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Preface

Slime mould Physarum polycephalum is a large single cell capable for distributed
sensing, concurrent information processing, parallel computation and decentralized
actuation. The ease of culturing and experimenting with Physarum makes this slime
mould an ideal substrate for real-world implementations of unconventional sensing
and computing devices. The book is a treatise of theoretical and experimental
laboratory studies on sensing and computing properties of slime mould, and on
development of mathematical and logical theories of Physarum behaviour. We
show how to make logical gates and circuits, electronic devices (memristors,
diodes, transistors, wires and chemical and tactile sensors) with the slime mould.
We demonstrate how to modify properties of Physarum computing circuits with
functional nanoparticles and polymers, to interface the slime mould with
field-programmable arrays, and to use Physarum as a controller of microbial fuel
cells. Physarum solves spatial problems by developing an optimal network of
protoplasmic tubes. We use this feature of the slime mould to imitate road networks
and mass migration, historical developments and future space explorations.
A unique multi-agent model of slime is shown to serve well as a software slime
mould capable for solving problems of computational geometry and graph opti-
mization. The multi-agent model is complemented by cellular automata models
with parallel accelerations. Mathematical models inspired by Physarum include
non-quantum implementation of Shor’s factorization, structural learning and
computation of shortest path tree on dynamic graphs, supply chain network design,
p-adic computing and syllogistic reasoning. Spatio-temporal behaviour of the slime
mould has also manifested in musical composition, artistic interacting perfor-
mances, translating Physarum responses to environmental stimuli to emotions of an
android robot and mechanics of creativity. The book is a unique composition of
vibrant and lavishly illustrated essays which will inspire scientists, engineers and
artists to exploit natural phenomena in designs of future and emergent computing
and sensing devices.

Bristol Andrew Adamatzky
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Biology of the Physarum polycephalum
Plasmodium: Preliminaries
for Unconventional Computing

Richard Mayne

Abstract Slime mould Physarum polycephalum is a macroscopic amoeba-like
organism whose ability to ‘compute’ the solutions to complex problems ranging from
logic to computational geometry has led to its extensive use as an unconventional
computing substrate. In slime mould computing devices— ‘Physarum machines’—
data may be imparted to the organism via stimulation with chemical, optical,
mechanical or electrical sources and outputs are generally behavioural, chemical
or/and electrical. This chapter examines the biological basis of a slime mould’s
ability to perceive and act upon input data and the mechanisms that contribute towards
the output we interpret as computation. Furthermore, various research methods for
slime mould cultivation, electrophysiological measurement and hybridisation with
exogenous substances are discussed. The data presented here provides an essen-
tial foundation for the computer scientist wishing to fabricate their own Physarum
machines.

1 Introduction

It has long-since been recognised that the unique physiology of the slime moulds
make them ideal research organisms, but the past decade has seen a veritable explo-
sion of research expounding the use of one particular slime mould—~Physarum poly-
cephalum—as a living unconventional computing substrate, the ‘Physarum machine’
[1]. Although the foundations of the study of life processes as expressions of ‘nat-
ural’ computing was first formalised in the 1950s by the early cyberneticists, the
assertion that a live organism may be utilised in the construction of laboratory pro-
totypes of functional computing systems is nevertheless an unintuitive and esoteric
concept at the time of writing. The authors propose that the reason for this is the
relative complexity of biological organisms in comparison with computers: we have
had the benefit of guiding the evolution of computers from their elementary units
and hence have a deep appreciation of how they function. When compared to our

R. Mayne ()
Unconventional Computing Centre, University of the West of England, Bristol, UK
e-mail: richard.mayne @uwe.ac.uk

© Springer International Publishing Switzerland 2016 3
A. Adamatzky (ed.), Advances in Physarum Machines, Emergence,
Complexity and Computation 21, DOI 10.1007/978-3-319-26662-6_1
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understanding of biological processes which we have undergone some 3 billion years
of intensive but unguided development, it is understandable that whilst we are now
programming computers to undertake extremely complex calculations, we are still
reading the instruction manual for our own bodies. When we characterise certain
natural processes as computation, we are attempting to use biology to perform use-
ful calculations in the manner of a regular computer: it follows, therefore, that a
thorough and intuitive understanding of the processes we are hijacking to our own
ends is required.

Slime mould is an ideal ‘entry-level’ biological computing substrate as it is
arguably a ‘simpler’ organism than, say, a mammal. Simplicity is a dangerous word
in this context as of course, slime mould is no less developed than any other life form
but rather is, by virtue of being a highly resilient macroscopic single cell, somewhat
easier to study than organisms composed of a multitude of indivudally fragile and
complexly interrelated cells.

This chapter explores the underlying biological phenomena that we choose to
characterise in the language of computation and provides the necessary knowledge
to begin experimenting in the field of Physarum Computing.

2 Taxonomy, Morphology, Habitat and Life Cycle

Slime moulds are not fungi as their name implies, although they were historically
considered to be after their initial taxonomical classification. They are broad, diverse
group of amoeboid organisms (phylum Amoebozoa, infraphylum Mycetozoa) that
reproduce via spores and are grouped into three major taxa: the ‘true’, or ‘plas-
modial’ slime moulds (class Myxogastria, but the constituent organisms are more
commonly known as Myxomycetes), the cellular slime moulds (Dictyosteliida) and
the often-overlooked Protostelids [2, 3]. The former group consists of the slime
moulds that exist as a syncytium—a single cell by virtue of the entire organism
being encapsulated by a single membrane, but containing more than one nucleus:
indeed, a single organism will typically contain many millions of nuclei and may
therefore be thought of many cells living in unison, rather than just one single cell
[4, 5]. Itis for this reason that they were historically called ‘acellular’, as opposed to
‘unicellular’, but it is now more common to refer to the true slime moulds by the name
of their vegetative (resting) life cycle phase, the ‘plasmodium’ (p/. plasmodia), as this
term also implies other facts about the state of the organism. The genus Physarum
belongs to this taxon. This is contrasted with the cellular slime moulds, who are
composed of macroscopic masses of many distinct cells living in unison, and the
Protostelids, who are more distantly-related microscopic variants [2, 6].

The Physarum plasmodium is a yellow amorphous mass (Fig.2) that can range
in size from a few mm? to over half a m? [7]. The organism will typically be com-
posed of a network of tubular ‘vein-like’ structures whose topology may dynamically
rearrange, which anastamose into a ‘fan-like” advancing anterior margin. On nutrient-
rich substrates the organism will tend to possess proportionally more fan-like fronts,
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Fig.1 Map to show prevalence of the genus Physarum throughout the world, where yellow through
red marks represent a relative scale of reports of incidence. Reprinted with permission from the
Encyclopaedia of Life [10]

implying that these high surface area structures are better adapted for nutrient absorp-
tion. The plasmodium is able to crawl at speeds exceeding 1 cm/h; the mechanisms
underlying this are explored in Sect. 3.

Physarum and it’s related species are found worldwide but are most concentrated
in Europe, North America and Japan (Fig. 1) and typically reside in dark, moist

Fig. 2 Photograph of the Physarum plasmodium growing in 9 cm Petri dishes. a On non-nutrient
agar sprinkled with oats, the plasmodium take a diminutive morphology composed of thin tubular
structures and a ‘fan-shaped’ advancing margin. b On nutrient-rich substrates such as agar infused
with oat flakes, the organism forms an amorphous mass more akin to the advancing margin in the
previous image
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places such as the bark of fallen trees when in its plasmodial life cycle stage. Mul-
tiple sources state that the organism is both predatory and saprophytic: its natural
foodstuffs include fungal spores, bacteria, smaller amoebae and decaying matter,
the latter of which may be digested extracellularly through the secretion of enzymes
[3, 8]. In laboratory experiments, the preferred nutrient source is ordinary oat flakes,
although nutrient agarose (agar) plates are also suitable and fully-defined (axenic)
culture media exist [9]. The organism requires a well hydrated substrate. Non-nutrient
agar gel or moistened kitchen towel are both widely used experimentally.

All true slime moulds reproduce by sporulation. Certain factors, such as starva-
tion, light irradiation and dehydration will prompt the plasmodium to irreversibly
transform into a multitude of black, globulose structures known as sporangia that
harbour the organism’s spores. Unusually, spores may germinate into either unicel-
lular, uninucleated microscopic amoebae (myxamoebae) or, if the organisms growth

Fig. 3 Photographs to illustrate the life cycle stages of Physarum. a Fragments of sclerotium.
b Sporangia. ¢ Spores. d Swarm cell (arrowed). ¢, d Scale bar = 10 um
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medium is liquid, a flagellated version of the myxamoeba known as a swarm cell.
Spores, myxamoebae and swarm cells are all haploid—i.e. have half the number of
chromosomes of the mature organism—but may reproduce sexually or asexually, as
required [3]. Following reproduction, a plasmodium develops. True slime moulds
have another life cycle phase called the sclerotium, which is a highly resistant des-
iccated form that the organism will assume if environmental conditions become too
unfavourable. This is a fully reversible process: a sclerotium can be revert back to
a viable plasmodium provided suitable culture conditions are provided. As sclerotia
remain viable for several years, the slime mould researcher may capitalise upon this
to build a long-term stockpile for storage and transport of the organism without the
requirement for cryogenic preservation. Some of P. polycephalum’s life cycle forms
are illustrated in Fig. 3.

3 Cell Biology and Physiology

3.1 Motility

The name ‘Physarum polycephalum’ is often mis-translated, which is unfortunate as
it is very descriptive of the organism. ‘Physarum’ is commonly quoted as meaning
‘slime’, but is in fact derived from the Latin physarion, which can mean bellows or
syringe [11, 12]. Both adequately refer to the rhythmic contraction and relaxation of
the organism which drives the movement of fluid through the centre of the organism,
as will be explored presently. ‘Polycephalum’ is less cryptic as it translates fairly
directly as ‘many headed’. Some have suggested that this refers to its multinuclear-
ity, but this seems unlikely as although the cell nucleus had been observed by the
early microscopists in the mid 18th century, it was only fully described in 1803' some
9years after the first description of the genus Physarum by Persoon [14]. It seems
likely therefore that the name refers to the fact that multiple apparently autonomous
leading edges may exist in one plasmodium. This is an observation of note as some
of the first work on slime mould computing was based on the principle that Physarum
can ‘choose’ the most efficient path between food sources. The biological basis for
this involves the slime mould identifying chemical gradients with multiple advanc-
ing margins (or many ‘heads’) before ‘deciding’ to navigate along the strongest
gradient. This has been interpreted as slime mould undertaking problem solving and
network optimization, such as in the ground-breaking experiments that demonstrated
Physarum calculating efficient routes through labyrinths and approximating global
transport networks [15, 16]. As such, migratory patterns may be thought of as a form
of output from a Physarum machine where chemoattractants were used as the input
(see Sects.3.3 and 5).

IFor the reader’s interest, Brown is credited with the discovery which was presented in 1831, but
he graciously acknowledged the earlier observations of Bauer [13].
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Physarum achieves motility by rhythmic propulsion of its cytoplasm via the con-
traction of muscle proteins that sit circumferentially about the interior of plasmodial
tubes. Cytoplasm flow oscillates anteroposteriorly every 60—120s. Net anterograde
movement is achieved by gelation of the posterior end and solation of the ante-
rior margin, combined with tip growth of intracellular protein networks [7, 17, 18].
These protein networks, which are collectively known as the cytoskeleton, are pre-
dominantly composed of actin, which provides mechanical support, a network for
intracellular signalling and participates in the muscular contractions which propel
the cytoplasm with the aid off another muscle protein, myosin [19]. This regular
contraction-relaxation cycle that propels the cytoplasm is known as shuttle stream-
ing, which also serves to distribute the contents of the cytoplasm (organelles, absorbed
foodstuffs etc.) throughout the organism. It has been suggested that the plasmodial
actin network is a rich medium for over-riding natural signalling processes to imple-
ment intracellular computation [20].

New evidence has surfaced in recent years indicating that contractions in net-
works of protoplasmic tubes are peristaltic, i.e. discrete waves of contraction prop-
agate through the tube network according to a contraction pattern consisting of a
single wavelength [21]. Although oscillators with apparently simple dynamics are
an attractive substrate for unconventional computing, the researcher should be aware
that historical literature emphatically states that tube contraction is simultaneous and
monorhythmic in larger tubes, at least in smaller plasmodia [7, 17].2

3.2 Cytology

The plasmodial tube may be sub-divided into three distinct layers (Fig.4):

1. The slime layer (glycocalyx). This is a sheath of mucopolysaccharide-rich liquid
coating the organism after which it is named [7]. Its purposes are many, but
include protecting the organism from desiccation and aiding the solubilisation
and extracellular digestion of food. The slime layer also mediates one of the
most interesting characteristics of the organism, which is the extracellular spatial
‘memory’ that was first described relatively recently by Reid et al. [23]. As a
plasmodium migrates around its environment, it leaves an trail of slime in its
wake which contains the organism’s effluvia. The plasmodium is able to sense the
chemicals it leaves behind and will avoid areas it has previously visited by virtue
of this mechanism: the aforementioned researchers found that this extracellular
‘memory’ is used by the organism to allow it to solve problems of navigation that
are usually reserved for robots, such as the U-shaped barrier test.

2. The ectoplasm. This is a highly vacuolated region which sits circumferentially
about the tube periphery and contains the majority of the organism’s cytoskeleton:
it’s actin network, in particular, is extremely dense here and is oriented in radial,

%It is beyond the scope of this chapter to discuss the discrepancies between recent and historical
results but we refer the reader to Refs. [7, 21, 22] for a deeper explanation.
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Fig. 4 Schematic diagram of a transverse section through a plasmodial tube. SL: slime layer, V:
vacuole, Ec: ectoplasm, En: endoplasm. Adapted from Ref. [28]

longitudinal and spiral patterns (Fig.5b) [24-26]. Cytoplasm flows extremely
slowly through this region and hence it is often referred to as a gel when charac-
terising the organism as a gel-sol system.

3. The endoplasm. This region comprises the hydrodynamic core of the organism
through which the cytoplasm moves rapidly. It is the sol component of the sol-
gel system. Although the boundary between ecto- and endoplasm is indistinct,
it is readily distinguishable by its comparative lack of vacuoles. When muscle
proteins contract in the ectoplasm, it generates pressure in the endoplasm, thereby
producing propulsive force [27].

