At{S,P}) >P(Ot{S,P}). 

 

 

In the Aristotelian Go games we appeal to the following interpretation of atomic propo-

sitions: 

 

SaP.  

In the formal syllogistic: there exists A such that A is S and for any A, if A is S, then A is 

P. In the Go game model: there is a cell A containing the black stone and for any A, if AS is 

true, then AP is true. In the Physarum model: there is a plasmodium in the cell A and for any 

A, if AS is true, then AP is true.  

 

SiP. 

In the formal syllogistic: there exists A such that both AS is true and AP is true. In the 

Go game model: there exists a cell A containing the black stone such that AS is true and AP is 

true. In the Physarum model: there exists a plasmodium in the cell A such that AS is true and 

AP is true.  

 

SeP. 

In the formal syllogistic: for all A, AS is false or AP is false. In the Go game model: for 

all cells A containing the black stones, AS is false or AP is false. In the Physarum model: for 

all plasmodia A, AS is false or AP is false.  

 

SoP. 

In the formal syllogistic: for any A, AS is false or there exists A such that AS is true and 

AP is false. In the Go game model: for all cells A containing the black stones, AS is false or 

there exists A such that AS is true and AP is false. In the Physarum model: for any plasmodia 

A, AS is false or there exists A such that AS is true and AP is false. 

 



 

 

In this Aristotelian model for verifying all the basic syllogistic propositions, we will use 

the following four cells: x, y, x', y' of the game board with the 19x19 grid of lines, where x' 

means all cells which differ from x, but they are neighbours for y, and y' means all cells which 

differ from y and are neighbours for x. These cells express appropriate meanings of syllogistic 

letters. The corresponding universe of discourse will be denoted by means of the following 

diagram: 

 

x y' 

y x' 

 

Then atomic propositions are pictured by the diagrams of Fig. 41, 42. 

 

Figure 41. Aristotelian existence propositions and their negations. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 



Figure 42. Aristotelian atomic propositions. 

 

 

 



 

 

Let us consider a game of Go at time step 10, i.e. when White and Black players have 

placed the 10 white stones and the 10 black stones respectively. Let this game be pictured in 

Fig. 43. Each Voronoi cell is denoted from S
1,1

 to S
18,18

. So, in Fig. 43 syllogistic letters S
6,4

, 

S
7,5

, S
7,6

, S
8,7

, S
8,8

, S
7,9

, S
8,10

, S
6,11

, S
4,9

, S
4,10

 are understood as non-empty and syllogistic letters 

S
4,6

, S
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, S
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, S
6,9

, S
6,10

, S
4,11

, S
7,10

, S
7,12
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11,8
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 as empty. As a result, we can build some 

true syllogistic propositions in this universe like that: ‘Some S
7,5

 are S
7,6

’, ‘Some S
8,7

 are S
8,8

’, 

‘Some S
4,9

 are S
4,10

’, ‘No S
4,6 

are S
5,6

’, ‘No S
6,8

 are S
6,9

’, ‘No S
6,9

 are S
6,10

’, ‘No S
6,10

 are S
7,10

’, 

‘No S
11,8

 are S
12,8

’, etc.  

 

Figure 43. The Aristotelian Go game on plasmodia at time step 10. 

 

 
 

Hence, the plasmodium motion is an intelligent way of constructing expanding net-

works for solving complex tasks. This motion has the form of transitions determined by loca-

tions of attractants and repellents. On these transitions, it is possible to define p-adic probabil-

ities which are used for defining a knowledge state of plasmodium and its game strategy in 

occupying attractants as payoffs for the plasmodium. Consequently, the task of controlling the 

plasmodium motions is considered a Go game. 

  



Part III. Programming of Physarum 

Machines. Materials from Confer-

ence Presentations. Selected Slides 
 

 

1. Ladder diagrams and Petri net models 

 

1.1. Ladder diagrams 
 

 

A network of protoplasmic tubes connects the masses of protoplasm and, as a result, the 

plasmodium develops a planar graph, where the food sources or pheromones are considered 

as nodes and protoplasmic tubes as edges.  

 

Physarum polycephalum networks have been used to build the so-called Physarum ma-

chines. A Physarum machine is a programmable amorphous biological computer experimen-

tally implemented in the vegetative state of true slime mould of Physarum polycephalum. The 

operations in Physarum machines can be determined by the following stimuli:   

 

(i) The set of attractants },,{ 21 AA . Attractants are sources of nutrients or phero-

mones, on which the plasmodium feeds.  

(ii) The set of repellents },,{ 21 RR . Plasmodium of Physarum avoids light and 

some thermo- and salt-based conditions.  

 

Formally, a structure of the Physarum machine is defined as a triple },,{= RAPPM , 

where:   

 },,,{= 21 kPPPP   is a set of original points of plasmodium.  

 },,,{= 21 mAAAA   is a set of attractants.  

 },,,{= 21 nRRRR   is a set of repellents.  

 

A dynamics of the Physarum machine over time can be described by the family of pro-

toplasmic veins propagating by plasmodium.  

 



 

 

Ladder logic is the most popular programming language used to program Programmable 

Logic Controllers (PLCs). The language was developed from the electromechanical relay sys-

tem-wiring diagrams. Programs in the ladder logic language are written graphically in the 

form of the so-called ladder diagrams. The notation assumes that contacts are controlled by 

discrete (binary) inputs and coils control discrete (binary) outputs.  

 

We can distinguish three main types of elements of ladder diagrams:   

 

 Normally open contact (NOC). It passes power (i.e., it is on) if the binary input as-

signed to it has value 1. Otherwise, it does not pass power (i.e., it is off), see Table 1.  

 Normally closed contact (NCC). It passes power (on) if the binary input assigned to it 

has value 0. Otherwise, it does not pass power (off), see Table 1.  

 Coil (C). If it is passing power (i.e., it is on), a value of the binary output assigned to it 

is set to 1. Otherwise (i.e., it is off), a value of the binary output assigned to it is set to 

0, see Table 1.  

 

Table 1. Basics of Ladder Diagrams. 

 

Symbol Meaning 

 

Normally 

open contact 

 

Normally 

closed contact 

 

Coil 

 

 

Now, we can define basic logic gates by ladder diagrams. 

 

The ladder diagram AND gate. The coil is on ( 1=Y ) if and only if both contacts are 

on. It is satisfied if 1=A  and 1=B . Otherwise, the coil is off, see Fig. 44. 

 

Figure 44. The ladder diagram AND gate. 

 

 
 

 

The ladder diagram OR gate.  The coil is on ( 1=Y ) if at least one contact is on. It is 

satisfied if 1=A  or 1=B . Otherwise, the coil is off, see Fig. 45. 



Figure 45. The ladder diagram OR gate. 

 

 

 

 

The ladder diagram NOT gate. The coil is on ( 1=Y ) if a contact is on. 0=A  causes the con-

tact is switched on. The coil is off ( 0=Y ) if a contact is off. 1=A  causes the contact is 

switched off, see Fig. 46. 