As aforementioned, plasmodia contain a great many nuclei, the number of which
can exceed 10® per organism [29]. The majority of a plasmodium’s nuclei are con-
centrated at the anterior margin, presumably as it is the most metabolically-active
region, but plasmodial tubes also contain a reasonable number of nuclei within the
endoplasm (Fig.5). It seems likely that nuclei are anchored to and transported upon
the organism’s actin network [20]. As a eukaryotic cell, slime moulds contain most
of the organelles that one would expect to find in a mammalian cell, including golgi
apparatus, mitochondria and endoplasmic reticulum (Fig.6). Unlike human cells,
however, the plasmodium contains numerous phospholipid membrane-bound vesi-
cles whose purposes include endocytosis, exocytosis and transcytosis (see Sect. 4).
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Fig.5 Confocal micrograph showing nuclei (blue) and actin (red) in a4 pm-thick transverse section
through a plasmodial tube. Nuclei are more concentrated in the growing tip in the lower-left hand
portion of the image and the actin network is extremely dense throughout. Scale bar = 40 pm. For
methods, see Ref. [20]

3.3 Bioelectrical Characteristics and Chemical Oscillators

Slime mould computing is an art of ‘programming’ the organism with inputs it can
perceive (which is covered in Sect. 5) and interpreting some aspect of the organism’s
behaviour as an output [30]. When choosing the most suitable output to measure, one
must consider aspects such as speed of response, repeatability and relative complexity
of the interface. Measurement of bioelectrical activity is an attractive prospect as
electrical responses to stimulation are easy to measure and relatively rapid when
compared to interpretation of migratory behaviour. Electrical measurements may
also be automated and interfaced with conventional hardware with relative ease.
The simplest way to achieve this is to measure potential non-invasively through a
thin layer of agar via underlying electrodes (see Sect. 6 for details of methods). When
measured in this manner, plasmodial bioelectricity oscillates rhythmically with a
typical amplitude of 1-15 mV. This electrical oscillation directly corresponds with the
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Fig. 6 Transmission electron micrographs of 80nm ultrathin transverse sections through a plas-
modial tube, demonstrating the presence of several organelles in the ectoplasm. a The outer mem-
brane of the ectoplasm: three mitochondria are present, one of which is arrowed. Endocytotic
vesicles are also present. b Two nuclei in different replictory stages are adjacent to several vesicles.
a, b Scale bar = 1 wm. See Ref. [28] for methods

period of shuttle streaming: the cytoplasm reverses at each peak and trough. This can
be investigated by concurrently observing the organism via light microscope whilst
measuring electrical activity: tube diameter oscillates in time with electrical signals
and cytoplasm flows, which is presumably a result of the muscular contractions in
the ectoplasm that drive shuttle streaming (Fig.7). Tube electrical resistance also
oscillates rhythmically with the same period as shuttle streaming [28].

The key determinant of plasmodial electrical activity was once thought to be the
influx/efflux of calcium ions corresponding with actomyosin contraction/relaxation,
but this has been repeatedly called into question. It is now thought that membrane
potential is driven by hydrogen ion pumps which reflect the state of the organism’s
metabolic oscillators [31, 32].

The researcher should be aware that the plasmodium cannot be innervated electri-
cally (although it does exhibit mild galvanotaxis, see Sect. 5) and that multiple chem-
ical and biophysical oscillators contribute to the periodic events we may observe,
the most notable being levels of ATP (a biological molecule that may be regarded
as ‘energy currency’), macromolecular synthesis, enzyme synthesis and intratubu-
lar pressure. We refer the reader Ref. [7] for a review of the historical literature
concerning plasmodial chemical oscillators with reference to motive systems.

4 Plasmodial Incorporation of Exogenous Materials

The ability of the Physarum plasmodium to internalise and retain exogenous sub-
stances was first described in 1960 by Guttes and Guttes [33] who distinguished that
some, but not all, of the numerous vesicles that travel through the plasmodium are
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Fig. 7 Correlative light microscopy and electrophysiological measurement of a plasmodial tube.
a, b Photomicrographs of a plasmodial tube taken approximately 1100s apart with diameter mea-
surements. The tube dilates to nearly 125 % of its minimum diameter. ¢ Graph of membrane potential
showing the time points at which the photomicrographs were captured (red circles and text)

pinocytotic (involved in the internalisation of small objects and fluid). It was not
until the sudden surge of interest in slime mould as an unconventional computing
substrate, however, that it was realised that this mechanism could be manipulated
for practical purposes: studies by Nakagaki et al. [34] and Adamatzky [35] reported
that, through the saturation of nutrient sources in coloured food-grade dyes, Physarum
plasmodia can be ‘fed’ substances of interest. Coloured compounds were found to
not only discolour the entire organism following ‘feeding’, but were retained to such
a degree that if a second, different-coloured ‘meal” was provided, both dyes become
mixed in situ to produce an appropriate secondary colour; this was used to indi-
cate the successful implementation of programmable colour-mixing operations in
the latter reference. Feeding is therefore a potential mechanism by which exogenous
substances of interest may be introduced into the organism which is a viable route to
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achieve plasmodial hybridisation, e.g. with artificial circuit elements [28, 36], and
is explored more thoroughly in Chap.7.

The basis for plasmodial integration of environmentally-acquired material include
both pinocytosis and phagocytosis [37], however, the latter being a mechanism not
dissimilar to those employed by leukocytes for removing pathogens from the bodies
of mammals. Both forms of substance internalisation are collectively known as endo-
cytosis. Where pinocytosis involves the in-folding of the cell’s membrane to make
‘pockets’ that catch small objects from the environment that are consequently inter-
nalised within phospholipid membrane-bound vesicles, phagocytosis is the exten-
sion of finger-like projections (pseudopodia) from the cell’s membrane through the
momentary assembly of protein scaffolding at its peripheral regions which form
invaginations around the item to be internalised, which are typically far larger than
those that are pinocytosed. Eventually, the tips of extending pseudopodia fully engulf
the foreign substance which then diffuses into the cell in a vesicle. Crucially, whilst
slime mould endocytotic mechanisms are not well-characterised, the internalisation
route may alter the way in which the endocytosed material is mixed with the cell’s
cytoplasm.

Does this imply, then, that we are functionally limited to the size of object we
can coax into the organism, and if so, does this limit the usefulness of the ‘feed-
ing’ technique? Will some objects be internalised whilst others are transcytosed?
Indeed, Githens and Karnovsky [38] suggested that the optimum size of object that
the cellular slime mould Polysphondylium pallidum can internalise is about 1 pwm,
although the differences between the cellular slime moulds and acellular varieties
such as Physarum disallow direct comparison. In any eventuality, if Physarum is
indeed able to internalise a range of sizes of exogenous object, it seems likely that
different sized objects will be internalised by different mechanisms which may in
turn alter the ways in which they interact with the organism.

5 Programming the Plasmodium: Attractants
and Repellents

To program a Physarum machine we must deliver it ‘information’ in a format that it
can understand and interpret [30]. Furthermore, if we are to interpret the resulting
phenomena correctly, we must be able to measure a repeatable and unambiguous
output, just as we would have to when designing a conventional computer. This
section briefly delineates each of the input types we may use with slime mould
computing devices, outlines their underlying biological bases and discusses their
benefits and detriments.
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5.1 Chemical

As previously discussed, a number of slime mould computing devices fabricated to
date rely heavily on P. polycephalum’s ability to sense and migrate towards or away
from certain chemical gradients (chemotaxis). As this is essentially interpreting the
plasmodium’s inherent foraging behaviour as a ‘useful’ output, we can state that the
organism is being ‘programmed’ with strategically-placed food sources.

The plasmodium is sensitive to a wide variety of chemicals, however, not all
of which are attractants. Slime mould is attracted to compounds known to sedate
mammals such as valerian root, suggesting that phenomena such as reception of
pheromonal and sedative chemicals in higher organisms may have roots in single-
celled life [39, 40]. In a comprehensive study, de Lacy Costello and Adamatzky [41]
assessed the relative strengths of plasmodial attraction and repulsion from a wide
range of volatile organic compounds, in which it was found that the plasmodium
displays a strong preference for non-oxygenated terpene derivatives and repulsion
from compounds such as alcohols and aldehydes. Whilst it is perhaps not surprising
that some of the compounds have the effects they do (e.g. repulsion from aldehydes
due to their being potent biocides), these studies demonstrate that the degree of
repulsion or attraction of a chemical may be tightly controlled by appropriate choice
of compound and concentration. Plasmodial behaviour has been accurately modelled
with multi-agent modelling developed by Jones [42], wherein individual particles
follow simulated attractant and repellent gradient.

At the molecular level, chemotaxis involves stimulation of the plasma membrane,
through which a signal is transduced to the organism’s motive system. Some chemical
signals are received by membrane-bound chemoreceptors which cause intracellular
chemical signals to be generated to a degree proportional to the amount of receptors
activated and the strength with which the sensed compound binds with the recep-
tors. Receptors may have an excitatory or inhibitory effect, corresponding to the
generation of attractive and repulsive behaviour, respectively. Chemicals for which
the organism doesn’t have receptors interact with the membrane electrostatically or
diffuse through it, which will also lead to the generation of an appropriate intracel-
lular chemical signal [43]. Attractive chemical signals precipitate the activation of a
variety of systems coordinated by second messenger pathways which promote local
cytoskeletal assembly (leading to tip growth), ectoplasmic solation and acto-myosin
contraction; vice versa occurs with chemorepellents [44].

It is clear that chemicals are a powerful form of input into the Physarum machine,
but their use is not without detriments. The experimental use of attraction/repulsion as
input usually implies that plasmodial migration will be the result of any computation,
which is, as aforementioned, a slow process. Furthermore, as it is very difficult to
prevent chemical signals from diffusing into substrates such as agar, it is virtually
impossible to implement a ‘dynamic’ chemical input that can be removed mid-
experiment.
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5.2 Optical

Physarum is an inherently photophobic organism and will tend to inhabit shaded areas
in its natural habitat, presumably to avoid dehydration and ultraviolet light-induced
cellular damage. Laboratory experiments should ideally be conducted in a complete
absence of light, although low-intensity white light or wavelengths in the infra-red
region are acceptable if the organism is irradiated continually. Different wavelengths
of light can precipitate profoundly different behaviours, although published data is
sometimes contradictory concerning their exact effects: ultraviolet and blue light
are cited as promoting sporulation but is also strongly repellent, whereas red light
has been reported to be an attractant [45, 46]. In more recent studies, green light
generated by LED arrays was found to be an adequately strong repellent without
causing noticeable deleterious health effects (when compared with blue, yellow and
red, Fig. 8), although light intensity is the overriding factor when comparing sources
of different intensities.

Cytoplasmic photoreceptors are responsible for absorbing light and transducing
the stimulus, the absorption spectra of which peak at 370 nm [45, 48]. These recep-
tors are pigment molecules which undergo a conformational or chemical change
following the absorption of a photon within a particular range of wavelengths which
then proceeds to assume a high energy state and catalyses a signal transduction
cascade. This is similar to the manner in which chlorophyll contributes to the con-
version of sunlight to chemical energy in plant cell chloroplasts. When choosing a
wavelength of light to use as a stimulus, one must be aware that although UV light
induces sporulation (which is irreversible) at low intensities and plasmodial death

Fig. 8 Photographs of an experiment designed to determine the most repellent colour of LED,
wherein the plasmodium (arrowed) is given a binary choice to migrate between two nutrient sources
illuminated with different colours of light. See Ref. [47] for full methods and results. a Time = O h.
b Time = 12h. The plasmodium has choosen to migrate towards blue
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at higher intensities, 650—670 nm light has also been described as causing sporu-
lation, although green light (even in the presence of other wavelengths) between
540-620 nm may prevent sporulation [45, 49]. Stimulation with other wavelengths
or mixed-wavelength sources of high-enough intensity will precipitate sclerotiniza-
tion.

As an input into a Physarum machine, light has the benefit of being dynamic, i.e.
it can be activated and deactivated during the course of an experiment [50]. Func-
tional slime mould computing devices fabricated to date include systems mimicking
reaction-diffusion wave dynamics [51] and logical gates (see Sect.4). The plasmod-
ium has been reported as responding to certain wavelengths of light with alterations
in electrical potential waveform; whilst this suggests that light is an ideal coupling
mechanism for an automated computer interface that concurrently interprets plas-
modial bioelectrical phenomena, its electrical responses are quite variable and hence
the usefulness of this approach is limited [52].

If measuring plasmodial behaviour in response to optical input as a form of com-
putational output, the researcher should be aware that many of the commonly used
methods for visualising certain aspects of the system will destabilise it, e.g. exposure
to a powerful fluorescent lamp or laser in an epifluorescence/confocal microscope
will likely have effects on local electrical and contractile systems, even if expo-
sure is only brief. This can be particularly detrimental if studying phenomena such
as streaming velocity or substance uptake (a common situation that is only rarely
compensated for!).

5.3 Tactile

The Physarum plasmodium is sensitive to the application of mechanical pressure and
has been demonstrated to function as a tactile sensor in both human-interpreted and
computer-automated devices [53, 54] and tactile stimulation-induced alterations to
cytoplasm flow rate through tubes have been used as an input in microfluidic logic
gates [55] .

The mechanisms underlying thigmoreception are likely related to stretch-mediated
induction of the calcium oscillator as discussed in Sect.3.3. Application of gentle
tactile pressure—such as ‘prodding’ a plasmodium with a hair or laying a thin glass
capillary tube across it—causes a repeatable, characteristical spike in membrane
potential which will tend to recede into normal oscillation after 30-40s; during this
time, the organism appears to enter a refractory phase where it cannot be re-stimulated
to induce the same effect [54]. Repeated or/and high-intensity stimulation on a single
point will cause the organism to migrate away.

Tactile stimulation will cause an area of plasmodium surrounding the point of
stimulation to gelate and cease streaming for a period of time proportional to the
intensity of the stimulus and inversely proportional to the robustness of the point
being stimulated, i.e. a thick tube or fan-shaped margin will only cease streaming
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for a short time compared to a thin tube stimulated in the same manner. This can
cause severe difficulties with experimental techniques such as microinjection (see
Sect.6.4).

5.4 Other Stimulants

Physarum plasmodia have been reported as migrating towards the cathode in the
presence of a DC field (galvanotaxis) and hence this may be used as a Physarum
machine input to guide migration, particularly as plasmodia with previous exposure
will always migrate towards an electrical field [56, 57]. The organism appears to
lack a specific behavioural response when directly electrocuted,® indeed it seems to
be very tolerant to such abuse, although deleterious health effects occur with higher
voltage/current sources. This tolerance to electrical stimulation has led to the use of
slime mould as discrete circuit elements, such as electrical wires and bandpass filters
[59, 60]. The electrical resistance of a single 10 mm plasmodial tube is approximately
10 M€2, although this value oscillates by several M2 as the organism streams.
Following the discussion of light and electrical fields, it is pertinent to note the plas-
modial responses to other forms of radiation. Physarum has recently been described
as magnetotactic, implying that this is yet another mechanism for controlling plas-
modial migration despite the underlying mechanism being unclear [61]. Extremely
low-frequency electromagnetic radiation appears to retard streaming [62].

6 Appendix: Research Methods

6.1 Plasmodium Cultivation

Plasmodia may be cultivated on a wide variety of substrates, but to guarantee rapid
growth and minimise the risk of microbial contamination, the authors favour using
2 % non-nutrient agar gel in 9 cm plastic Petri dishes or unpatterned kitchen towel
moistened with a few millilitres of deionised water in a lidded plastic box. Standard
porridge oats should be provided as the sole nutrient source and propagating colonies
should be kept in the absence of light at room temperature. Subculturing should
be performed every 3—4 days, or when the organism has colonised the majority of
its environment, which can be performed by cutting a section of the plasmodium’s
substrate and transferring it to anew dish or homogenising the organism with a spatula

3Parenthetically, it is interesting to note that following the studies that pioneered slime mould—and
indeed, human—electrophysiological measurements in the 1950s, researchers were surprised to
note that the organism could not be electrically innervated in the same manner as neurons [58],
although we now know this to result from P. polycephalum’s electrical oscillator being controlled
principally by chemical factors.
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or scalpel blade and transferring it to a new environment. Homogenisation does not
appear to significantly alter growth rate as the organism will coalesce within 1-2h,
although growth rate will be severely reduced if the homogenate contains relatively
few nuclei: as such, homogenates should always be taken from the advancing anterior
margin if growth speed is an important factor.