 

Figure 46. The ladder diagram NOT gate. 

 

 

 

 

1.2. Logic circuits 

 

 

Thus, on plasmodia we can define logic circuits. In the meanwhile, output logic values 

are represented in Table 2 and input logic values are represented in Table 3. 

 

Table 2. Output logic values. 

 

Boolean value   Representation  

0   Attractant/repellent deactivated  

1   Attractant/repellent activated  

 

 

Table 3. Input logic value. 

 

Boolean value   Representation  

0   Absence of Physarum at the attractant  

1   Presence of Physarum at the attractant  

 

 

 



 

 

For designing logic circuits on slime mould we use some diagrams, their basic symbols are de-

fined in Table 4. 

 

Table 4. Basic symbols used in diagrams for logic circuits. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A distribution of stimuli for the AND gate: the plasmodium of Physarum polycephalum

P  can be propagated to the output attractant 
yA  if and only if both attractants 1xA  and 2xA  

are activated, see Fig. 47 and Table 5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 47. Distribution of stimuli for the AND gate. 

Symbol   Meaning  

 

 Physarum  

 

 Attractant deactivated  

 

 Attractant activated  

 

 Repellent deactivated  

 

 Repellent activated  

 

 Region of influence  

 

 Direction of plasmodium propagation  



 

 

 

 

Table 5. States of the AND gate for all input combinations. 

 

 

 

A distribution of stimuli for the OR gate: the plasmodium of Physarum polycephalum   

P  can be propagated to the output attractant 
yA  if one of attractants 1xA  or 2xA  is activated, 

see Fig. 48 and Table 6. 

  

 

 

 

 

 

a)                

 

 b) 

 
c)  

 

 d) 

 



 

 

Figure 48. Distribution of stimuli for the OR gate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 6. States of the OR gate for all input combinations. 

 

 

 

 

 

 

  

a) 

 

 b)  

 

c)  

 

 d) 

 



The NOT gate behaviour is simulated by the repellent. A distribution of stimuli for the 

NOT gate: if the repellent xR  is activated (i.e., the input value is 1), then it avoids plasmodi-

um to be attracted by the output attractant
yA , see Fig. 49 and Table 7. 

 

Figure 49. Distribution of stimuli for the NOT gate. 

 

 

 

 

 

Table 7. States of the NOT gate for all input combinations. 

 

 a) 

 

 b) 

 

 

 

 



 

 

1.3. Petri net models 

 

 

In our approach, we use Petri nets with inhibitor arcs. Inhibitor arcs are used to test for 

absence of tokens in a place. A transition can only fire if all its inhibitor places are empty. 

Graphically, an inhibitor arc connects a place to a transition and the arc ends with an empty 

circle on the transition side.  Moreover, a capacity limit equal to 1 is assigned to each place. 

 

A marked Petri net with inhibitor arcs is a five-tuple ),,,,(= mwATrPlMPN , where: 

 

 Pl  is the finite set of places,  

 Tr  is the finite set of transitions,  

 IO AAA =  such that )()( PlTrTrPlAO   is the set of ordinary arcs from 

places to transitions and from transitions to places whereas )( TrPlAI   is the set of 

inhibitor arcs from places to transitions,  

 }{1,2,3,: Aw  is the weight function on the arcs,  

 }{0,1,2,: Plm  is the initial marking function on the places. 

 

The Petri net model of the AND gate for Physarum  polycephalum computing is pic-

tured in Fig. 50. 

 

Figure 50. The Petri net model of the AND gate for Physarum polycephalum computing:
1

xA is a place 

representing the attractant controlled by the input 1x ; 
2

xA  is a place representing the attractant con-

trolled by the input 2x ; 
yA  is a place representing the attractant corresponding to the output y , P is        

a place representing Physarum polycephalum. 

 

 
 

 

The Petri net model behaviour of the AND gate for 0=1x  and 0=2x , (a) before transi-

tion firing, (b) after transition firing is pictured in Fig. 51. 

 

 



Figure 51. Petri net model behaviour of the AND gate (0, 0). 

 

 
 

The Petri net model behaviour of the AND gate for 1=1x  and 0=2x , (a) before transi-

tion firing, (b) after transition firing is pictured in Fig. 52. 

 

Figure 52. Petri net model behaviour of the AND gate (1, 0). 

 
 

 

The Petri net model behaviour of the AND gate for 0=1x  and 1=2x , (a) before transi-

tion firing, (b) after transition firing is pictured in Fig. 53. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Figure 53. Petri net model behaviour of the AND gate (0, 1). 

 

 
 

 

The Petri net model behaviour of the AND gate for 1=1x  and 1=2x , (a) before transi-

tion firing, (b) after transition firing is pictured in Fig. 54. 

 

Figure 54. Petri net model behaviour of the AND gate (1, 1). 

 

 

 

 

 

The Petri net model of the OR gate for Physarum polycephalum computing is pictured 

in Fig. 55. 

 

 

 

 



Figure 55. Petri net model of the OR gate for Physarum polycephalum computing:
1

xA  is a represent-

ing the attractant controlled by the input 1x ; 
2

xA  is a place representing the attractant controlled by 

the input 2x ; 
yA  is a place representing the attractant corresponding to the output y ; P  is a place 

representing Physarum polycephalum. 

 

 
 

The Petri net model behaviour of the OR gate for 0=1x  and 0=2x , (a) before transi-

tion firing, (b) after transition firing is pictured in Fig. 56. 

 

Figure 56. Petri net model behaviour of the OR gate (0, 0). 

 

 

 

The Petri net model behaviour of the OR gate for 1=1x  and 0=2x , (a) before transition 

firing, (b) after transition firing is pictured in Fig. 57. 

 

 

 

 



 

 

Figure 57.Petri net model behaviour of the OR gate (1, 0). 

 

 
 

 

The Petri net model behaviour of the OR gate for 0=1x  and 1=2x , (a) before transi-

tion firing, (b) after transition firing is pictured in Fig. 58. 

 

Figure 58.Petri net model behaviour of the OR gate (0, 1). 

 

 
 

 

 

The Petri net model behaviour of the OR gate for 1=1x  and 1=2x , (a) before transition 

firing, (b) after transition firing is pictured in Fig. 59. 

 

 

 

 

 

 

 

 

 

Figure 59.Petri net model behaviour of the OR gate (1, 1). 



 

 
 

 

The Petri net model of the NOT gate for Physarum polycephalum computing is pictured in 

Fig. 60. 

 

Figure 60. The Petri net model of the NOT gate for Physarum polycephalum computing: xA  is a place 

representing the attractant controlled by the input x;
yA  is a place representing the attractant corre-

sponding to the output y; P  is a place representing Physarum polycephalum. 

 

 
 

 

 

The Petri net model behaviour of the NOT gate for 0=x , (a) before transition firing,  

(b) after transition firing is pictured in Fig. 61. 

 

 

 

 

 

 

 

 

 

Figure 61. Petri net model behaviour of the NOT gate (0). 