If working in sterile conditions, various nutrient agar varieties may be used, as
can several types of liquid medium [63], although both will induce plasmodial mor-
phologies that are radically different from the type that is observed in nature. Such
preparation methods are not commonly used in slime mould computing devices as,
aside from the additional complications of maintaining sterility in laboratories that
are not necessarily equipped for microbiology, there has been a general trend of
utilising the organism’s natural form for computing as the wild-type morphology is
presumably better adapted for survival. For this reason, preparation of other plas-
modial derivatives such as thin-spread plasmodia, microplasmodia and spherules are
not discussed here, but further details may be found in Refs. [64—67].

All plasmodia utilised in the experimental studies detailed in this anthology were
strain HUS554 x HUS560, unless otherwise stated.

6.2 Preparation and Revivification of Sclerotia

Sclerotinization can be initiated by gradually dehydrating a plasmodium in the
absence of other unfavourable environmental factors. The authors’ preference is
to transfer plasmodial homogenate to a moistened filter paper in a vented box. This
process usually takes about two days. Sclerotinization may also be achieved by
dehydrating agar plates (both nutrient and non-nutrient) in fume cupboards, but the
researcher should be aware that this carries a greater risk of microbial contamination,
particularly by fungi.

Reviving sclerotia is extremely simple and is achieved by placing a piece of
sclerotium in a moist, dark environment, such as those detailed in Sect.6.1. The rate
at which the organism revives is surprisingly rapid.

6.3 Measurement of Membrane Potential

Unless otherwise stated, all electrical measurements performed in this anthology
were standardised to the following entirely non-invasive specifications to allow for
direct comparability. Two 90 x 10 mm aluminium tape electrodes are stuck to a clear,
non-conductive surface such as a glass microscope slide or the base of a Petri dish.
A 10 mm gap separates the two and each has a 0.25-0.50 ml hemisphere of 2 %
non-nutrient agar prepared at the tip. A plasmodial homogenate or cutting is placed
on one hemisphere and an oat flake on the other. The environment is then sealed
(usually inside a Petri dish bonded with paraffin film) and left in the dark at room
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temperature to propagate. Within 12-48h, the plasmodium propagates across the
gap between the electrodes, forming a single tube between the two: as such, any
subsequent electrical measurements will be from a single 10 mm tube. Depending
on local environmental factors, some optimization of this set-up may be required if
plasmodia fail to propagate; the organism is reluctant to traverse dry surfaces if it
finds its environment unfavourable.

Voltage and resistance measurements are performed with the researcher’s choice
of data logger/multimeter. It should be noted that in such an arrangement, the electri-
cal properties of the organism are being effectively measured through two resistors,
1.e. the agar hemispheres, which were found in Ref. [28] to have an average resistance
of about 20 K€2. Because of this, certain results (e.g. oscillating potential amplitude)
will be significantly different to other sources who use more conventional electro-
physiological testing procedures.

Intracellular measurements are possible but problematic to implement. This is
because the organism will tend to seal puncture wounds caused by intracellular
electrodes and migrate away rapidly. Consequently, slime mould electrophysiological
measurements should necessarily be ingenious and minimally invasive, such as the
moist chamber method demonstrated historically by Iwamura [68].

6.4 Microinjection

In instances where one is required to load the plasmodium with a substance and
feeding/endocytosis isn’t a viable route, microinjection is a workable alternative. A
relevant example of such an instance is loading the plasmodium with fluorescent
compounds for live-organism microscopy: the dye may have a short half-life, be
metabolised too rapidly or may simply not be endocytosed due to its toxicity.

As aforementioned, plasmodial microinjection is unfortunately problematic. This
is in part due to its propensity to gelate and cease streaming following vessel injury,
but also due to the practical considerations of injecting a very fine-tipped needle
into a comparatively enormous vessel whose internal fluid pressure is constantly
fluctuating. Indeed, major plasmodial tubes are so thick that even when the organism
is cultivated on a sub-1 mm layer of agar overlying a thin glass microscope coverslip
and visualised with an inverted microscope, there is still insufficient depth of field
to adequately view the tube. Automated microinjection systems should be avoided
as the quantities of fluid required to be injected are extremely high compared to the
femtolitre requirements of individual cells.

Microinjection should be performed with a sub-10 pm needle injected at an acute
angle (relative to the direction of cytoplasmic flow). The needle should ideally be
orientated laterally with respect to the tube. Finally, injection should be as rapid as
possible, as gelation will still occur even after taking these precautions [44]. This has
been successfully used to replace the endoplasm with artificial media and introduce
fluorescent calcium dyes into live plasmodia and microplasmodia [32, 69, 70].
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Physarum, Quo Vadis?

Martin Grube

Abstract In the recent years, computer scientists have been inspired by biological
systems for computational approaches, in particularly with respect to complex opti-
mization and decision problems. Nature provides a wealth of evolved solutions to
such challenges. As evolved by natural selection, biological processes are robust
and able to successfully handle failures as well as attacks to survive and propagate.
Biological systems are mostly distributed systems that coordinate to make decisions
without central control. An example par excellence for such a biological system is
given by slime molds. In this context, Physarum polycephalum emerged as a model
organism which has attracted substantial interest in the recent years. In this chapter,
I present new approaches to cultivate this organism, with the goal to establish a
multipurpose experimental platform for biological information processing.

1 Introduction

Physarum polycephalum is an acellular slime mold, which initially starts to grow
as single-celled amoebae. After compatible amoebae fuse, the resulting organism
starts to grow without cell division but with continued multiplication of nuclei every
8—10h (coenocytic stage). The progressing growth leads to a huge polymorphic cell
known as a macroplasmodium (Fig. 1). An external matrix of glycoprotein is giving
this organism its characteristic slimy appearance. Naturally, slime mold plasmodia
typically appear in moist environments such as damp forests or in alpine heaths after
snow melt. In their natural environments they feed on other microbes or mushrooms
present in leaf litter and other decaying plant matter, in bark, and other substrates.
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Fig. 1 Schematic drawing of slime mold macroplasmodium with facing side sectioned (and with
upper left section enlarged); kK moving front, pl trailing plasmodial strand, f deposited material, s
slime; d vacuole with deposit; ph phagocytosis vesicle; n nucleus; z central plasma; pe peripheric
membrane stacks. Peristaltic contractions occur in the peripheric plasma, while the central plasma
is subject to shuttle streaming (Drawing by the author)

The typical macroplasmodium of P. polycephalum is organized as a tubular net-
work, where the coherent internal cytoplasma can freely move and is surrounded by
connected layers of peripheric cytoplasma. The network is perpetually reshaped to
adapt to the environmental conditions and to move the entire body. The extraordi-
nary morphological plasticity is achieved by periodic peristalsis of the ectoplasma
due to cross-sectional, acto-myosin based contractions. These contractions cause the
streaming of cytoplasma through the network. The streaming of cytoplasma changes
its direction every 50 & 5 s, and can reach speeds of up to 1 mm/s in the thickest tubes
but can be significantly slower is narrower tubes and in the growing edges where it
naturally encounters environmental triggers. Signaling molecules and nutrients are
thus rapidly transmitted by the peristaltic waves as analogues of information through
the tubular network using this mechanism of shuttle streaming. The length of the
peristaltic wave is actively matched to the organisms size, so that points of zero flow
velocity are effectively eliminated [2], and the net transport of cytoplasm through
the entire network also moves the organism as a whole. As the plasmodium moves,
it can grow depending on the nutrient availability.

When nutrient take-up diminishes in relation to other parts of the plasmodium,
tubes are thinning and retracted residual content is transported towards active parts.
This process leaves extracellular deposits behind, which remain as tracks of the for-
mer network. The extracellular slime represents high molecular weight, polyanionic
glycoproteins [10], which are composed of largely of sulfated galactose polymers
[12], and a D-galactan, partially substituted by sulfate and phosphate groups [7].
In Physarum, the moving plasmodium avoids to grow into areas of conspecifics
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containing tracks of such deposits. By some authors, the repelling deposits have
been interpreted a kind of extracellular spatial memory of Physarum [14], by which
the organisms seems to recall the already foraged regions of the substrate.

2 Phalanx and Guerrilla Strategies—Two Basic
Growth Styles

If Physarum is properly supplied with nutrition it extends with a broad, coherent,
and dense front zone, which is linked to a transition zone and trailed by an extended
network of tubular veins. However, the moving front tends to develop variably sized
outgrowths (fingers), at an extent that is negatively correlated with the velocity of
the entire growing front [3]. With depleting nutrient availability, finger formation
becomes more pronounced and the formation of a coherent growing front is given
up and replaced by a branched extension of the tubular network with multiple tips.
In this condition, the plasmodium of Physarum resembles somehow the branching
network of foraging fungal hyphae. Hence, two substantially different strategies of
network development can be distinguished, which are here termed ‘Phalanx’ and
‘Guerrilla’ strategy. The Phalanx strategy is followed when Physarum growth is pro-
pelled by sufficient amount of nutrients. The development of a tubular network is
then achieved after the growing front moved over the substrate by reduction of the
biomass to develop a parsimonious transport system between the growing edge and
the rest of the plasmodium. This reductional process is also the basis of Physarum
experiments to find shortest path solutions, for example the maze-solving experiment
[13] or more complex problems, such as approximation and evaluation of transport
networks [17]. Contrarily, in the Guerrilla stage, Physarum tends to develop thin
branches (pseudopodia) instead of a growing front for exploration. This behavior
allows efficiently exploration of its environment for more distant nutrient sources.
Chemical attractants sensed by the individually branched tips direct growth effec-
tively to potential nutrient sources and which represent adaptive search strategies.
The network is here formed without the presence of a closed growth front. The Pha-
lanx and Guerilla growth strategies represent edge types, and intermediary styles
are often encountered both in nature as well as in experimental set-ups [15]. Some-
how similar, but not entirely comparable, are foraging strategies of predatory army
ants, where the term ‘swarm raid’ describes a fan-shaped closed front, similar to
the phalanx strategy, with a trailing path system, and the ‘column raid’ with sev-
eral columns of scouting ants [9]. Alternatively, network development can also be
achieved by fusion, e.g., the formation of an extended tubular network by fusion
of so-called microplasmodia on agar [8]. In fact, microplasmodia are small spheric
versions of plasmodia, which have been produced by shaking and disrupting liquid
cultures of plasmodia in sem-idefined media at a speed of 300 rpms. Interestingly the
plated microplasmodia reveal an overlay of oscillations with frequencies of around
100 s but also several minutes [4].
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Fig. 2 Visualisation of periodic growth of Physarum using carbon particles. Particles ingested
elsewhere by Physarum are deposited periodically at the growing edges. Note the growing edge
is formed by several fingers, which are hardly distinguishable without the loading procedure. The
distance between the bands is about 30 um

Irrespective of the plasmodial growth strategies, the vein system is typically
extended at the growing edge every 100 &= 10s due to the forces of the shuttle
streaming. This stepwise growth can readily be visualized using stroboscopic analy-
sis of images or by loading the plasmodium with contrasting particles. An example
of this technique is presented in Fig.2, which was produced in a carbon particle
uptake experiment. Carbon particles where ingested at on part of the plasmodium
and then effectively deposited during phases of backward shuttle streaming, and
thereby giving rise to a distinctive banding pattern at the growing edge.

3 Network Optimization of Physarum

As the plasmodium grows it adjusts it networking body to the accessed resources.
Latty and Beekman [11] suggest a positive effect of food quality on fractal dimension
of the searching network and suggest that the amount of localized search performed
by plasmodia increased with food quality. Physarum also weighs its tubular structure
when nutrients are split into carbon-rich and protein rich fractions [6], suggesting
that the organism can make complex nutritional decisions to adjust its network in
the precise proportions necessary to compose an optimal diet. The integration and
accumulation of information and positive feedback on the tube diameter adjustments
recall learning from the environmental cues, which appears to be a natural imple-
mentation of a memristor. The network structure is highly resilient to disturbances
and if a tube is defunctionalized, flow can be directed through alternative routes,
which then adjust rapidly by changing the tube width (changes of tube diameter
result in cubic increase of flow). This behavior is technically strategy of fault toler-
ance, evolved by nature as to avoid death of the entire organism by injuries. Network
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Fig. 3 Possible fates of cut
or damaged plasmodial
tubes, depending on tube
width and distance of
dissected ends
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flow is stopped immediately when the network is touched or cut, a reaction to avoid
complete leakage of cell content from the tubes. Slight touches of the plasmodium
cause a rest in the local flow only and flow restores after some minutes, meanwhile
causing and re-organisation of the flow in the surrounding portions. As changes in
flow and electric current after mechanic stress can be measured, this property is the
basis to propose Physarum as a touch sensor [1]. In contrast, the injury or entire cut
of a plasmodial tube leads to rapid sealing of the resulting tips. Depending on the
extent of the damage and the width of the tubes, they experience several fates: the
separated tubes may (1) fuse again, (2) re-route to connect with other parts of the
plasmodium, (3) explore the vicinity independently, or (4) one or both are retracted
(Fig.3).

All these studies of network optimization by the slime mold have been con-
ducted with unconstrained conditions of water accessibility, usually on media (or on
other water soaked supports, including paper) in Petri dishes or other closed con-
tainments. Therefore, the effect of water availability and air humidity on plasmodial
architecture—as trivial as this might seem—has hardly been assessed. In closed Petri
dishes, the air humidity ranges between 95-98 % (as measured by humidity sensors),
which appears optimal for growth. As soon as the lid of a containment such as a Petri
dish is lifted, air humidity immediately drops to values below 70 %, which exposes
Physarum to an immediate desiccation shock, unless the lid is closed immediately
again to restore tolerable humidity as soon as possible, in the range of several minutes.
Taller containments may more effectively keep higher levels of humidity. Extended
low air humidity affects initially the flow in narrow tubes of the plasmodial networks,
which results in retraction of tinier tubes and a shift to broader average tube width.
Thus, plasmodia are effective humidity sensors as they modify the network structure
in response to fluctuations of air humidity. Perpetuated strong desiccation typically
leads to formation of a sclerotium, as the vegetative resting stage of the plasmodium.

Water content on media for growth of planar plasmodia also has significant conse-
quences on network structure. The Phalanx type morphology is preferentially devel-
oped on solid agar, especially if the is supplied with homogeneously distributed
nutrients, e.g. oat flake extract [15]. In contrast, own experiments conducted with
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water agar plugs surrounded by water in a Petri dish usually showed that plasmodia
extending to water develop extended tubes with branches, but with increased nutrient
conditions in water, tubes become thicker and more richly branched. Some growth
experiments (“landscape foraging experiments”) on solid agar surfaces have been
conducted with varied distribution of nutrient sources [11]. As the plasmodium
shifts from extensive to intensive search in presence of localized nutrients, corre-
lated landscapes with grouped food increased better in weight than uncorrelated
food landscapes.

These and similar other experiments also show that Physarum grows with
pseudopodia towards the food resources, either nutrient-rich agar plugs (food disks)
or spread oat flakes. With decreasing distance to food sources Physarum shifts from
a more or less serendipitous search to a directed growth. A series of experiments,
where oat flakes are removed before Physarum is able to establish contact reveals that
this phenomenon is most likely due to a diffusible fraction of nutrients or attractants.
However the effects of diffusible regulators of growth have so far little been studied
in Physarum although this might be of profound influence on how network structures
are developed, and on how Physarum might behave on growth supports on which
diffusion is limited.

4 The Concept of a Chip

For applications it interesting to achieve a directed growth of Physarum between
contact points as a basis for localized measurements. A series of papers already
investigated Physarum tubes connecting two points for electrical measurements (e.g.,
[1]). For more complex electrical or optical measurements it is therefore useful
to devise a growth platform for more complex directed growth of network tubes.
Several plastic materials were tested for growth with Physarum, including plexiglass,
polystyrol, polyaniline, and polyacetal. Clear differences were observed with respect
to growth and network development of Physarum. Plane plexiglas was less amenable
for growth than polyacetal, but scoring of the plexiglass surface made an interesting
difference. Physarum has the tendency to track the scores on the acrylic surface, which
suggests a kind of thigmotropic behaviour. Growth could thereby be controlled to
good extent. Plexiglass squares of 6 x 6 x 0.5cm size, which fit in standard Petri
dishes, were then cut out of larger plates and a rectangular grid-like pattern was then
carved on the upper surface with 0.5 mm deep channels (Fig.4). The spacing of the
grid carving was 2.5 mm. At the crossing points of the grids round pits of c. 1 mm
diameter and depth were then milled using a drill. The finished plate was used for
inoculation with Physarum. To meet the requirement of high humidity for growth,
the plates were placed in a Petri dish which, was then supplied with c. 50 ml of pure
water at the sides of the inserted plates to reach air humidity of more than 95 %.
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Fig. 4 Carved plexi glass
plate for Physarum
experiments. Overview (a),
and rectangular development
of Physarum plasmodium
(b). Note the expanding part
in the upper part of the right
panel with fan-like
protrusions, and a branching
in the 4th pit

Plates were then inoculated with Physarum, supplied on 3 x3x3 mm agar plugs in
the center of the plate, to develop a network of rectangular junctions. At the junctions
of the carvings, which are widened as pits, the slime mold eventually forms turns,
and/or branching at 90° angles to the left or right. The growth direction was erratic in
the absence of additional nutrient supply. Network tubes are enforced when connec-
tions were established between pits supplied with nutrients (for experimentation 1
pl oat slurry was supplied to pits using a micropipette). If all four junctions are con-
nected, a ring-link structure emerges (recalling a bidirectional roundabout; Fig.5).
Cytoplasmic content flows through the connected tubes in several configurations,
which can be described as a vector, using the direction of flow in junctions a, b, c,
d as values (e.g.: 0, 1, 0, 1). Some configurations are hardly possibly, such as 1, 1,
1, 1 or 0, 0, 0, 0, whereas other configurations prove to follow a complex timings,
as flows are not simply reverted after the average half phase time of 50 + 5s. This
instability is partly explained by the fact that Physarum is still moving at its fronts
(here by independent protrusions in the grid layout), but also by regulatory triggers
such as local illumination.
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(b)

Fig. 5 Four-way switch of Physarum tubes on plexiglass grid (a) and schematic representation of
I/O possibilities (b)

The perpetual growth of the Physarum, especially with the presence of nutrients,
which propels the organism with energy, leads the plasmodium to naturally escape the
plates, by growing toward the periphery or by sensing the surrounding humidity. This
proves to be a challenge for providing a stable condition for computation experiments
using plasmodial flows. Escape from the plates usually occurs within two days, and
attempts are underway to prevent escape for extended periods.

Alternatively, smaller tiles for Physarum network growth were chosen. For this
purpose it was found that microscopic cover lids were optimal as Physarum readily
grows networks on glass if air humidty was appropriately high. This requirement
was met by placing cover lids in Petri dishes, and then inoculating the lids with
Physarum before closing the Petri dish. This resulted in tiny networks of Physarum,
which readily extended over the glass slide. As these networks are highly sensitive
to drops in air humidity, opening of the Petri dish lids was largely avoided dur-
ing experimentation. It was repeatedly found that air humidity drops by opening
may result in fragmentation of the coherent networks. To avoid such stress even
at start of experiments, plasmodium inoculation was conducted by dropping small
plasmodial portion in the center of the glass slides. This was achieved by placing a
cuneiform piece of plasmodium-colonized agar on the lid of the Petri dish. Owing
to the negative geotropism the plasmodium formed a small pseudopodium which
extends downwards and which could precisely oriented to contact the center of the
glass slide. A small turn of the Petri dish lid then disrupts the connection with the
residual plasmodium and a small plasmodial portion was dropped to the center of
the glass slide without any effect to air humidity. The dropped plasmodium started
growth on the glass plate within minutes to explore the vicinity (Fig. 6).

Similar to the larger plexi glass supports, the plasmodia tended to rapidly escape
the glass slides. However, escape of Physarum into the surrounding medium was
prevented here prevented by (a) placing the glass slide on a slightly larger sheet of
transparency foil (cellulose acetate) and (b) by constant illumination of the periphery
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Fig. 6 Inoculation of plasmodial portion on glass slide and plasmodial exploration. Left panel agar
plug mounted on the cover of a Petri dish, positioned with its tip to the center of the glass slide. A
pseudopodium start downward growth to finally contact the slide. Right panel Network developed
from a centrally placed pseudopodium. Residuals of contacted oat slurry dots are recognized as
whitish spots. After 12h the plasmodium has contacted virtually all dots (except the one on the
lower right), and extended growth anticlock wise to reach the periphery of the glass slide
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Fig. 7 Physarum pseudopodium dropped on a glass slide explores the vicinity. White plugs repre-
sent oat slurry. The plug in the upper right corner was constantly illuminated, whereas the plug to
the lower left was illuminated periodically with 30s darkness alternating with 30s illumination

of the glass slide, which was achieved by gluing a piece of appropriately sized black
and non-translucent paper on the lower side of the Petri dish containing the glass
slide, to avoid unnecessary illumination of the glass slides. Next, behavior of glass
slide-exploring plasmodia was explored in the presence of localized light. Light,
particularly white and blue light, generally seems to affect the growth of plasmodia
[13]. White light diodes were conducted to glass fiber to precisely illuminate small
portions of the glass slide, either with constant light or with periodic light, in the
present experiment alternating every 30 s. Physarum readily contact non-illuminated
spots of oat slurry (1l of slurry placed dot-wise in equidistance of 3 mm to the
inoculum; the slurry was prepared by crudely mixing two flakes of oat with 200 1
of pure water), whereas it avoids to contact dots either continuously illuminated or
periodically illuminated (Fig. 7).

This approach proved efficient triggering of plasmodial growth in a miniaturized
set-up, which could be used for more complex optimization tasks, which varying
chemical, optical or electric triggers. It should be emphasized that the here present
set-up, in contrast to more traditional agar-based experiments exclude any effects
due to diffusible compounds through the medium. The interfacing with conventional
information processing technology is at the present stage best achieved by optical
measurements and image analysis.
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Experiments in the context of decision making by slime molds, as presented
here, are mostly approaches in ‘one go’ (until the plasmodium explored the whole
experimental area). Physarum, exposed to nutritional cues and triggered by light,
aims to search for an optimal solution by nonrecurring plasmodium arrangement.
Once this is achieved by growth the experiment is finished and solutions can be read
out. The same chip, either in form of a plexiglass plate or a miniature glass slide, is
thus limited to a single experiment that is then usually discarded. The only alternatives
of somehow extended use of Physarum for computational devices is envisioned by
[16], which employ Physarum plasmodia as a steady material in an electronic device.
However, it remains to be elaborated, whether grown networks of Physarum might
be used in other contexts. Physarum networks are grown solutions over time, which
do not only consist of the growing part, but also of the traces left behind. These traces
are the stored historic attempts to find a solution to a path problem, and as such, these
follow a general program of search strategy scripted in the genome of the searching
organism. As the slime tracks of Physarum are acidic, they can be stained with the
appropriate histochemical dyes. Acidic moieties are usually stained by thiazine dyes,
such as Toluidine Blue O (in 1 % aquous solution). This proved to be a highly efficient
dye to contrast the plasmodial tracks, which correlate with the width of the tubes.
Toluidine Blue staining of plasmodial tracks resulted in metachromatic colour shifts,
from orthochromatic blue of the dye, towards red colours (as the closely spaced
acidic groups of molecules in the tracks cause dimeric to polymeric aggregates of
the dye and their interaction via pi-orbitals). This way highly contrasted images
of the slime mold network could be obtained for subsequent image analysis. For
a first example, the NEFI program provides an ideal pipeline to process images of
slime mold networks [5]. Using NEFI, the images were preprocessed and analysed
to provide an overall description of network properties (Fig. 8).

The structure of networks in Fig. 7 show slight differences, depicted as an example
by the histogram of tube (plus deposit) width, which differ by the slope towards
wider tubes. Further experiments need to be conducted to further describe general
differences between networks. These difference may results from different nutritional
stages of the inoculum and from the present growth conditions. It should be noted also
that the different strains of Physarum have slightly different exploitation strategies
[18]. Thus, there might be slight variations in network properties among slide-grown
Physarum experiments that are stored by the stained network. Itis suggested that these
fixed networks be on-chip memories of their search feature. What could be a use of
these chips? It might eventually be possible to supply environment-exploring robots
with slime mold-based search parameters. Owing to variations found in slime mold
networks it will then be possible to provide robots with some kind of individuality,
which could be useful for optimization of robots socially acting in swarms.
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Fig. 8 Example of image processing using NEFI. Two exemplary networks of Physarum were
grown, Upper rows growth without nutrients; Lower Row glass slide supplied with several nutrient
spots. Left panel original image of Physarum network stained with 1% Toluidine Blue. Middle
panel Preprocessed image with segmentation. Right panel Exemplary histograms of tube width.
Explanation in text
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Logical Gates and Circuits Implemented
in Slime Mould

Andrew Adamatzky, Jeff Jones, Richard Mayne, Soichiro Tsuda
and James Whiting

Abstract We overview families of Boolean logical gates and circuits implemented
in computer models and experimental laboratory prototypes of computing devices
made of living slime mould Physarum polycephalum. These include attraction gates,
based on chemo-tactic behaviour of slime mould; ballistic gates, employing inertial
movement of the slime mould’s active zones and a repulsion between growing zones;
repellent gates, exploited photo avoidance of P. polycephalum; frequency gates,
based on modification of electrical potential oscillations frequency in protoplasmic
tubes; fluidic gates, where a tactical response of the protoplasmic tubes is used for
the actuation of two- and four-input logical gates and memory devices; and circuits
based on quantitative transformations which completely avoids spatial propagation,
branching and crossings in the design of circuits.

1 Introduction

We overview several families of Boolean gates and circuits: attraction gates [13, 33],
ballistic gates [2], repellent gates [19], frequency gates [35], fluidic gates [5], and
quantitative transformation circuits [14].
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In attraction gates [33] the chemo-tactic behaviour of slime mould to sugar
gradient is employed to construct Boolean logic gates. Cells are grown and
propagated on the agar gel with glucose gradient, just as electrons flow through a wire
in the case of electric circuits. If a plasmodial cell comes into contact with another
cell, the Physarum plasmodium tend to show following behaviour. If there are oppor-
tunities to escape, the plasmodium changes the growth direction and avoids contact
with another plasmodium. Otherwise, i.e. no space to escape, it merges with another
cell and behave as one single plasmodium cell. This is due to excreted “slime” from
another plasmodium that acts as a weak repellent. By combining these two chemo-
tactic behaviours of Physarum slime mould (attraction to sugar and repulsion from
excreted slime), slime mould-based AND, OR, and NOT gates are constructed.

In designs of ballistic gates [2] we employ inertia of the Physarum growing zones.
On a non-nutrient substrate the plasmodium propagates as a traveling localization,
as a compact wave-fragment of protoplasm. The plasmodium-localization travels in
its originally predetermined direction for a substantial period of time even when no
gradient of chemo-attractants is present. We utilize this property of Physarum local-
izations to design a two-input two-output Boolean logic gates (x, y) — (xy,x + y)
and (x, y) — (x,xy). We verify the designs in laboratory experiments and com-
puter simulations. We cascade the logical gates into one-bit half-adder and simulate
its functionality.

In experimental laboratory prototypes of repellent gates [ 19], active growing zones
of slime mould representing different inputs interact with other by electronically
switching light inputs and thus invoking photo avoidance in each other.

The electrical activity of the tubes oscillates, creating a peristaltic like action
within the tubes, forcing cytoplasm along the lumen; the frequency of this oscilla-
tion controls the speed and direction of growth. External stimuli such as light and
food cause changes in the oscillation frequency. We demonstrate that using these
stimuli as logical inputs we can approximate logic gates using these tubes and derive
combinational logic circuits by cascading the gates, we can call them frequency gates
[35], with software analysis providing the output of each gate and determining the
input of the following gate.

Tactile response of the protoplasmic tubes is used for the actuation of two- and
four-input logical fluidic gates and memory devices [5]. The tube-based logical gates
display results of logical operation by blocking flow in mechanically stimulated tube
fragments and redirecting the flow to output tube fragments. We demonstrate how
XOR and NOR gates are constructed. We also exemplify circuits of hybrid gates
and binary memory devices. The slime mould based fluidic gates are non-electronic,
simple and inexpensive, several gates can be realised simultaneously at the sites
where protoplasmic tubes merge.

Simulations of more complex combined logic gates and half-adder circuits are
demonstrated using a multi-agent model of slime mould [13]. These simulation
experiments demonstrated the limiting factors affecting the foraging behaviour of
the model plasmodium, particularly at junctions within the gate pattern where choice
of growth direction and timing of propagation may be affected. These limitations are
compounded when more complex circuits such as the half-adder are used, or when
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gates are cascaded. The logical circuits based on quantitative transformations [14]
are based on the following ideas. Computing devices are based on spatial arrange-
ments of simple fundamental logic gates. These gates may be combined to form
more complex adding circuits and, ultimately, complete computer systems. Imple-
menting classical adding circuits using unconventional, or even living, substrates is
made difficult and impractical by the challenges of branching fan-out of inputs and
regions where circuit lines must cross without interference. We explore mechanisms
to avoid spatial propagation, branching and crossing completely in the design of
adding circuits. We analyse the input and output patterns of a single-bit full adder
circuit. A simple quantitative transformation of the input patterns which considers
the fotal number of bits in the input string allows us to map the respective input
combinations to the correct outputs patterns of the full adder circuit, reducing the
circuit combinations from a 2:1 mapping to a 1:1 mapping. The mapping of inputs to
outputs also shows the same incremental progression, suggesting its implementation
in a range of physical systems. We demonstrate an example application, in simula-
tion, inspired by oscillatory dynamics of the true slime mould P. polycephalum. This
simple transformation may enrich the potential for using unconventional computing
substrates to implement digital circuits.

2 Attraction Gates

The first implementation of Physarum plasmodium logic gates [33] employ attract-
ing behaviour of the slime mould [17]. A uni-directional concentration gradient of
glucose 1s formed in the agar media where cells are grown and propagate. The logic
gate paths are constructed by limiting the area that plasmodial cells can grow using
cut-outs of transparent plastic film. As slime moulds tend to prefer wet regions over
dry ones, cells thus grow only in the region that agar is exposed (i.e. logic gate paths).
Under this condition, cells are attracted towards areas with higher sugar concentration
and interact with other cells in the logic gates, as shown in Fig. 1.

When a Physarum cell comes into contact with another cell, it tends to avoid
contacts with other plasmodial cells as “slimes” (gel-like material excreted from a
plasmodium) works as weak repellent to other cells. We exploit these two chemo-
tactic behaviours of Physarum slime mould, i.e. attraction to sugar gradient and
repulsion from excreted slimes, to construct chemo-attractant/repellent-based logic
gates. The attraction logic gates are designed based on following rules:

Rule 1 Physarum cells tend to move towards an area with higher sugar concentration.