 

 

 

 

 

The Petri net model behaviour of the NOT gate for 1=x , (a) before transition firing,               

(b) after transition firing is pictured in Fig. 62. 

 

Figure 62. Petri net model behaviour of the NOT gate (1). 

 

 
 

 

 

1.4. Example: 1-to-2 demultiplexer 

 

Using ladder diagrams and Petri net diagrams we can design different circuits like                 

1-to-2 demultiplexer, see Fig. 63. This operation can be described as follows:   

 if 0=s , then dy =0 ,  

 if 1=s , then dy =1 .  

The functional specification can be written as dsy =0
 and sdy =1 . 

 

 

 

 

 

 



Figure 63.1-to-2 demultiplexer. 

 

 

The ladder diagram model of the 1-to-2 demultiplexer is pictured in Fig. 64, its Petri net 

model is pictured in Fig. 65. 

 

Figure 64.1-to-2 demultiplexer by the ladder diagram. 

 

 
 

 

 

 

 

 

 

 

 

 

 



 

 

Figure 65. Petri net model of the 1-to-2 demultiplexer. 

 

 
 

 

The Petri net model behaviours of the 1-to-2 demultiplexer for different s and d are pic-

tured in Fig. 66 –69. 

 

 

Figure 66. Petri net model behaviour of the 1-to-2 demultiplexer for s=0 and d=0. 

 

 

 

 

 

 

 

 

 

 

 

 



Figure 67. Petri net model behaviour of the 1-to-2 demultiplexer for s=0 and d=1. 

 

 
 

 

Figure 68. Petri net model behaviour of the 1-to-2 demultiplexer for s=1 and d=0. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Figure 69. Petri net model behaviour of the 1-to-2 demultiplexer for s=1 and d=1. 

 

 

 

A distribution of stimuli for the 1-to-2 demultiplexer is represented in Fig. 70. 

 

 

Figure 70. Distribution of stimuli for the 1-to-2 demultiplexer. 

 

 

 

The experimental environment for implementation of the 1-to-2 demultiplexer using                     

a particle model of Physarum polycephalum is given in Fig. 71 – 72. 

 

 

 

 



Figure 71. Experimental environment for implementation 1-to-2 demultiplexer. 

 

 
 

 

Figure 72. Results of experiments: (a) for 0=s  and 0=d , (b) for 0=s  and 1=d , (c) for         

1=s  and 0=d , (d) for 1=s  and d = 1. 

 

 a)  

 

 b) 

 
c) 

 

 d)  

 

 

 

 

 



 

 

1.5. Example: half adder 

 

The half adder adds two single binary digits a and b. It has two outputs, sum (s) and car-

ry (c). The functional specification of the half adder can be written as: 

 

babas = , 

 

abc = . 

 

Its ladder diagram is pictured in Fig. 73, its Petri net model is pictured in Fig. 74, and                      

a spatial distribution of attractants and repellents for the half adder is pictured in Fig. 75. 

 

Figure 73. The ladder diagram model of the half adder. 

 

 
 

Figure 74. The Petri net model of the half adder. 

 

 
 

 

 



Figure 75. Spatial distribution of attractants and repellents for the half adder. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

2. Rough-set extensions of transition systems 

 

2.1. Transition systems 

 

 

A transition system is a quadruple ),,,(= ITESTS , where: 

 

 S  is the non-empty set of states,  

 E  is the set of events,  

 SEST   is the transition relation,  

 SI  is the set of initial states.  

 

Usually, transition systems are based on actions which may be viewed as labelled 

events. If Tses ),,(  then the idea is that TS  can go from s to s  as a result of the event            

e occurring at s.  

 

Motions of plasmodium of Physarum polycephalum are a kind of natural transition sys-

tems. States are presented by attractants and events are transitions from one attractant to an-

other.  We can define the following three basic forms of Physarum transitions (motions): di-

rection, fusion, and splitting.  

 

Direct , direction: a movement from one place, where the plasmodium is located, to-

wards another place, where there is a neighbour attractant, see Fig. 76. 

 

Figure 76. Implementation of the Direct motion: If both attractants 1sA  and 2sA  are activated, then 

plasmodium propagates from the origin place to the attractant 1sA , and next to the attractant

2sA . 

 

 
 

 

Fuse, fusion of two plasmodia at the place, where they meet the same attractant, is pic-

tured in Fig. 77. 



Figure 77. Implementation of the Fuse motion: If two plasmodia occupy the attractants 1sA  and 2sA , 

respectively, then they are turned by the repellents 1R  and 2R  to the attractant 3sA , where they are 

fused. 

 

 
 

 

 

 

Split , splitting of plasmodium from one active place into two active places, where two 

neighbour attractants with a similar power of intensity are located, is represented in Fig. 78. 

 

 

Figure 78. Implementation of the Split motion: if plasmodium occupies the attractant 1sA , then it 

is turned by the repellent R  to the attractants 2sA  and 3sA . It means that plasmodium is split 

at 1sA . 

 

 



 

 

A simple example of the transition system ),,,(= 0sTESTS  represents phase changes, 

see Fig.79, 80. 

 

Figure 79. Phase changes. 

 

 
 

 

 

Figure 80. Spatial distribution of attractants and repellents for the transition system TS of Fig. 79. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2.2. Non-deterministic transition systems and rough sets 

 

 

If there exists the state Ss  in the transition system TS  such that               

1>))(( sPostcard , where card the cardinality of the set is, then TS  is called a non-

deterministic transition system. One can see that in non-deterministic transition systems we 

deal with ambiguity of direct successors of some states, i.e., there exist states having no 

uniquely determined direct successors. In the presented approach, we propose to manage this 

ambiguity using rough set theory. 

 

Rough sets were proposed in: Pawlak Z.: Rough Sets. Theoretical Aspects of Reasoning 

about Data, Kluwer Academic Publishers, Dordrecht 1991. 

 

The Variable Precision Rough Set Model (VPRSM) was proposed in: Ziarko, W.: Vari-

able precision rough set model, “Journal of Computer and System Sciences”, 46(1), pp.                 

39-59, 1993.    

 

Let us define rough sets. Let U  be a finite set of objects we are interested in, R be 

any equivalence relation over U , and Ru][  be an equivalence class of any Uu . With each 

subset UX   and any equivalence relation R over U , we associate two subsets:   

 

}][:{=)( XuUuXR R  , 

 

}][:{=)(  XuUuXR R
, 

 

called the R -lower and R -upper approximation of X , respectively.  

 

Standard sets are defined by inclusion. Let U  be the universe and UBA , . The stand-

ard set inclusion is defined as  

 

.BuifonlyandifBA
Au

 


 

 

A majority set inclusion is defined as follows. Let U  be the universe, UBA , and 

0.5<0  . The majority set inclusion is defined thus: 

 

,
)(

)(
1 







Acard

BAcard
ifonlyandifBA  

 



 

 

W. Ziarko proposed some relaxation of the original rough set approach, called the Vari-

able Precision Rough Set Model (VPRSM). The VPRSM approach is based on the notion of 

majority set inclusion.  

 

By replacing the standard set inclusion with the majority set inclusion in definitions of 

approximations, we obtain the following two subsets:   

}][:{=)( XuUuXR R



, 

 

}>
)]([

)]([
:{=)( 



R

R

ucard

Xucard
UuXR


 , 

 

called the R -lower and R -upper approximation of X , respectively.   

 

For each state Ss  in the transition system TS , we can determine its direct successors 

and predecessors. Let: 

 

}),,(:{=),( TsesSsesPost  , 

 

}),,(:{=),( TsesSsesPre  , 

 

then the set )(sPost  of all direct successors of the state Ss  is given by  

 

),(=)( esPostsPost
Ee




 

 

and the set )(sPre  of all direct predecessors of the state Ss  is given by 

 

).,(=)( esPresPre
Ee




 

 

Let ),,,(= ITESTS  be a transition system and SX  . The lower predecessor anticipa-

tion )(* XPre  of X  is given by 

 

}.)()(:{=)(* XsPostandsPostSsXPre   

 

The lower predecessor anticipation consists of all states from which TS  surely goes to 

the states in X  as results of any events occurring at these states.  

 

 



Let ),,,(= ITESTS  be a transition system and SX  . The upper predecessor anticipa-

tion )(* XPre  of X  is given by 

 

}.)(:{=)(*  XsPostSsXPre  

 

The upper predecessor anticipation consists of all states from which TS  possibly goes 

to the states in X  as results of some events occurring at these states. It means that TS  can 

also go to the states from outside X .  

 

If we use majority set inclusion, we obtain the generalized notion of the  -lower pre-

decessor anticipation. Let ),,,(= ITESTS  be a transition system and SX  . The  -lower 

predecessor anticipation )(* XPre  of X  is given by 

 

}.)()(:{=)(* XsPostandsPostSsXPre 


  

 

The  -lower predecessor anticipation consists of each state from which TS  goes, in most 

cases to the states in X  as results of events occurring at these states.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

2.3. Timed transition systems and rough sets 

 

Timed Transition Systems ),,,,,(= ulITESTTS  consists of: 

 

 an underlying transition system ),,,(= ITESTS ,  

 a minimal delay function (a lower bound) NEl :  assigning a nonnegative inte-

ger to each event,  

 a maximal delay function (an upper bound) }{:  NEu  assigning a nonnega-

tive integer or infinity to each event.  

 

We assume, for timed transition systems, that the events may occur only at discrete time 

instants. Therefore, whenever time instant t  is used, it means that 0,1,2,=t .  

 

Let ),,,,,(= ulITESTTS  be a timed transition system. Let 

 

)}()(),,(:{=),( eutelTsesSsesPostt   

 

and  

 

 )},()(),,(:{=),( eutelTsesSsesPret   

 

then the set )(sPostt  of all direct successors of the state Ss  at t  is given by 

 

),(=)( esPostsPost t
Ee

t 


 

 

and the set )(sPret  of all direct predecessors of the state Ss  at t  is given by 

 

).,(=)( esPresPre t
Ee

t 


 

 

If there exists the state Ss  in the timed transition system TTS  at the time instant             

t  such that 1>))(( sPostcard t , where card  is the cardinality of the set, then TTS  is called         

a non-deterministic timed transition system at t . In non-deterministic timed transition systems, 

we deal with ambiguity of direct successors of some states, i.e., at some time instants, there 

exist states having no uniquely determined direct successors.  

 

 



Let ),,,,,(= ulITESTTS  be a timed transition system and SX  . The lower prede-

cessor anticipation )(XPret  of X  at the time instant t  is given by 

 

}.)()(:{=)( XsPostsPostSsXPre ttt   

 

The lower predecessor anticipation )(XPret  consists of all states from which TTS  surely 

goes to the states in X  as results of any events occurring at these states at the time instant t .  

 

Let ),,,,,(= ulITESTTS  be a timed transition system and SX  . The upper prede-

cessor anticipation )(XPre t  of X  at the time instant t  is given by 

 

}.)(:{=)(  XsPostSsXPre tt  

 

The upper predecessor anticipation )(XPre t  consists of all states from which TTS  possibly 

goes to the states in X  as results of some events occurring at these states at the time instant t . 

It means that TTS  can also go at t  to the states from outside X .  

 

The  -lower predecessor anticipation )(XPret

  of X  at the time instant t  is given by 

 

}.)()(:{=)( XsPostsPostSsXPre ttt 



 

 

The  -lower predecessor anticipation of X  at t  consists of each state from which TTS  

goes, in most cases (i.e., in terms of the majority set inclusion) to the states in X  as results of 

events occurring at these states at the time instant t .  

 

If 

),(
}{0,1,2,

XPres t
t


 

 

 

 

then s is said to be a continuous strict anticipator of states from X . It means that s always 

anticipates (i.e., at each time instant) states from X .   

 

If s is not a continuous strict anticipator of states from X , but 

 

),(
}{0,1,2,

XPres t
t


 

 

 

then s is said to be an interim strict anticipator of states from X . It means that s sometimes 

(not always) anticipates states from X .   



 

 

If s is not a continuous and interim strict anticipator of states from X , but 

 

),(
}{0,1,2,

XPres t

t




 

 

 

then s is said to be a continuous quasi-anticipator of states from X .   

 

If s  is not a continuous and interim strict anticipator and continuous quasi-anticipator of 

states from  X , but 

 

),(
}{0,1,2,

XPres t

t




 

 

 

then s is said to be an interim quasi-anticipator of states from X .   

 

Let us consider an exemplary Physarum machine },,{= RAPPM , where }{= 1phP ,

},,,,,,{= 7654321 aaaaaaaA , and }{= 1rR , see Fig. 81. 

 

Figure 81. Example of Physarum machine. 

 

 

 
 

 

 

Another example. Let us assume that we are interested in the set },,{= 865 sssX  of goal 

states and 0.5= , see Fig. 82.  For X and 5<t , we obtain: 



 

},{=)( 42 ssXPret , 

 

},,{=)( 432 sssXPret , 

 

but },,{=)( 432

0.5
sssXPret

. 

 

 

For X and 5t , we obtain:  

 

},,{=)( 432 sssXPret , 

 

},,{=)( 432 sssXPret . 

 

It means that 2s  and 4s  are continuous strict anticipators of states from X , 3s  is an in-

terim strict anticipator of states from X  but also 3s  is a continuous quasi-anticipator of states 

from X .  

 

Figure 82. A timed transition system model of PM: 

0=)(=)(=)(=)(=)(=)(=)(=)(=)( 987654321 elelelelelelelelel ,

=)(=)(=)(=)(=)(=)(=)(=)( 98654321 eueueueueueueueu , and 4=)( 7eu . 

 

 
 

 

2.4. Models of simple rule-based systems 

 



 

 

 

We show that biological substrate in the form of Physarum polycephalum can be used to 

simulate simple rule-based systems. To extort a proper behaviour from the substrate, appro-

priate distribution of stimuli (attractants and/or repellents) is required.  A biological compu-

ting device implemented in the plasmodium of Physarum polycephalum is said to be                          

a Physarum machine. To model behaviour of the substrate and then program Physarum ma-

chine, we propose to use Petri net models that can be treated as high-level description.  