Rule 2 When a cell comes into contact with another cell, the cell tends to change
migrating directions and avoid contact with another cell if there is a space
that have not been occupied by other cells.

Rule 3 Otherwise, i.e. no space to escape, the active growing zone fuses with another
cell and becomes one single plasmodium afterwards.
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Fig. 1 Physarum attraction logic gates

AND gate (Fig. 1a) produces 1 (i.e., logical True) only when both inputs are 1.
Here, 1 and O of input or output correspond to the presence and absence of Physarum
plasmodium in a specific location, respectively. In the case of inputs (0, 1) or (1, 0),
an inoculated cell at an input location migrates along the sugar gradient (Rule 1)
and enters a path to a buffer zone. Cells entered in the region are discarded and will
not contribute to any computation. The gate is designed that Physarum cells take the
route to buffer as it is shortest path to a higher concentration region than the other
diverted route, which lead to the output. Thus, (0, 1) and (1, 0) gives 0 as output.
In the case of input (1, 1), two inoculated cells migrates in the logic gate paths.
However, as one of the input paths has a shorter path (right-hand side in Fig. 1a) than
the other, a cell in the path (indicated as arrow in blue) occupies the route to buffer.
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When another cell (indicated in red) arrives at the junction, it tends to take a path
leading to the output as the path to buffer is already occupied by the first cell (Rule
2). As aresult, the input (1, 1) is mapped to output 1, as expected of the operation of
AND gate.

OR gate (Fig. 1b) has a rather simple design. The Y-shaped logic gate takes two
inputs from the top and has one output from the bottom. If a Physarum plasmodium
is present in either one of the two inputs, it just migrates downwards along with the
sugar gradient and gives 1 as output. Even when cells are present in both inputs, they
merge at the junction as there is no space to escape (Rule 3) and gives 1 as well.

NOT gate (Fig. 1¢) is an inverter that gives an output opposite to the input. To
implement this gate with the Physarum plasmodia, two additional cells as ‘reference”
are required. In the case of input O (Fig. Ic upper row), a reference cell in the left
(arrow in light blue) first arrives at the junction and takes up the path to the buffer
(note that the sugar gradient is higher in the right-hand side). When another reference
cell (blue) reaches the junction, it can only take the route to the output. On the other
hand, in the case of input 1, the input Physarum cell (red) is inoculated first and
it migrates straight to the buffer. This blocks the paths for two reference cells, the
possible action for the reference cells is only to merge with the input cell (Rule 3)
and therefore no output is given.

The attraction logic gates can operate with over 80 % success rate [33]. It was
also observed that plasmodium cells changes the tactic behaviour (Rule 1-3) when
the gates are broken.

3 Ballistic Gates

Given cross-junction of agar channels, cut from 2-3 mm thick agar plate, and plas-
modium inoculated in one of the channels, the plasmodium propagates straight
through the junction [2]; the speed of propagation may increase if sources of chemo-
attractants are present. An active zone, or a growing tip, of plasmodium propagates in
the initially chosen direction, as if it has some kind of inertia. Based on this phenom-
enon we designed two Boolean gates with two inputs and two outputs, see Fig.2a,
b. Input variables are x and y and outputs are p and g. Presence of a plasmodium
in a given channel indicates TRUTH and absence—FALSE. Each gate implements a
transformation from (x, y) — (p, q). Experimental examples of the transformations
are shown in Fig. 2.

Plasmodium of Physarum implements two-input two-output Boolean gate P;:
(X, y) = (xy, x +y).

Plasmodium inoculated in input y of P; propagates along the channel yqg and
appears in the output ¢ (Fig. 2c). Plasmodium inoculated in input x of P; propagates
till junction of x and y, ‘collides’ with the impassable edge of channel yg and appears
in output ¢g (Fig.2d). When plasmodia are inoculated in both inputs x and y of P;
they collide with each other and the plasmodium originated in x continues along the
route xp. Thus the plasmodia appear in both outputs p and g (Fig.2e).
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Fig. 2 Physarum ballistic gates. a, b Geometrical structure of Physarum gates P; (a) and P> (b)
x and y are inputs, p and g are outputs. c—e Experimental examples of transformation (x, y) —
(p, q) implemented by Physarum gate P;.c (0, 1) — (0, 1).d (1,0) — (0, 1).e (1,1) — (1, 1).
f—i Experimental examples of transformation (x, y) — (p, ¢) implemented by Physarum gate P,.
f(0,1) — (1,0).g(1,0) — (0, 1). h, i Two snapshots (taken with 11 h interval) of transformation
(I, 1) = (0, 1)

Plasmodium of Physarum implements two-input two-output gate P,: (x, y) —
{(x,xy).

If input x is empty, plasmodium placed in input y of P, propagates directly towards
output p (Fig.2f). Plasmodium inoculated in input x of P, (when input y is empty)
travels directly towards output g (Fig.2g). Thus transformations (0, 1) — (1, 0) and
(1,0) — (0, 1) are implemented. The gate’s structure is asymmetric, x-channel is
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shorter than y-channel. Therefore the plasmodium placed in input x of P, usually
passes the junction by the time plasmodium originated in input y arrives at the
junction (Fig.2h). The y-plasmodium merges with x-plasmodium and they both
propagate towards output g (Fig.21). Extension of gel substrate after output g does
usually facilitate implementation of the transformation (1, 1) — (0, 1).

One-bit half-adder is a logical circuit which takes two inputs x and y and produces
two outputs: sum xy + xy and carry xy. To construct a one-bit half-adder with
Physarum gates we need two copies of gate P; and two copies of gate P,. Cascading
the gates into the adder is shown in Fig. 3a. Signals x and y are inputted in P, gates.
Outputs of P, gates are connected to inputs of P; gates. We did not manage to realise
a one-bit half-adder in experiments with living plasmodium because the plasmodium
behaved differently in the assembly of the gates than in isolated gates. Therefore we
simulated the adder using the Oregonator model, see details in [2]. To simulate inputs
x =0 and y = 1 we initiated plasmodium’s active zones near the entrances to the
channels, marked y and arrow in Fig.3a. The active zones propagated along their
channels (Fig. 3b).

For input values x = 1 and y = 0 active zones are originated at sites marked
x and arrow in Fig.3a. The active zone starting in the left x-input channel propa-
gated towards the x + y-output of the adder. The active zone originating in the right
x-input channel traveled towards Xy + xy (Fig. 3c). When both inputs are activated,
x =1 and y = 1, an active zone originated in left y-input channel is blocked by
active zone originated in left x-input channels. The plasmodium traveling in the
right x-input channel is blocked by the active zone traveling in the right y-input
channel. The active zones representing x = 1 and y = 1 enter top-right gate P;
and emerge at its outputs xy and x + y (Fig.3d). The Physarum adder was also
implemented in chemical laboratory experiments with excitable chemical system
employing Belousov-Zhabotinsky reaction [8].

4 Repellent Gates

As a departure from previously described ballistic logics in which bits—migrating
plasmodia—interact with each other in order to perform computation, slime mould
may also be adapted into functional electrical logical gates more akin to those found
in a conventional computer, i.e. where data interacts with the solid components of
the device in order to achieve computation.

This may be achieved relatively easily by capitalising upon the organism’s migra-
tory behaviour and resilience to insulting stimuli. More specifically, conventional
logical operations may be implemented by conditionally routing plasmodial growth
with optical (repellent) inputs between live electrodes: migration of the organism
between two electrodes causes an output circuit within the device to become closed
(as Physarum is tolerant to having a mild electrical current passed through it), result-
ing in the device’s output equating to TRUTH; when no electrical output is resultant
from the slime mould’s migratory behaviour, the output is FALSE.
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Fig. 3 Simulation of Physarum one-bit half-adder using numerical integration of two-variable
Oregonator equations, see details in [2]. a Scheme of one-bit half-adder made of gates P; and P;.
Inputs are indicated by arrows. Outputs Xy + xy and xy are sum and carry values. Outputs 0 and
x + y are byproducts. b—d Time-lapse images of plasmodium’s active zones traveling in channels
of one-bit half-adder. Dynamics of growth is shown for input valuesbx =0and y =1,cx =1
andy=0,dx=1landy =1
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Fig.4 The PNOT gate. a Schematic representation where electrodes (black rectangles) and accom-
panying agar islands (grey square) (X, Y) are connected to a live output circuit (‘O’). Plasmodial
homogenate (pentagon) is placed on electrode X and left to propagate: if input LED array A is illu-
minated, it prevents the plasmodium from propagating to electrode Y and closing the circuit. b—c
Photographs of experimental implementation of PNOT gate. b (0) — (1). Note how the organism
has oriented its self about the farthest pole of its agar island away from the repellent. ¢ (1) — (0).
The organism has, in the absence of a repellent, migrated to electrode Y

Following a brief scoping study in which the most repellent variety of LED-
generated' light was ascertained to be green (568 nm, 40 mcd; see Ref. [19] for fur-
ther details), laboratory prototypes of Physarum NOT and NAND (PNOT/PNAND)
gates were fabricated in accordance with these principles. Schemes for each with
photographs of functional prototypes are shown in Figs.4 and 5.

The PNOT gates works as follows. A fresh plasmodial homogenate is added to a
0.5 ml agarose gel (agar) ‘island’ overlying a 90 x 10 mm aluminium tape electrode
stuck to the base of a plastic Petri dish. Another agar island and electrode are present
10mm away which is loaded with a chemoattractant. An array of two green LEDs—
input A—is mounted through the lid of the Petri dish directly above the unoccupied

'LEDs were chosen as the repellent input due to their comparative energy efficiency, long life span
and low cost of manufacture, all of which are key properties for alternative computing technologies.
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Fig. 5 The PNAND gate. a Schematic representation; as in Fig.5, but with a second input LED
array, B, divider to separate LED inputs (white rectangle) and third electrode/agar island, Z, present.
b-d Photographs of device completing (0, 1) — (1) operation b Time = Oh. ¢ Time = 6h, the
plasmodium has shifted to the right of its agar island away from the illuminated left electrode.
d Time = 12h, the plasmodium has migrated to the unilluminated electrode and completed the
circuit

agar/electrode. Both electrodes are connected to a separate ‘output’ circuit being
supplied with a constant 9V, 0.1 A. When input A = 0, the plasmodium is free to
propagate across the gap between the electrodes and hence closes the output circuit,
such that the operation (0) — (1) is completed. When A = 1, the LEDs illuminate
and repel the organism, preventing it from propagating across and closing the circuit,
resulting in the operation (1) — (0). The device’s functionality is therefore equal to
that of a conventional NOT gate, i.e. (A) — (A).

The PNAND gate operates on the same principles but differs in that it has a second
input LED array, input B, and a third agar/electrode device which is wired into the
common output circuit. The electrodes are in a spatial arrangement such that the
tips of each electrode form the nodes of an equilateral triangle. A card divider is
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mounted onto the Petri dish lid to physically separate the LED arrays, thus isolating
each input from the other. When both inputs are at O state, the plasmodium is free
to migrate towards an electrode and complete the output circuit, (0, 0) — (1)—note
that in such an instance, the electrode to which the organism will migrate is entirely
random. Equally, when both inputs are at 1, the plasmodium is repelled from both
and will not complete the output circuit, resulting in the operation (1, 1) — (0).
Crucially, if only one input is at 1, the plasmodium will migrate towards the other
electrode and complete the output circuit, such that (0, 1), (1, 0) — (1). The device’s
truth table is therefore identical to that of a NAND gate, i.e. (A, B) — (A - B).

To discuss the detriments of this approach to slime mould logic, these devices
suffer from extremely long propagation delays which consequently makes cascading
extremely difficult to implement. Furthermore, whilst their operation is reasonably
consistent from a biological perspective (circa 75 % success rate), they fall far short
of the repeatability requirements of electrical components. It is also pertinent to
mention that the plasmodium, whilst technically electrically conductive, has a high
resistance, which limits the usefulness of any electrical signal passed through the
organism and implies energy inefficiency.

PNOT and PNAND gates are not without redeeming features, however. Aside from
their value as intellectual curiosities—indeed, it is the singular joy of an unconven-
tional computer scientist to observe a natural system’s behaviour in the language of
computing—these logical gates demonstrate a slime mould can, via ‘programming’
with optical inputs, be used to implement computationally universal logic. The gates
are made of extremely cheap, readily available materials that utilise virtually no
hazardous waste. They were also found to be resettable—i.e. carry out subsequent
operations—within a limited time frame. Finally, they are also extremely tolerant
to aberrations in certain parameters: for example, increasing the voltage to over
30 Volts was found to have no effect on the devices’ operation or the health of the
organism. Although they cannot be described as true electrical logical gates due to the
disparity in the media through which the ‘data’ is carried—i.e. the electrical-optical-
biomechanical-electrical transitions—they nevertheless exploit the key features of
slime mould that make it an ideal unconventional computing substrate; distributed
sensing, decision making, actuation and resilience to unfavourable conditions.

With these findings, we may begin to imagine a new generation of computing
devices built upon these principles. If, for example, our devices are to continue to
rely on plasmodial migration, it has been found that the organism may be hybridised
with a range of metallic nanoparticles in order to significantly decrease its electrical
resistance [21]. But, when one considers the propagation delay as the major failing
of the devices presented, it is clear that the most effective step would be to min-
imise the role of physical movement in future devices. This could be achieved via
automated computer interpretation of the bioelectrical phenomena that ensue follow-
ing plasmodial stimulation, as was capitalised upon in Ref. [22], in which a basic
tactile sensor was realised via an FPGA-based interface which measured and inter-
preted the alterations in membrane potential that result from insulting stimuli which
were, crucially, extremely rapid when compared to the measurement of migratory
behaviour.



48 A. Adamatzky et al.

S Frequency Gates

The plasmodial phase of the organism was cultured using the same method as mention
in the previous section, using 2 % non-nutrient agar, and daily feeding with rolled
oat flakes; enough stock culture could be produced on several Petri-dishes worth of
agar as long as they were maintained.

Data on Physarum’s response to stimuli was collected for previous research and is
described in full in [36]. The data collected is processed and presented here (Table 6)
in order to derive additional Physarum based gates. Figure 6 shows the experimental
setup in order to produce and measure a single protoplasmic tube. 1 ml of non-nutrient
Agaris placed on each of the aluminium electrodes (Farnell, UK) in a customised 9 cm
Petri dish (Fisher Scientific, UK) to form a cell interface. A Physarum inoculated oat
flake from culture is placed on 1 agar hemisphere while a bare oat flake is placed on the
remaining agar hemisphere. The agar acts as a growth medium for the organism on the
electrode. After a minimum of 5h and maximum of 12h, a single protoplasmic tube
grows between the two electrodes, allowing recording of the surface potential of the
tube. Electrical measurement of the protoplasmic tube were performed by connecting
the aluminium electrodes to a PicoLog ADC-24 high resolution analogue-to-digital
data logger (Pico Technology, UK) connected via USB to a laptop installed with
PicoLog Recorder software for data capture. The PicoLog ADC-24 recorded 39 mV
at 1 Hz for the duration of the experiment, with a 24 bit resolution; the originally
inoculated agar hemisphere was connected to ground, while the newly connected
agar hemisphere was connected to an analogue recording channel. Stimulation of
the organism was performed by adding an oat flake on the recording electrode or
by heating the recording electrode to 10 °C above room temperature using a 1.4 W
Peltier element (RS Components, UK) placed underneath the Petri dish at the site
of the recording electrode. Simultaneous heating and oat flake addition was also
performed. The 10 min period before stimulation was used as the baseline frequency
measurement (fpre) and the 10 min after stimulation had started was the frequency
change (fpost); relative frequency change (Af) was calculated and expressed as a
percentage.