 

There are various knowledge representation methods that have been developed to make 

real-world knowledge suitable for being processed by computers. One of the most popular 

knowledge representation systems are the rule-based ones.  Rules can be easily interpreted by 

humans. Formally, rules can be presented in the framework of propositional logics.  

 

Four types of the composite production rules can be distinguished: 

 

Type 1: IF 
1
id  AND 

2
id  AND  AND 

k
id , THEN 

jd . 

 

Type 2: IF id , THEN 
1
jd  AND 

2
jd  AND  AND 

k
jd . 

 

Type 3: IF 
1
id  OR 

2
id  OR  OR 

k
id , THEN 

jd . 

 

Type 4: IF id , THEN 
1
jd  OR 

2
jd  OR  OR 

k
jd . 

 

Source: Looney, C., Alfize, A.: Logical controls via Boolean rule matrix transformations. 

IEEE Transactions on Systems, “Man and Cybernetics” 17(6), pp. 1077-1082, 1987. 

 

In the literature, one can find a lot of approaches using Petri nets as a model of rule-

based systems: 

 

 Chen, S.M., Ke, J.S., Chang, J.F.: Knowledge representation using fuzzy Petri 

nets,“IEEE Transactions on Knowledge and Data Engineering” 2(3), pp. 311-319, 

1990. 

 Konar, A.: Cognitive Engineering: A Distributed Approach to Machine Intelligence, 

Springer-Verlag, London 2005. 

 Suraj, Z.: A survey of selected classes of logical Petri nets,[in:] Wróbel, Z., Marszał-

Paszek, B., Paszek, P. (eds.): Monografia jubileuszowa dla uczczenia 45 lat pracy 

naukowej Prof. A. Wakulicz-Deji,. Wyd. Uniwersytetu Śląskiego, pp. 157-181, Kato-

wice 2013. 

 Szpyrka, M., Szmuc, T.: D-nets - Petri net form of rule-based systems, “Foundations 

of Computing and Decision Sciences” 31(2), pp. 175-190, 2006. 



   Structures of Petri nets reflect structures of rule-based systems. Petri net models enable us to 

reflect propagation of protoplasmic veins of the plasmodium in consecutive time instants (step 

by step).  Petri nets are used by us as one of the high-level models in our new object-oriented 

programming language, called the Physarum language, for Physarum machines, see: 

 

 Schumann, A., Pancerz, K.: Towards an object-oriented programming language for 

Physarum polycephalum computing: A Petri net model approach, Fundamenta Informati-

cae 133(2-3), pp. 271-285, 2014. 

 Pancerz, K., Schumann, A.: Some issues on an object-oriented programming language for 

Physarum machines,[in:] Bris, R., Majernik, J., Pancerz, K., Zaitseva, E. (eds.): Applica-

tions of Computational Intelligence in Biomedical Technology, Studies in Computational 

Intelligence, vol. 606, Springer International Publishing, pp. 185-199, Switzerland 2016. 

 

In the proposed Petri net models of Physarum machines, we can distinguish several 

kinds of places:   

 

 Places representing Physarum polycephalum. 

 Places representing control stimuli (attractants or repellents) corresponding to propositions 

in antecedent parts of rules. 

 Places representing auxiliary stimuli (attractants) corresponding to partial results of evalua-

tion of logical expressions in antecedent parts of composite production rules.  

 Places representing output stimuli (attractants) corresponding to propositions in conse-

quence parts of rules.  

 

The meaning of tokens in places representing control stimuli is represented in Table 8. 

 

Table 8. Tokens meaning – control stimuli. 

 

Token Meaning Evaluation of proposition 

 Present   Stimulus activated  true  (for attractants), false  (for repellents)  

 Absent   Stimulus deactivated  false  (for attractants), true  (for repellents) 

 

The meaning of tokens in places representing auxiliary stimuli is represented in Table 9. 

 

 

 

 

 

 

 



 

 

Table 9. Tokens meaning – auxiliary stimuli. 

 

Token Meaning Partial evaluationof            

expression 

 Present   Stimulus occupied by plasmodium  true  

 Absent   Stimulus not occupied by plasmodium  false  

 

The meaning of tokens in places representing output stimuli is represented in Table 10. 

 

Table 10. Tokens meaning – output stimuli. 

 

Token Meaning Evaluationof proposition 

 Present   Stimulus occupied by plasmodium  true  

 Absent   Stimulus not occupied by plasmodium  false  

 

 

In our models of simple rule-based systems, we have implemented an idea of flowing 

power used in ladder diagrams to model digital circuits. Flowing power is replaced with prop-

agation of plasmodium of Physarum polycephalum. The same idea was used by us to con-

struct logic gates through the proper geometrical distribution of stimuli in Physarum ma-

chines. 

 

Source: Schumann, A., Pancerz, K., Jones, J.: Towards logic circuits based on Physarum pol-

ycephalum machines: The ladder diagram approach,[in:] Cliquet, Jr., Plantier, A., Schultz, 

G., Fred, T., Gamboa, A. (eds.):Proceedings of the International Conference on Biomedical 

Electronics and Devices (BIODEVICES'2014), pp. 165-170, Angers - France 2014. 

 

In general, we can distinguish two techniques to control behaviour of Physarum poly-

cephalum: 

 

 Repellent-based, see Fig. 83, 84, 85, 86.  

 Attractant-based.  

 

Source: Adamatzky, A.: Physarum Machines: Computers from Slime Mould, World Scien-

tific, Singapore 2010: 

 

 

 

 

 

 

 

 



Figure 83. A Petri net model of a rule of type 1: the repellent-based control approach. 

 

 
 

Figure 84. A Petri net model of a rule of type 3: the repellent-based control approach. 

 

 
 

 

So, a high-level model (Petri net model) is translated by us into the low-level language, 

i.e., spatial distribution of stimuli (attractants and/or repellents). Such distribution can be 

treated as a program for the Physarum machine, see Fig. 85, 86.  

 

Figure 85. The structure of the Physarum machine for a production rule of type 1. 

 

 
 



 

 

Figure 86. The structure of the Physarum machine for a production rule of type 3. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3. Object-oriented language 

 

The proposed language can be used for developing programs for Physarum machines by 

the spatial configuration of stimuli. Spatial distribution of stimuli can be identified with a low-

level programming language for Physarum machines. The created programming language 

uses the prototype-based approach called also the class-less or instance-based approach.  

 

There are inbuilt sets of prototypes corresponding to both the high-level models used to 

describe behaviour of Physarum polycephalum, e.g., ladder diagrams, Petri nets, transition 

systems and the low-level model, i.e., distribution of stimuli.  

 

The plasmodium of Physarum polycephalum functions are considered as a parallel 

amorphous computer with parallel inputs and parallel outputs. We can generally assume that  

a program of computation is coded via configurations of repellents and attractants.  

 

 

3.1. Tools and technologies 
 

 

The grammar of the language is described in the XBNF (eXtended Backus-Naur Form) 

notation. The parser is created using JavaCC (Java Compiler Compiler), the Java parser gen-

erator. The programming and simulation platform is created in the Java environment.  

 

Main objects are defined in the object-oriented (OOP) language for Physarum poly-

cephalum computing and their selected methods. 

 

Table 11. OOP language for Physarum polycephalum computing. 

 

Model Object Selected Methods 

Low-Level  Layer  setSize, add  

Low-Level  Physarum nsetPositio  

Low-Level  Attractant nsetPositio , tysetIntensi  

Low-Level  Repellent nsetPositio , tysetIntensi  

Ladder Diagram  RungLD.  ionsetExpress  

Petri Net  TransitionPN.  tionsetDescrip  

Petri Net  PlacePN.  setRoletionsetDescrip ,  

Petri Net  ArcPN.  itorsetAsInhib  

Transition System  StateTS.  tionsetDescrip , alsetAsIniti  

Transition System  EventTS.  tionsetDescrip  

Transition System  TransitionTS.   



 

 

Let us consider a simple timed transition system shown as a graph structure with the fol-

lowing timing constraints: 0=)( 1el , =)( 1eu , 0=)( 2el , =)( 2eu , 5=)( 3el , 10=)( 3eu , 

see Fig. 87. 

 

Figure 87. Time Transition System – graph structure. 

 

 

 

 

The code in our created language has the following form:  

 

#TRANSITION_SYSTEM  

s1=new TS.State("s1");  

s1.setAsInitial;  

s2=new TS.State("s2");  

s3=new TS.State("s3");  

e1=new TS.Event("e1");  

t1=new TS.Transition(s1,e1,s2);  

e2=new TS.Event("e2");  

t2=new TS.Transition(s1,e2,s3);  

e3=new TS.Event("e3");  

e3.setTimingConstraints(5,10);  

t3=new TS.Transition(s2,e3,s3);  

 

As a result of programming the Physarum machine, we obtain spatial configurations of 

stimuli: (a) for the time instant 4= , (b) for the time instant 8= , where P  is Physarum,

1
sA , 

2
sA , 

3
sA  are attractants, and R  is a repellent, see Fig. 88. The event 3e  is allowed only 

if actual time ,10}{5,6,t . 

 

 

 

 

 

 

 



Figure 88. Spatial configuration of stimuli. 

 

 
 

 

 

 

3.2. Rough set models of Physarum games 

 
We describe a rough set approach for description of a strategy game created on the 

Physarum machine.  

 

The strategies of such a game are approximated on the basis of a rough set model, de-

scribing behaviour of the Physarum machine, created according to the VPRSM (Variable Pre-

cision Rough Set Model) approach.  

 

As an example, let us consider a transition system describing the game, where player         

1 plays for Physarum polycephalum and occupies attractants 2s , 3s , 5s , 6s , 7s  and player          

2 plays for Badhamia utricularis and occupies attractants 4s , 8s , see Fig. 89. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Figure 89. Transition system presenting a game. 

 

 

 

States corresponding to attractants activated by the first player are circled. All other 

states are assumed to be activated by the second player. Hence, },,,,{= 76532

1 sssssS  and 

},{= 84

2 ssS . So, )(<)( 12 ScardScard , but it does not mean that player 1 wins.  

 

If we assume 0=  (i.e., the most rigorous case), then, for player 1, }{=)( 2

1

* sSPre  

and 1=1 , and for player 2 }{=)( 4

2

* sSPre  and 1=2 . Hence, nobody wins, because: 

 

},,{=)( 4321 ssssPost  and 
1

1)( SsPost Ú ,  

 

},,{=)( 7652 ssssPost  and 1

2 )( SsPost  ,  

 

},{=)( 863 sssPost  and 1

3)( SsPost Ú ,  

 

}{=)( 84 ssPost  and 1

4 )( SsPost Ú ,  

 

},,{=)( 4321 ssssPost  and 2

1)( SsPost Ú ,  

 

},,{=)( 7652 ssssPost  and 2

2 )( SsPost Ú ,  

 

},{=)( 863 sssPost  and 2

3)( SsPost Ú ,  



}{=)( 84 ssPost  and 2

4 )( SsPost  .  

 

If we assume 0.4=  (i.e., more relaxed case), then ,},{=)( 21

10.4

* ssSPre

}{=)( 8

20.4

* sSPre  and 2=1 , 1=2 . This means that player 1 wins, because: 

 

},,{=)( 4321 ssssPost  and 1
0.4

1)( SsPost  ,  

 

},,{=)( 7652 ssssPost  and 1
0.4

2 )( SsPost  ,  

 

},{=)( 863 sssPost  and 1
0.4

3)( SsPost Ú ,  

 

}{=)( 84 ssPost and 1
0.4

4 )( SsPost Ú ,  

 

},,{=)( 4321 ssssPost  and 2
0.4

1)( SsPost Ú ,  

 

},,{=)( 7652 ssssPost  and 2
0.4

2 )( SsPost Ú  

 

},{=)( 863 sssPost  and 2
0.4

3 )( SsPost Ú ,  

 

}{=)( 84 ssPost  and 2
0.4

4 )( SsPost  .  

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

3.3. Go games 

 

 

Go is a game, originated in ancient China, in which two people play with a Go board 

and Go stones.  In general, the two players alternately place black and white stones, on the 

vacant intersections of a board with a 1919  grid of lines, to surrounding territory. Whoever 

has more territory at the end of the game is the winner. 

 

The plasmodium behaviour can model an ancient Chinese game called Go. We describe 

implementation of the Go game on the Physarum machines. A special version of the game is 

presented, where payoffs are assessed by means of the measure defined on the basis of rough 

set theory.  

 

So, let a board for the Go game, with a 1919  grid of lines, be in use. The set of all in-

tersections of the grid is denoted by I . At the beginning, the fixed numbers of original points 

of both the plasmodia of Physarum polycephalum and the plasmodia of Badhamia utricularis 

are randomly deployed on intersections, see Fig. 90.  

 

Figure 90. Example of stimulated Go game. 

 

 
 

 



During the game, the two players alternately place attractants on the vacant intersections 

of the board. The first player plays for the Physarum polycephalum plasmodia, the second one 

for the Badhamia utricularis plasmodia. The plasmodia look for attractants, propagate proto-

plasmic veins towards them, feed on them and go on. The attractants occupied by plasmodia 

of Physarum polycephalum are treated as black stones whereas the attractants occupied by 

plasmodia of Badhamia utricularis, as white stones.  

 

Each intersection Ii  is identified by two coordinates x and y. This fact will be denot-

ed by ),( yxi . For each intersection ),( yxi , we can distinguish its adjacent surroundings:  

19)}.(1)(1)=1=(

19)(1)(1)=1=(

:),({=)(









yyyyyy

xxxxxx

IyxiiSurr

 

 

Formally, during the game, at given time instant t, we can distinguish three kinds of in-

tersections in the set tI  of all intersections: 

 

 

tI – a set of all vacant intersections at t .  