Fig. 6 An example of Physarum protoplasmic tube grown between agar hemispheres
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Logic gate approximation as described in [35] uses frequency change of shuttle
streaming to determine a logic true or false output. A logic gate is a single proto-
plasmic tube of Physarum (Fig. 6), which is stimulated with combinations of inputs,
light, oat flakes or heat. The frequency change is measured by custom Matlab soft-
ware which performs a frequency analysis before and after the stimuli, determining
the logical output; the type of gate used determines the thresholds for logic 1 or 0,
as shown in Table 1. Using the principals of combinational logic, this paper uses
the basic gates to produce derived gates NOR, NAND, XOR and XNOR, as well
as more complex combinational logic circuits. Combinational logic circuits are cas-
caded manually, with the software output detailing the input for the following gate
which is performed manually; in the future it is envisioned that this process can be
totally automated. For the logic gate inputs A and B, the stimuli heat and oat flake
was applied respectively. While A and B are both false, or logic L0, neither the heat
nor the oat flake is applied, while A and B are both true, or logic L1, both stim-
uli are simultaneously applied. The relative frequency change for each gate and the
classification for the previously produced simple logic gates are shown in Table 1.

The exclusive OR (XOR) gate is commonly used in binary adders and other
logic circuits; the output is high if either input is true but not both, otherwise the
output is false. A frequency change system can be deduced using two thresholds,
in a similar manner to that proposed in [35]. Frequency change of between 4.9 and
32 % (inclusive) is logical True or 1, a change of either less than 4.9 % or greater
than 32 % is a logical False or O (Table 1).

While the AND, OR and XOR gates calculate specific outputs, they can be inverted
by, producing NAND, NOR and XNOR gates respectively. These gates normally have
NOT gates at each input or a single NOT gate at the output, so are in essence combi-
national logic. Hence the frequency system for each gate can be simply modified by
inverting the threshold categories (Table 1), for example, an OR gate is high when
the frequency change is greater or equal to 10 %, and low when less than 10 %; a
NOR gate is low when the frequency change is greater or equal to 10 %, and high
when less than 10 %. Alternatively the inputs can be inverted, and the inputs to the
OR gate are high when present, that is, when an oat flake and heat are on, whereas
for the NOR gate, the inputs are high when the oat flake and heat are not present;
this becomes more useful when some inputs are inverted and others are not as in the
2—4bit decoder (Fig. 7).

Table 1 Type of logic gate is determined by the upper and lower frequency change threshold

Gate type Lower threshold Upper threshold
OR Af <10%, LO Af >10%, L1
AND Af <24%, LO Af >24%, L1
NOT Af <—=55%,L0 Af > —-55%, L1
NOR Af <10%, L1 Af >10%, LO
NAND Af <24%, L1 Af >24%, L0
XOR Af <49%, L1 Af >32%, L1
XNOR Af <49%, L1 Af >32%, L0
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Fig. 7 The 2-4bit decoder logic circuit with truth table

With the production of NAND and NOR gates, functional completeness is
achieved using Physarum frequency gates (PFGs); any possible combination of logic
gates may be produced using a combination of NAND (and NOR) gates. Combi-
national circuits comprising several individual PFGs could be produced; the input
stimuli can be automatically controlled using a microprocessor. The output of the
PFG is measured using custom Matlab software consisting of data handling and a
fast Fourier transform; this could be implemented on a microprocessor with analogue
to digital converter and appropriate software to automatically determine frequency
change hence logic output of one PFG and subsequently control the input of the
next gate in the sequence. In this instance however, the frequency change was calcu-
lated using the Matlab software and the subsequent inputs were controlled manually,
although frequency analysis software or hardware could be tasked with this process
in the future. The response for each stimuli type used for logic gate approximation
was tested for normality. With the knowledge of frequency change distribution for
each input derived from previous data [35], the probability and hence accuracy of
the NOR, NAND, XOR and XNOR gates were calculated using the distributions
and likelihood of either type I or II error for each input; this method accounted for
the variation in response to the stimuli. In addition to the derived gates, accuracy of
the half adder, full adder and 2—4 bit decoder combinational logic circuits were also
calculated. For the gates which had one inverted input and one normal (non-inverted)
input such as in the 2—4 bit decoder (Fig. 7), one stimuli/input state was inverted while
the other one was not.

The accuracy for the inverted gates is demonstrated in Table2; With the same
accuracy as the non-inverted gates presented previously [35] as the frequency change
boundaries were inverted. PFGs and their inverted input have identical accuracy
because only the thresholds were inverted. The accuracy of the half adder, full adder
and 2—4 bit decoder are listed in Table 2, with the least accurate being the 2—4 bit
decoder.
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Table 2 Accuracy of combinational logic using multiple PFGs

Logic operation Correct output (%) Number of PFGs required 1
OR/NOR 90 1
AND/NAND 77.8 1
NOT 91.7 1
XOR/XNOR 70.8 1
24 decoder 57.5 4
Half adder 65 2
Full adder 58.8 5

The frequency change when exposed to the heat and oat stimuli is repeatable
and of similar magnitude (Fig.6) we can use this reliable change to approximate
Boolean logic with logic 0 and 1 if the frequency change from these stimuli is within
certain value ranges. Boolean logic operation OR is implemented with a threshold
of 10 % increase in frequency while AND uses a threshold of 24 % increase in fre-
quency. A NOT gate can be implemented when light is used as an input, with white
light representing the input and using a threshold of —5.5 % frequency change. This
information is summarised in Table 1. The logic OR, AND and NOT gates derived
in this paper demonstrate that logic functions in the slime mould can be performed
accurately, orders of magnitude faster than the growth based logic implementations.
Tsuda originally implemented the growth based Physarum logic gates with OR,
AND and NOT gates giving 100, 69 and 83 % accuracy respectively, values which
are comparable to the accuracy of frequency based logic operations presented in this
chapter (Table 1). Until now, Physarum logic computation used growth and migration
[13, 31]. These computations took several hours to complete due to the slow rate
of organism growth. Frequency-change based logic implementation is significantly
faster than any performed using growth as the calculation, with calculations lasting
between 20 and 30min. The main advantage of this electrically recorded imple-
mentation is the speed of processing; it has been previously reported that while the
migration response of Physarum to stimuli is slow with speeds of up to 5 cm per hour
[6], electrically recorded responses to chemical, mechanical and optical stimuli are
immediate [3, 4, 35, 36]. The Physarum logic gates are designed by interpretation
of results where Physarum processes inputs and closely describes the output by way
of frequency change. OR and AND logic gates may closely be approximated when
using the combined effects of Oat and Heat as inputs x and y, the NOT logic gate
uses Light as an input this is tested using obtained data of frequency response using
light as a single stimuli. Thresholds are implemented in order to divide the categories
of logic 1 and logic 0. With a marginal overlap of the frequency changes of different
stimuli, there 1s some error when approximating the logic outputs. Table 2 highlights
the accuracy of the logic operations when using the frequency change as a basis
for Boolean logic operation and using the threshold, as defined above for each gate.
The accuracy was determined by the number of correct outputs using Physarum’s
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Fig. 8 A box-and-whisker plot of frequency changes when testing different stimuli

frequency change, displayed as a percentage, for all 4 input combinations of x and
y; each combination was repeated 12 times for each gate type. A correct output was
given when the frequency change as a result of the stimuli fell the correct side of the
threshold (Fig. 8).

With the addition of the NAND, NOR, XOR and XNOR gates, there is now a
complete database of basic and derived logic gates using frequency change. The
number of inputs to these gates is limited to 2, due to the number of tested stimuli,
however both NAND and NOR gates have functional completeness, which is to say
they can be combined to produce any other logical operation, including single gates
with more than 2 inputs. Multi-NAND ICs are often only used in practical systems to
limit the number of different chips required in a system, as multiple gates of the same
type are produced on CMOS or TTL chips. The fact that the architecture of a PFG
is the same regardless of gate type used, means they are effectively programmable
logic gates, with the gate type being determined purely by the boundary conditions
of the frequency change. The PFGs only have two inputs, however gates with more
than 2 inputs can be approximated with more gates.

The number of PFGs used to solve a logical operation correlates with accuracy as
demonstrated by Fig. 9; the 2—4 decoder and full adder use 4 and 5 PFGs respectively
and have significantly more error than the logic with 1 or 2 PFGs. The trend is not
linear as the error is cumulative in a system, it is evident that logic operations with
gates higher than these presented would have an accuracy no better than tossing a
coin. The layout of the gates also plays a role in accuracy, as a full adder which has
1 more gate than a 2—4 decoder is marginally more accurate, this is due to the series
layout of the logic gates; an error produced from one gate has a chance of being
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Fig. 9 The correlation B
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coincidentally corrected by another error in the subsequent gate whereas parallel
gates such as those in the 2—4 decoder are only correct if all gates produce the correct
answer. In a logic system, a correct output is most important, even if the correct
operation throughout the circuit is not, as in this system. The speed of processing of
a PFG is 30 min for a single gate, decreasing the computation time by approximately
30 times compared to morphological, or growth based, gates [13, 31]. We have shown
that the basic logic gates are as accurate as those shown in those previous studies
[13, 31]. The half adder shown is similarly accurate (65 %) to that simulated by Jones
and Adamatzky (63 %) [13, 31].

6 Fluidic Gates

The protoplasmic networks developed by Physarum are living self-growing microflu-
idic systems [16, 18, 27] capable of intake and controllable delivery of biocompatible
materials [1, 20]. The slime mould microfluidic systems can range in size from a
few millimetres to meters of complex protoplasmic networks with hundreds of inter-
connected tube fragments. To be used efficiently the protoplasmic networks must
be controlled and a flow of cytoplasm transporting objects must be programmed.
In 2004 Vestad, Marr and Munakata [18, 34] constructed logical gates by changing
functional properties of a fluidic system without resorting to non-linear properties
of a liquid. They showed that by dynamically changing resistance of individual
channels in a microfluidic system it is possible to direct overall relative system of
flow rates, independently of the pressure of the liquid. Their logical gates are actu-
ated by depressing one channel of the system and reconfiguring the network [34].
Being inspired by Vestad-Marr-Munakata results we conducted laboratory experi-
ments with slime mould Physarum and found that when a fragment of protoplasmic
tube is mechanically stimulated a cytoplasmic flow in this fragment halts and thus
resistivity increases. The cytoplasmic flow is then directed through adjacent proto-
plasmic tubes. We explored this phenomenon to construct several logical gates and
a memory device [5].
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An undisturbed Physarum exhibits more or less regular patterns of oscillations of
its surface electrical potential. The electrical potential oscillations are more likely
controlling a peristaltic activity of protoplasmic tubes, necessary for distribution of
nutrients in the spatially extended body of Physarum [10, 25]. A calcium ion flux
through the membrane triggers oscillators responsible for controlling the dynamic
of contractile activity [9]. Physarum surface electrical potential oscillates with an
amplitude of 1 to 10mV and period 50-200s, associated with shuttle streaming of
cytoplasm [11, 15]. Oscillations of the electrical potential and the corresponding
peristaltic activity are due to calcium waves propagating along protoplasmic tubes.
These waves, and associated electrical charges and a difference in electrical potential
leads to a flow of cytoplasm.

In any given tube cytoplasmic flow reverses its direction approximately every 54 s
[5]. We can speculate this is because calcium and peristaltic waves propagate from
a root, an inoculation site, of a Physarum tree towards its leaves (growth zones) and
then back. That is, a protoplasmic tree is polarised and its polarisation is reversed
almost every minute.

When a segment of a protoplasmic tube, between two junctions, or branching
points, is touched with a hair a flow of cytoplasm inside this fragment becomes
blocked. The blockage of a cytoplasmic flow could be due to K* channel activa-
tion, increase in intracellular Ca®*, temporary increase in concentration of inositol
trisphosphate, activation of adenylyl cyclase. A mechanically stimulated fragment
restores its conductivity and flow of cytoplasm in 54-59 s after the stimulation.

Plasmodium of Physarum is cultivated in plastic containers, on paper towels sprin-
kled with distilled water and fed with oat flakes (Alnatura Haferflocken, Feinblatt,
Germany). Experimental substrate is 2 % non-nutrient agar gel (Agar-Agar, Kobe I,
pulv. Carl Roth, Germany) poured in 9 cm plastic Petri dishes. In each experiment an
oat flake colonised by plasmodium is placed in the centre of the Petri dish. Protoplas-
mic tubes were mechanically? stimulated with a human hair approximately 50 jum in
diameter, 4-5 cm in length. A tip of hair was forced into a wall of a protoplasmic tube
till temporary invagination and/or immediate stoppage of cytoplasmic flow occurred.
Videos of cytoplasmic flows were recorded using digital high-resolution microscope
Keyence VH-Z20R (KEYENCE Microscope Europe) at zoom x 200.

When a fragment of a tube becomes blocked, a flow of cytoplasm is directed
through auxiliary, or second-order, bypassing tubes. Main, or first order, protoplasmic
tubes have diameter c. 100 wm while auxiliary, second order, tubes have diameter
3040 pum. In intact Physarum tree, a flow of cytoplasm is directed along a route
with lowest resistance, i.e. along first-order tubes whose diameter is large. Tubes
with a small diameter act as a reserve, or emergency, route for situations when large
diameter tubes are damaged or a flow is blocked. We use this phenomenon to design
logical gates. A detailed example of an XOR gate is shown in Fig. 10 and its scheme
in Fig. 11a—d.

ZExperiments are done by Theresa Schubert, Bauhaus University, Weimar, Germany.
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Fig. 10 Implementation of XOR gate in Physarum. a scheme of the gate, input tubes x and y and
output tube z are shown; ‘+’ and ‘—’ indicate polarity of cytoplasm flow, the polarity is changing
almost every minute. b snapshot of the living gate before stimulation: x =1 and y =1, z =0;
some parameters of the junction are indicated. ¢ mechanical stimulation of tube x, x = 0. d gate
after stimulation, x = 0, y = 1 and z = 1. e mechanical stimulation of tube y, y = 0. f gate after
stimulation x = 1, y = 0, z = 1. Experimental photos courtesy of Theresa Schubert. From [5]

Flow is directed from ‘+’ to ‘-’ and then reversed from ‘—’ to ‘4’ (Figs. 10a and
11a). First order tubes x and y represent input Boolean variables. Second order tube
z represents an output variable (Figs. 10a and 11a). If there is a flow of cytoplasm in
a tube the tube represents state TRUE, if there is no flow state FALSE. In an intact, or
resting, state the gate’s inputs are in state ‘1’, tubes x and y exhibit flow of cytoplasm
and tube z does not exhibit a flow: x =1, y = 1, z = 0 (Figs. 10b and 11a). This is
because tube z’s diameter, c. 30 ., is nearly three times smaller than the diameter of
tubes x and y, c¢. 100 wm.

When tube x is touched, the moment of this mechanical stimulation is shown
in Figs. 10c and 11b, tube x becomes ‘non-conductive’ and flow through the tube
x stops. Subsequently a pressure in the cytoplasm increases and the cytoplasm is
directed through tube z, which diameter increases to 70 um due to pressure from the
passing cytoplasm (Figs. 10d and 11b).