 

tI – a set of all intersections occupied by plasmodia of Physarum polycephalum at t  (black 

stones).  

 
tI – a set of all intersections occupied by plasmodia of Badhamia utricularis) at t  (white 

stones).  

 

One can see that 
tttt IIII  = , where 

tI , 

tI , and 
tI  are pairwise disjoint.  

 

The lower surroundings approximation )(*



tISurr  of 
tI  is given by configuration of the 

Go game.  

 

},)()(:{=)(*


ttt IiSurriSurrIiISurr   

 

where   is either   or  .  The lower surroundings approximation consists of all intersections, 

occupied by plasmodia , whose all of not vacant adjacent intersections are also occupied by 

 . Each intersection Ii  such that )(*


tISurri  is called a full generator of the payoff of 

the player playing for the plasmodia  .  

 

The  -lower surroundings approximation. By replacing the standard set inclusion with 

the majority set inclusion in the definition of the lower surroundings approximation (accord-

ing to the VPRSM approach), we obtain the  -lower surroundings approximation:  

},)()(:{=)(*





ttt IiSurriSurrIiISurr   



 

 

Each intersection Ii  such that )(*


tISurri  is called a full quasi-generator of the 

payoff of the player playing for the plasmodia  .  

 

On the basis of lower surroundings approximations, we define a measure assessing pay-

offs of the players: 

 

(i) For the first player playing for the Physarum polycephalum plasmodia, the payoff meas-

ure has the form:  

 

)).((= *

 tISurrcard  

 

(ii) For the second player playing for the Badhamia utricularis plasmodia, the payoff meas-

ure has the form:  

 

)).((= *


tISurrcard  

 

In a more relaxed case, we have respectively:  

 

)).((= *

 tISurrcard   

and  

)).((= *


tISurrcard   

 

Let us consider an illustrative configuration of the Go game after several moves, see 

Fig. 91. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 91. Go configuration 1. 



 

 
 

 

If we appeal to the case of a standard definition of rough sets, then intersections belong-

ing to lower surroundings approximations are marked with grey rectangles, see Fig. 92, and 

the second player, playing for the Badhamia utricularis plasmodia, wins.  

 

Figure 92. Go configuration 2. 

 

 
 

 

If we use the case of the VPRSM approach (i.e., a more relaxed case), for 0.25= , 

then intersections belonging to lower surroundings approximations are marked with grey rec-

tangles, see Fig. 93, and no player wins. 

Figure 93. Go configuration 3. 



 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.4. PhysarumSoft 



 

 

The current version of a new software tool, called PhysarumSoft, has been developed 

for:   

 

 Programming Physarum machines.  

 Simulating Physarum games. 

 

This tool was designed for the Java platform. 

 

A general structure of PhysarumSoft is pictured in Fig. 94. 

 

Figure 94. PhysariumSoft. 

 

 
 

 

We can distinguish three main parts of PhysarumSoft: 

 

 Physarum language compiler.  

 Module of programming Physarum machines.  

 Module of simulating Physarum games.  

 

The Physarum language is an object-oriented high-level programming language. For 

generating the compiler of the language, the Java Compiler Compiler (JavaCC) tool was used. 

A compiler translates the high-level code describing the model of Physarum machine into the 

spatial distribution (configuration) of stimuli (attractants, repellents) controlling propagation 

of protoplasmic veins of the plasmodium. A grammar of our language was described in:  

 Pancerz, K., Schumann, A.: Some issues on an object-oriented programming language for 

Physarum machine,[in:]Applications of Computational Intelligence in Biomedical Tech-

nology, Studies in Computational Intelligence, vol. 606, pp. 185-199, Springer Internation-

al Publishing.    



 

 

 

The main features of PhysarumSoft are as follows: 

 

 Portability. The created tool can be run on various software and hardware platforms.  

 User-friendly interface.  

 Modularity. The project of PhysarumSoft and its implementation covers modularity.                     

It makes the tool extend in the future eaisly.  

 

We have proposed several high-level models used in programming Physarum machines: 

 

 Schumann, K., Pancerz, J.: Towards logic circuits based on Physarum polycephalum ma-

chines: The ladder diagram approach. Proc. of BIODEVICES'2014, pp. 165-170. 

 Pancerz, K., Schumann,A.: Principles of an object-oriented programming language for 

Physarum polycephalum computing. Proc. of DT' 2014.    

 Schumann, A., Pancerz, K.: Timed transition system models for programming Physarum 

machines: Extended abstract. Proc. of CS&P' 2014. 

 Schumann, A., Pancerz, K.: Towards an object-oriented programming language for 

Physarum polycephalum computing: A Petri net model approach. Fundamenta Informati-

cae 133(2-3), pp. 271-285, 2014. 

 

Let us consider an exemplary timed transition system TTS pictured in Fig. 95. Its code is 

represented in Fig. 96 and the result of compilation is represented in Fig. 97. 

 

Figure 95. An exemplary timed transition system TTS. 

 

 
 

 

 

 

Figure 96. The code for the model in the form of TTS. 

 



 
 

 

Figure 97. The results of compilation of TTS. 

 

 
 

 

The Physarum game simulator works under the client-server paradigm, see Fig. 98. 

 

 

 

Figure 98. The client-server paradigm. 

 



 

 

 

 

In the Physarum game simulator, we have two players:   

 

 the first plays for the Physarum polycephalum plasmodia,  

 the second plays for the Badhamia utricularis plasmodia.  

 

The main window of PGServer is pictured in Fig. 99. 

 

Figure 99. Main window of PGServer. 

 

 
 

The user can: 

 

 select the port number on which the server listens for connections,  

 start and stop the server,  

 set the game: 

- a Physarum game with strategy based on stimulus placement,  

- a Physarum game with strategy based o stimulus activation,  

- a rough set version of the Go game, 

 shadow information about actions undertaken.  

 

The main window of PGClient is pictured in Fig. 100. 



 

Figure 100. The main window of PGClient. 

 

 
 

 

The user can:   

 

 set the server IP address and its port number,  

 start the participation in the game,  

 put attractants at the vacant intersections of a board,  

 monitor the current state of the game as well the current assessment of payoffs.  

 

 

  



 

 

Conclusions and future work 
 

 

Four classes of devices can be implemented with Physarum: morphological processors, 

electronic circuits, micro-fluidic circuits, intra-cellular circuits, and artificial actin filament 

networks.  

 

Morphological processors represent results of computation with configurations of pro-

toplasmic networks. Data are represented as a spatial configuration of attractants and repel-

lents. Halting of computation is detected by stable state aided by compressibility changes.  