The gate remains in such state for 54 s in average and then tube x restores its con-
ductivity. Flow of cytoplasm is then directed through tubes x and y, tube z becomes
unused, shrinks due to elasticity and its diameter returns to a resting value 30 pm.
This is somewhat analogical to an automated adjustment employed a microfluidic
implementations of Wheatstone bridge [30]. State of the gate after mechanical stimu-
lation of tube y (Fig. 10e) is shown in (Figs. 10f and 11c¢). The gate restores its original
state in less than a minute after mechanical stimulation. When a flow stops in x and
y at the same time the flow may not occur in the tube z because the tube becomes
isolated from an upper part of protoplasmic network. Therefore we assume thatz = 0
if x = 0 and y = 0. Thus XOR gate is implemented z = x & y (Fig. 11a—d).
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Fig. 11 Schematics of gates implementable with Physarum tubes. Tubes x and y are solid black
when represent logical TRUE, x = 1, y = 1, and grey when represent logical FALSE, x = 0, y = 0.
Tubes z and p are thin when represent FALSE, z = 0 and p = 0, and they are sick when represent
TRUE, z = 1 and p = 1. Symbols ‘4’ and ‘—’ indicate polarity of cytoplasm flow, the polarity is
changing almost every minute. a—d XOR gate, discussed in Fig. 10,z = x @ y, whereax =1,y =
ILLbx=0,y=1Lcx=1,y=0,dx =0,y =0.e-h XOR and NOR gates: z =x @ yand p =
x+y,whereex=1,y=1,fx=0,y=1,gx=1,y=0,f x =0, y = 0. i-n combined gate:
2=Xyp+xyq+xpg+ypq, whereix=1,y=1,p=1,9g=1,jx=0,y=1,p=1,9q =
0,kx=0,y=1Lp=1Lg=1L1x=1,y=1,p=0,g=1.mx=0,y=0,p=1,g=1,
nx=0,y=1,p=0,qg = 1. From [5]

By adding one more second order tube to gate XOR (Fig. 11a—d) we produce a
gate with two inputs and two outputs (Fig. 11e-h). The gate is shown in (Fig. 1 1e-h).
It computes exclusive disjunction and negated disjunction in parallel. Output tube
z = x @ y acts in a manner similar to XOR gate (Fig. 11a—d). Outputtube p = x + y
connects inlet to tube x, just before junction of x and z, to outlet of junction of the
tubes x and y. Cytoplasmic flow is directed via tube p, p = 1 only if tubes x and y
are blocked, x = 0 and y = 0 (Fig. 11h).

By adding two more first order tubes to gate XOR (Fig. 11a—d) we produce a gate
with four inputs and one output (Fig. 11i—n). The gate z = Xyp + xyq + xpqg + ypq
(Fig. 11i—n) responds with value TRUE only when one input tube is blocked yet two
of its neighbouring input tubes are unblocked. Examples are as follows. Tubes x and
q are blocked, x =0 and ¢ = 0, tubes y and p are unblocked, y =1 and p =1
(Fig. 11j), flow is directed via tube z. Tubes y, p, g are unblocked, y =1, p =1,
q = 1, tube x is blocked, x = 0 (Fig. 11k), flow is directed via tube z. Tubes x, y and
q are unblocked and tube p is blocked (Fig. 111), flow is directed via tube z. For all
other combinations of input tuples output is FALSE. Examples are as follows. Tubes
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x and y are blocked and tubes p and g are unblocked (Fig. 1 1m), there is no flow of
cytoplasm through the gate and thus z = 0. Tubes x and p are blocked and tubes y
and g are unblocked (Fig. 11n), cytoplasm is flowing through tubes y and ¢ and thus
z=0.

7 Gates and Circuits Implemented Only in Simulation

7.1 Modelling Complex Logical Gates

In the paper by [31] some output channels of Physarum gates were considered as
buffers. Let us now slightly redesign the gates in [31] and interpret all outputs of the
gates as Boolean logic values [13].

Consider G, gate in (Fig.12a). Physical structure of the gate satisfies the fol-
lowing constraints |xb| = |yc| and |bd| > |bc| + |ce| (Fig. 12a). Chemoattractants
are placed in sites d and e. We assume strength of attraction to d (e) at point p is
proportional to distance | pd| (| pel) (Fig. 12a).

Situations corresponding to input values (0, 0), (0, 1) and (1, 0) are simple. When
no plasmodia are inoculated in x and y nothing appears at outputs d and e (Fig. 12b).
When plasmodium is placed only in site y the plasmodium follows the route (yc)(ce)
(Fig. 12c). If plasmodium inoculated only in site x the plasmodium follows the route
(xb)(bc)(ce) (Fig.12d).

The main novelty of the gate is in how input values x = 1 and y = 1 are handled.
The plasmodia are inoculated in sites x and y (Fig. 12d). The plasmodium growing
from site y follows route (yc)(ce). The plasmodium growing from site x tends to
follow route (xb)(bc)(ce), however part of the route (ce) is already occupied by
another plasmodium. Therefore the plasmodium, starting in x, grows along the route
(xb)(bd) (Fig.12d).

(a) (b) (c) (d) (e) ®
x@0y 0000 0@l g0 1 I T y
b C
. 0 1 1 1 Rl
ot 0 o 0 0 1 ;éy

Fig. 12 Scheme of G gate: a landmark points are shown; b—e configuration of plasmodia in gates
for all combinations of input values—x =0,y =0b,x =0,y =1c,x =1,y =0d,x =1,y =1
e, the plasmodia bodies are shown by thick lines; f input-output logical function realized by the
gate. Chemoattractants are placed in sites marked by solid black discs
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Fig. 13 Scheme of G, gate. a landmark points are shown; b—i configuration of plasmodia in gates
for all values of input tuple (x, y, z): b (000), ¢ (001), d (010}, e (011), £ (100), g (101), h (110), i
(111), the plasmodia bodies are shown by thick lines; j input-output logical function realized by the
gate. Input are marked with circles, outputs with solid discs. Chemoattractants are placed in sites
marked by solid black discs

A table of transformation (x, y) — (d, e) shows that the gate G (Fig. 12f) imple-
ments logical conjunction and logical disjunctions (x, y) — (xy, x 4+ y) at the same
time but on two different outputs.

Geometrical structure of G, gate is shown in Fig. 13. Chemoattractants are placed
in sites ¢ and d and plasmodia can be inoculated in sites x, y and z (Fig. 13a). Lengths
of channels in the gate satisfy the following conditions: |xc| < |xd|, |ac| < |ad|,
|bc| < |bd|, and |zb| + |bc| < |ya| + |ac].

In [31] input channels y and z (Fig. 13a) were assigned to constant TRUTH inputs
an output channel ¢ to a buffer (unused output to collect ‘excess’ of plasmodium). Let
consider scenario when all three input can take values ‘0’ and ‘1’ and both outputs
have a meaning.

If plasmodium placed in site z it propagates toward closest attractant-site ¢
(Fig. 13c); similarly a plasmodium inoculated in site y propagates towards attractant-
site ¢ (Fig.13d). When plasmodia are placed in sites y and z simultaneously, the
plasmodium from the site z follows the route (zb)(bc) and thus blocks the way for
plasmodium propagating from y (Fig. 13e). Therefore the plasmodium originating
in y moves to attractant-site d (Fig. 13e). The situations sketched in Fig. 13g—j can
be described similarly. Considering the transformations (x, y, ) — (c,d) we find
that the gate implements the following logical function (x, y) — (x, xy). If y- and
z-iputs are constant TRUTH, y = 1 and z = 1, the gate G, is a negation (this how it
was initially designed in [31]).
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Fig. 14 Scheme of X
Physarum one-bit half-adder.
Input variables are x and y,
1 on input channels represent 1 1 1
constant TRUTH. Carry value

xy and sum x & y are q
highlighted by dotted

rectangle, unused outputs -
x + y,1and (—x)(—y) by
dotted ellipses

Physarum gates G| and G, can be cascaded by linking output gel-channels of
one gate to input gel-channels of another gate. An example of such cascading in a
form of one-bit half adder is shown in Fig. 14. Four pieces of plasmodium are fed in
input channels as constant TRUTH. The plasmodia representing Boolean variables x
and y are multiplied or branched and fed into gate G; and two copies of gate G,.
Output channels of gates G, are fed into data channels of another gate G . In addition
to results we are looking for—xy and x @ y—the circuit (Fig. 14) produces several
byproducts: x 4+ y, (—x)(—y) and two copies of constants TRUTH. These signals
can be used further down in the chain of computation or routed in the buffer zones
(plasmodium pool). Plasmodia representing constant TRUTH can be also rerouted
back to control inputs of gates G».

To model the Physarum gate behaviours the three physical criteria identified in
[31] and utilised in the design of the logic gates need to be implemented. The criteria
can be summarised as:

1. Physarum grows and moves towards nutrient chemoattractant gradients.

2. Iftwo plasmodium fragments encounter each other, they will avoid contact where
other routes exist.

3. If two plasmodium fragments cannot avoid contact, the plasmodia will fuse.

The environment is represented by a greyscale image where different values
correspond to different environmental features (for example, habitable areas, inhabit-
able areas, nutrient sources). The particles move about their environment
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(a two-dimensional lattice) and sample sensory chemoattractant data from an iso-
morphic diffusion map. When particles move about their environment they deposit
chemoattractant to the same structure. Chemoattractant gradients were represented
by projection of chemoattractant to the diffusion map at the locations indicated on
the gate schematic illustrations. The projection weight was set at 20 multiplied by
the chemoattractant pixel value (255). The weight factor is high as chemoattractant is
deemed to be completely absorbed when it encounters the edges of the chamber and
a large weight value is necessary to ensure the required propagation distance. The
diffusion kernel was a 7 x 7 window for all experiments. Diffusion was achieved
by the mean of the local window at each location in the diffusion map and damped
at 10~* (i.e. new value is equal to the mean multiplied by 1 — 10~#). We assumed
that diffusion of chemoattractant from a nutrient source was suppressed when the
source was engulfed by particles. The suppression was implemented by checking
each pixel of the food source and reducing the projection value (concentration of
chemoattractants) by multiplying it by 1073 if there was a particle within a 9 x 9
neighbourhood surrounding the pixel. Particle sensor offset was 5 pixels, angle of
rotation set to 45°, and sensor angle was 45°.

Growth and shrinkage states are iterated separately for each particle and the
results for each particle are indicated by tagging Boolean values to the particles.
The growth and shrinkage tests were executed every three scheduler steps and the
method employed is specified as follows. If there are 1 to 10 particles in a 9 x 9
neighbourhood of a particle, and the particle has moved forwards successfully, the
particle attempts to divide into two (i.e. a new particle is created) if there is an empty
location in the immediate neighbourhood surrounding the particle. If there are O to
20 particles ina 5 x 5 neighbourhood of a particle the particle survives, otherwise it
is annihilated.

7.2 Modelling Individual Gates

To implement the gates using the model, the schematic illustrations in Figs. 12 and 13
were transformed into the spatial representations shown in Fig. 15. The spatial pat-
tern and greyscale encoding (boundaries, nutrient sources) is used to configure the
diffusive map.

Particles were introduced (depending on logical input conditions) at the areas
indicated by solid circles at the top of the gates. Strong sources of chemoattrac-
tant were introduced at the outputs indicated as enclosed by dashed circles. The
chemoattractant diffused from the output locations along channels etched into the
gate configurations (white areas) and chemoattractant was removed immediately on
contact with boundaries of the channels (light grey areas). The particle population
was inoculated at identical times at the inputs, sensing, growing and moving towards
the propagating diffusion gradients. To ‘anchor’ the growing paths to the start posi-
tions a very small amount of chemoattractant was also deposited at the respective
start positions (the amount chosen was the lowest level needed to anchor the position



Logical Gates and Circuits Implemented in Slime Mould 61

Input 2
Input 3

Input 1 AO
Input 2 4@

;‘Il..‘
.
Input 1 40 “...":

o,  Output 2
.: -‘Illllllllll
*enns’

L Output 2
Output 1--------....:‘ ‘.:

et\g o,

Output 1------------:‘ .:.

e, ~ -’Q

Fig. 15 Spatial implementation of logic gates G| and G, used in the particle model

without affecting the actual gate computation). Population inoculation and chemoat-
tractant diffusion occurred at the same time and there was little or no directed growth
of the population until the chemoattractants reached the source of inoculation.

The operation of the gates occurs due to the complex interactions between the
chemoattractant diffusion gradients. Because there is a quantitative aspect to the
chemoattractant gradient (i.e. particles sense not only the presence but also the con-
centration of the diffusion gradient), the gradient concentration is affected by the
length and width of the gate channels [12]. The point at which the competing wave
fronts meet is a spatial interface which delineates path choices in a similar way to
those observed in chemical reaction-diffusion computations [26]. Thus, the environ-
ment is partially responsible for the initial selection of path choice. This ‘background
processing’ by the environment satisfies the first of the three aforementioned criteria
for plasmodium gate construction.

Two more factors add to the complexity of gradient interactions. Firstly when
the particle representation of the plasmodium engulfs a food source, the diffusion of
chemoattractant from that source is suppressed (reduced by a factor of one thousand).
This alters the concentration of the gradient field from the engulfed source and the
interface position where competing fronts meet shifts to reflect the new gradient
field. Secondly, the collective movement of the particle population also results in
local chemoattractant deposition along the path (this deposition is responsible for
the local recruitment of particles by positive feedback and also acts to maintain the
cohesiveness of the particle swarm). The local deposition of chemoattractant is also
subject to the same diffusion as that which affects the food sources (in fact it is
represented computationally as the same ‘substance’) and the diffusion away from
the particle population also acts to generate a dynamical interface which competes
with the food source gradients.
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Suppression of food source gradients and local modification of gradients by the
particle collective represents a highly dynamical spatial computation in which both
local and distant sources of information (food source location, path availability) are
integrated by both environmental and collective swarm computation. It can also be
seen that the local modification of the gradient by the particle collective indirectly sat-
isfies the second criterion for plasmodium gate construction—attempted avoidance
of local plasmodia. The dynamical gradient interface represents a fragile boundary
between two separate swarms, two separate food gradients or a combination of both
swarm and food gradients. The third criterion—fusion of plasmodia can be repre-
sented in the particle model when movement of separate particle paths is limited and
perturbation of the dynamic boundary occurs. This can result in fusion of network
paths which corresponds to fusion of plasmodia.

The complex evolution of gradient fields can be seen in an example run of G, with
the inputs 011 in Fig. 16. The top row shows the particle positions and the bottom
row shows the chemoattractant gradient field enhanced by a local method of dynamic
contrast enhancement. The first column shows the propagation of chemoattractant

:
L L i

Fig. 16 Evolution of ‘plasmodium’ positions and interaction fronts in the particle model for the G,
gate with inputs 011. Top Row Particle positions. Bottom Row Chemoattractant gradient. Arrows
indicate propagation of gradient from food sources. Dashed arcs represent boundary regions sep-
arating competing gradients. Dashed circles represent diffusion from food sources suppressed by
engulfment. See text for explanation
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gradient from the two food sources and the interfacial region (dashed arcs). Note
that the gradient from the right suppresses the gradient from the bottom source.
The second column shows the effect of suppression of the rightmost food source
when engulfed by the particle population which has migrated towards it. Because
the bottom food source is not suppressed the gradient from this source is stronger
than the right side and the interface boundary shifts to the right of the T-junction.
Note that there is also a weaker interface boundary between the diffusion gradient
emanating from the bottom food source and the chemoattractant deposition from the
particle population in the long vertical column. The third column shows the result
of the competition between the food gradient and the population gradient—the food
gradient is stronger and the population grows and migrates downwards to the food
node.