The results of computation are represented by morphology of the slime mould. The morpho-

logical processors can implement p-adic arithmetics if the slime mould can see not more than 

p – 1 attractants at each step of its propagation at all places of its directions. In case the slime 

mould can be well controlled in its motions (by using repellents or by distributing attractants 

on a nutrient-poor substrate), functions on finite p-adic integers can be implemented, i.e. we 

deal with standard arithmetics. In case the slime mould moves massive-parallelly  (e.g. on                  

a nutrient-rich substrate or many attractants are localized near each other) functions on infinite 

p-adic integers can be implemented, i.e. we deal with non-Archimedean metrics. The morpho-

logical processors solve a substantial range of problems from graph optimisation (e.g. shortest 

path, spanning trees, transport networks, space exploration, risk averse behaviour), combina-

torial optimisation (Travelling Salesman Problem), and computational geometry (e.g. tessella-

tions, triangulations, hulls) and collision-based computing (e.g. ballistic logical gates). The 

morphological processors are parallel: the data space is explored by numerous growth cones 

simultaneously. These processors can implement concurrent and context-based games. So, 

they can be used as universal behavioural models for simulating group or swarm behaviour. 

The time complexity of the computation is determined by a diameter of the physical data set. 

Thus computation of one problem can proceed for days if a size of the data set is tens of cen-

timetres. The processors can be scaled down only to a one element of data per square centime-

tre. The morphological processors are not reusable but can be sequentially arranged for more 

complex applications, e.g. using inexpensive DIY slime ‘cartridges’. Thus, it could be consid-

ered as a minor cost, like computer media, such as a floppy disk or USB pen drive.  

 

Micro-fluidic circuits employ Physarum response to tactile stimulation. When a frag-

ment of a protoplasmic tube is touched – flow of cytoplasm through this fragment halts tem-

porarily. The cytoplasm is rerouted via bypassing fragments. We have constructed few logical 

gates and memory devices in micro-fluidic circuits.  The tube’s responds to mechanical stimu-

lation in seconds; the response lasts for up to a minute. This determined the maximum fre-

quency of Physarum fluidic circuits: 0.02 Hz.  A simple gate fits in 2-3 sq mm domain: this is 

maximum resolution achieved.  The micro-fluidic devices are faster than morphological pro-

cessors and the gates are reusable. Technological disadvantages are that the slime mould must 

be kept alive yet prevented from uncontrollable sprouting of its protoplasmic tubes and speed 

of the computing is rather inappropriate. 

 



Intra-cellular circuits employ vesicles as carriers of information. Values of logical var-

iables are encoded in presence/absence of the vesicles. A computation is implemented via 

collision of the vesicles. Trajectories of the vesicles after collision represent results of the 

computation. A density of the vesicle based computing circuits is limited by an average diam-

eter of an intra-cellular vesicle: 50 nm. Technological disadvantage of the intra-cellular vesi-

cle based circuits is lack of programmability and strong dependence on physiological state of 

the slime mould implementing the computation.  

 

There are two subclasses of electronic circuits made from Physarum: raw and hybrid. 

Raw circuits use living Physarum interfaced with conventional hardware. The implement 

computation by encoding chemical, tactile, optical or electrical stimuli to frequency of oscilla-

tions of extracellular potential (frequency-based logical gates, tactile sensors, chemical sen-

sors, colour sensors) or by modulating input voltage and current (voltage divider, low-pass 

filters, oscillators, memristors, opto-electronic gates).  Hybrid electronic circuits employ 

Physarum coated or loaded with functional materials. The transform input voltage/current to 

output voltage/current. Examples are memristors, Schottky diodes, transistors. Minimal size 

of electronic circuits is limited by diameter of protoplasmic tube: minimum 0.1 mm. Frequen-

cy of oscillation based circuits is 0.02 Hz. The electrical analog circuits show a response time 

typical for conventional electronic devices.  

 

Artificial actin filament networks employ transmitting information by means of build-

ing and rebuilding actin filament networks in responses to dynamics of intra-cellular and ex-

tra-cellular stimuli. Some new processors (filaments) can appear in one conditions and they 

can disappear in other conditions. This system is much more complex, than artificial neural 

networks, where we have a fixed number of processors (neurons). 

 

PhyChip software development and interfacing 

 

A new hardware substrate must be supported by nascent methods of programming these 

devices. To this end we have successfully demonstrated methods of converting a large num-

ber of classical algorithms for spatial implementation by PhyChip and its models. The meth-

ods exploit parallel morphological adaptation that is embedded within the physical substrate. 

An important, and often overlooked factor is how to successfully interface classical compu-

ting devices with the novel substrate. Our collected results have achieved this interfacing by 

means of electrical, chemical, tactile, thermal, magnetic and optical stimuli respectively. Data 

can be presented to present the Physarum chip problem configuration, to instantiate computa-

tion and to dynamically control its evolution using closed-loop mechanisms, to analyse the 

current state of computation in real-time, and to decide when to halt the computation. To 

some extent it remains an open problem as to exploring the range of computation which can 

and cannot be performed by (or rather perhaps, are ill suited for) Physarum chip. In such cas-

es, the methods of interfacing we have explored will enable us to tackle these problems head 

on. 

 

 



 

 

Symbolic and logical models of Physarum computing 

 

We have explored symbolic and logical models of Physarum computing to provide spa-

tial propagative computing with new methods. First of all, we have implemented some timed, 

probabilistic, syllogistic, modal, game-theoretic, rough-set-theoretic extensions of standard 

process algebra to develop simulation models of the slime mould behaviour. These models 

allow us to describe also some ambiguities in Physarum propagation that influence exact an-

ticipation of states of Physarum machines. Then, we have applied some tools of non-well-

founded mathematics such as coalgebra and p-adic mathematics to involve a massive parallel-

ism in the plasmodium propagation into computational processes. In this direction, first, we 

have proposed a theory of hybrid actions (an extension of labelled transitions system to a sys-

tem with a non-well-founded set of labels) and, second, we have constructed a bio-inspired 

game theory. The methods proposed by us may enable us to tackle problems whose time and 

space demands are ill-suited to spatial computing approaches. Moreover, to model computa-

tional tasks for Physarum machines and to check game-theoretic strategies of slime mould in 

its occupation of food, we have developed a new object-oriented programming language, 

called a Physarum language. The Physarum language is a prototype-based language consist-

ing of inbuilt sets of prototypes corresponding to the high-level models used for describing 

behaviour of Physarum (e.g., ladder diagrams, probabilistic and timed transition systems, Pe-

tri nets, concurrent games, context-based games).  

 

In our project we have developed a range of prototypes for bio-inspired computing but 

we recognized several challenges before these prototypes can be developed into technical 

applications to solve practical computing problems, which center around questions such as 

scalability, reusability, reproductivity. We therefore consider this a theme for future applica-

tion for unconventional computing projects (using biological material as substrates) in the 

framework of the FET programme. On the other side, we envision that biological information 

processing as displayed by slime moulds will inspire new forms of distributed algorithms to 

solve parameter-rich optimization problems. These new algorithms may then conveniently be 

implemented with classical electronic devices. We thus suggest that future calls in the FET 

programme might on one hand focus on the discovery of nature-based information processing 

paradigms as exemplified by diverse biological organisms, and novel ways – conventional 

and unconventional – to implement these paradigms as technical solutions.  
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