When the bottom node is suppressed the two separate paths remain stable and do
not fuse. A fragile interfacial boundary can be seen between the two network paths
(dashed arc) and, as long as the particles do not cross the ‘buffer’ space between the
two paths, the paths will not fuse.

Results using the particle model for gates G| and G, are shown in Figs. 17 and 18.
The G gate achieved 90 % reliability and the G, gate achieved 98.57 % reliability.
The input conditions 0-0 were not included with the results because the output result
for these inputs is guaranteed regardless of gate design. For the G, gate we see
that the shorter path to the right food source attracts the simulated plasmodium in

Inputs: 00 01 10 11
| L I
Success: § M‘} ! :
. é 3 i %
@ . . z
I | | 1
I L N,
I _{ |
Failure: I 4 |
| L |
I o |
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L L] ‘
Outputs: 00 01 01 11
Success: (N/A) (20/20) (20/20) (41/50)

Total Success: 81/90 (90 %)

Fig. 17 Summary of results for particle approximation of Physarum based logic gate G
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Fig. 18 Summary of results for particle approximation of Physarum based logic gate G,

both 0-1 and 1-0 condition. Note that no branching occurs from the plasmodium
to the left nutrient source when the right source is connected. This is because the
movement of particles (and their deposition to the diffusion map) creates a local
diffusion field around the particle collective. The strength of this locally generated
field is enough to suppress the field emanating from the left food source and no
branching is observed. If the strength of the local field were less than that of the
nutrient source then branching and growth to the left nutrient source would indeed
occur.

The errors in the G gate all occurred in the 1-1 input condition. The ‘pattern’ of
the error is that the left particle stream did not continue downwards to the food source,
but fused with the right side particle stream (indicated by dashed box). Analysis of
all of the results found that whenever the growing particle plasmodium encountered
a junction in a gate an apparent ‘hesitation’ was seen. The growth tip appeared to be
indecisive as to which direction to take. When a direction was eventually chosen the
growth speed increased when the growth tip moved past the junction. The hesitation,
and indeed some of the gate errors, was caused by disturbances in the diffusion field
near the tip of the growing plasmodium. The diffusion gradient emanating from the
nutrient sources is relatively uniform whereas the gradient from the plasmodium tip is
more intermittent in quality (because the tip growth is non uniform and changeable in
form). In contrast the gradient from a moving straight part of the particle plasmodium
was more uniform. The fragility of the gradient field at the growth tip was further
perturbed by the spatial changes in the environment at the junctions. This, coupled
with increased possible choices of directions, led to what we describe as junctional
errors. The junctional errors are characterised by failures in searching of the growing
plasmodium tip and were responsible for all of the failure instances of the G gate.

The G, gate, although more complex in design, was more reliable than G and the
only errors which occurred were a single junctional error in the 011 input condition
and an error in the 111 input condition. This error was classed as a timing error
and was caused by different growth rates from the two left-side inputs. Ideally the
two particle streams should meet and fuse but differences in the growth of the two
separate streams led to non fusion and errors in output.
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7.3 Modelling the Half Adder

To implement the half adder based on gates G; and G, with the particle model the
scheme of the half adder in Fig. 14 was slightly modified as shown in Fig. 19. The G,
gate combination was simplified by ‘sharing’ the food source between both gates.
Constant TRUTH inputs (‘1) were provided as some of the gate inputs to implement
the desired function. The outputs of the combined G, gates were fed to act as inputs
to the lower G gate. To ensure that the particle population continued to the input
positions of the lower gate synthetic chemoattractant stimuli (small dots) were placed
to guide any plasmodium along the channel to the input positions. The ‘G,G,G’
triplet combination acted as the XOR (summation) part of the half adder. The AND
section of the half adder (carry computation) was implemented as a single G| gate
(Fig. 19, left). In the simulations the branching of initial X and Y signals to provide
the inputs to both sections of the half adder was not implemented in an effort to
simplify the design and the relevant X and Y inputs were introduced to the gate
manually.

The use of constant TRUTH inputs to the half adder introduces errors in gate output
when inputs are 0-0. This is because the outermost truth signals at the inputs of the
G,G, gates travel down through the gates and into the lower G, gate. This would
result in the ‘no input’ condition actually causing an erroneous output. Apart from
redesigning the gate this presents an opportunity to consider possible use of error
checking signals in the gate design. One possible error checking signal is the ‘EA’
output in the left side of the circuit (Fig. 19, left). It can be seen that this flag should be
set whenever any of the inputs are set to true. It would therefore be possible to use the
absence of the EA output to indicate a 0-0 input to the half adder, and thus indicate
erroneous output from the constant TRUTH inputs to G, G,. Another possible use of
outputs to indicate error conditions is the ‘EB’ output from the left G; portion of

Fig. 19 Spatial
representation of half adder
based on combinations of G
and G,. X and Y: Inputs to
half adder, 1: constant
TRUTH signals, S: Sum
output, C: Carry output.
Solid discs are food sources
and small dots are small food
sources to feed outputs
towards lower gate inputs.
EA and EB: Error checking
flags (see text)
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Fig. 20 Examples of input and output conditions for the particle approximation of the half adder

the G, G, G triplet (Fig. 19, bottom). It can be seen (Fig. 20) that the EB flag should
never be set unless the 0—0 condition caused by constant TRUTH inputs occurs. This
flag could be combined with the lack of EA output to indicate errors. When the EB
flag is set without the presence of EA then a fault can be assumed to have occurred
within the half adder G,G, G| triplet. Of course the addition paths and mechanisms
to make use of these error checking flags adds another layer of complexity to the
circuitry which is out of the scope for this research. The results of the half adder
approximation can be seen in Fig. 20.

The failure rate for the half adder approximation, even when not including the
difficulty posed by the 0-0 configuration, was significantly higher than for the single
gates. The majority of the failures were caused by timing errors, which occurred
when the outermost inputs to the G, G, combined gate did not fuse correctly with the
constant TRUTH inputs and, instead, travelled down towards the lower gate. Junctional
errors also occurred three times in the left G, gate for the 1-1 input condition.

The combination and extension of the individual gates appeared to compound
the errors in the individual gates. Although no definitive answer can be given as to
why the unreliability increased, we speculate that the combining of the gates subtly
affected the propagation and profile of the chemoattractant gradients.

7.4 Quantitative Transformation of Adder Circuits

The full adder circuit enables the addition of two binary inputs, together with a carry
input (for example, from a previous calculation). The carry output may be cascaded
to other adder circuits so that larger strings of bits may be added. However, the
complex spatial routing of signals from the input channels and from combined outputs
of individual logic gates is difficult to implement reliably with living substrates
such as the Physarum plasmodium. In [14] we explored whether it was possible to
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avoid spatial propagation, branching and crossing completely in the design of adder
circuits. A simple quantitative transformation of the input patterns which considered
the total number of bits in the input string allowed us to map the respective input
combinations to the correct outputs patterns of the full adder circuit, reducing the
circuit combinations from a 2:1 mapping to a 1:1 mapping. The mapping of inputs
to outputs shows an incremental linear progression, suggesting its implementation
in a range of physical systems. We give a brief overview of the approach below.

The truth table for the full adder circuit is shown in Table 3. In binary terms the
full adder may be seen as a 2:1 mapping of the 8 (3-bit) possible input combinations
(X, Y, Ci,) into 4 (2-bit) possible output combinations (S, C,,,). If we examine the
three inputs to the full adder, together with their corresponding outputs, a pattern can
be seen if we ignore the binary values of the inputs, and instead concentrate on the
total number of ‘1’ bit digits in the input patterns (Table 3, column: number of bits).
The number of ‘1’ bits in each combination ranges from zero to three, giving four
possible combinations, matching the number of output pattern combinations.

Furthermore, combinations of different inputs which share the same number of
bits all share the same output configuration. For example (referring to Table 3) the
input patterns which all contain only a single ‘1’ bit (decimal value of patterns 1,
2 and 4) all map to the same output pattern of 0 (C,,,) and 1 (§). Similarly, input
patterns which contain two ‘1’ bits (decimal value of patterns 3, 5 and 6) all map to
the output patterns of 1 (Cy,,) and O ().

This mapping of quantitatively transformed input pattern bits to output pattern
‘bins’ is clarified in Table4 which shows the mapping of quantitatively transformed
inputs into decimalised interpretations of the output patterns. The result is a 1:1
mapping of (transformed) input to output values. By encoding the number of bits
instead of the pattern of bits we have reduced the complexity of the input by half (8
possible combinations to 4). The mapping removes the need for spatial re-routing
of separate components of the adder circuit. Importantly, this mapping of input to
output values is also identical in that they both follow an incremental progression.
This suggests that it might be possible to use a physical mechanism to perform the
computation of the adder circuit. That is, the transformed input could be encoded in
a single signal line carrying a weighted non-binary signal.

Table 3 Single-bit full adder truth table including decimal value of input combinations and the
quantitative number of 1 bits in each input combination

Decimal | Number of bits | Input X Input Y Input Cj, | Output Cyyy Output S
0 0 0 0 0 0 0
1 1 0 0 1 0 1
2 1 0 1 0 0 1
3 2 0 1 1 1 0
4 1 1 0 0 0 1
5 2 1 0 1 1 0
6 2 1 1 0 1 0
7 3 1 1 1 1 1
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Table 4 Mapping quantitatively transformed input combinations into truth table outputs

Number of bits Cout S Decimalised outputs
0 0 0 0
1 0 1 1
2 1 0 2
3 1 1 3

Left column shows the total number of bits in the X,Y and Cjy;, inputs. Middle columns (C,,; and S)
are binary outputs. Right column shows the decimal values of the two binary outputs C,,; and §

A physical implementation of the adder circuit must relate the number of input bits
to an increase in some physical value. This value could be changes in light intensity,
an increase in pressure, and so on... To return the output to the binary domain the
relevant output map ‘bin’ must be transformed into binary values in order to pass the
S and C,,; on to the next gate. This conversion adds complexity at the interface of
the circuit, but this is balanced by the increased simplicity within the adder circuit
itself.

7.5 Implementation of the Quantitative Mechanism
in a Model of P. polycephalum

As an illustrative example we demonstrate how a multi-agent model of slime mould
can be used to implement the quantitative adder. The multi-agent approach is inspired
by the simple components of the Physarum and is composed of a population of simple
mobile particles indirectly coupled within a diffusive lattice. Agents loosely corre-
spond to aggregates of overlapping actin filaments. Their collective structure of the
population corresponds to the pattern of the tube networks of the plasmodium and the
collective movement of particles corresponds to the sol flux within the plasmodium.
A full description of the model is given in [14] and below we concentrate on the
transformations of binary values at the inputs to the adder circuit and the subsequent
interpretation of the changes in behaviour of the model as the outputs of the circuit.

We represent the changing physical quantities of the transformed binary inputs by
geometrically constraining the model plasmodium within a narrow tube-like arena
of 323 x 20 pixels (Fig.21). The model plasmodium (5000 particles) is inoculated
within the habitable region of this arena. As the individual particles move they deposit
a generic chemoattractant trail within the lattice at their new site. Particles are also
attracted by the local concentration of trails. If particles cannot move or collide,
no trail is deposited. After a short period of time the initially uniform distribu-
tion of trail within the lattice becomes unevenly distributed, causing local oscilla-
tions of trail concentration. These oscillatory domains grow and become entrained
(see [28, 32] for a full description of the emergence of oscillatory domains in the
model and real plasmodium respectively). A small sampling window 20 x 20 pixels
at the left of the arena records the mean flux of trails within the lattice within this
region at every 5 scheduler steps.



Logical Gates and Circuits Implemented in Slime Mould 69

@ ®)
BC ) || (T
© @

G I 3

Fig. 21 Geometrically constraining arena of the model plasmodium. a schematic of model arena
with non-habitable area (i), habitable region (ii) and sampling window (iii, dashed red, online)
indicated, b—d Constrained habitable region (dashed blue, online) of 0.75, 0.5 and 0.25 the original
arena length. a Arena length 1. b Arena length 0.75. ¢ Arena length 0.5, d Arena length 0.25

The quantitative input values mapped from 0 to 3 (from inputs of Table4) are
transformed into a physical representation by only allowing movement of particles
which occupy smaller regions of the arena (elongated dashed regions in Fig. 21b—d).
These regions represent decreasing fractions of the original length of the arena.

If the geometric constraints of the arena represent the binary input transformation,
how is the physical behaviour which generates the individual output bins represented?
We can represent this in the model plasmodium by measuring the frequency of
oscillations within the arena. The Physarum plasmodium, when confined in a suitably
shaped arena, exhibits regular oscillations of thickness at each end of the arena
[29]. These thickness oscillations emerge from initially random contractions of the
plasmodium strand which propel sol throughout the strand. There is a reciprocal
relationship between contractile activity and strand thickness (presumably due to the
stretch activation phenomenon of the tube strand) as contraction of the tube results
in transport of sol away from the contraction site and a subsequent decrease in strand
thickness.

The same reciprocal relationship emerges in the model. As particles move they
deposit chemoattractant in the lattice (greyscale brightness corresponds to concentra-
tion in Fig.22). The increased flux attracts local particles, causing further increases
in population density. Eventually the occupancy in this region is too high to allow
free particle movement and flux decreases. At more distant sites the relative decrease
in population density (caused by previous particle efflux) allows greater freedom of
movement and so flux increases in these regions. The result is a gradual emergence of
small oscillatory domains Fig. 22a which fuse and become entrained Fig. 22b until a
single large oscillation traverses the arena from end to end Fig. 22c, d. The dominant
frequency of this stable oscillation Fig.22e can be measured by FFT transform and
spectral analysis.

When the model plasmodium is geometrically constrained using the patterns in
Fig.21 the dominant oscillatory frequency increases as arena length decreases. An
example plot of the oscillatory patterns for decreasing arena length is shown in
Fig. 23a. When the oscillation data (10 runs at each arena length fraction) is analysed
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Fig. 22 Emergence of regular oscillations of flux within model the plasmodium on full width
arena. a flux of particle trails at t = 30 shows relatively uniform distribution (increasing grey
brightness corresponds to greater flux), b at early stages there are two oscillatory domains at each
end of the arena, c, d at later stages there is a single reciprocating oscillatory pattern, e plot of
mean flux within measuring window shows initial oscillatory domains fusing by entrainment at
approximately t = 2000 to form a regular reciprocating oscillation pattern. a t = 30, b t = 702,
ct=4752,dt = 5053

in the frequency domain, the frequency of oscillations does indeed increase as the
arena length decreases. Although the relationship is not perfectly linear (Fig.23b),
a simple thresholding of oscillation frequency should be sufficient to represent the
output bins of the quantitative adder.

Although this example uses changing oscillation frequency in a model of Physarum
plasmodium to represent the physical system, the quantitative concept is applicable to
any physical system with approximately linear progression. For example, constrain-
ing the geometry of the model plasmodium is suggestive of changing the dominant
frequency of a resonant cavity by altering its size.
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Fig. 23 Oscillation frequency and arena length. a Oscillation frequency increases as arena length
decreases, offset plots show example oscillatory activity at arena fractions of (top to bottom) 0.25,
0.5,0.75 and 1. b Plot showing increase in oscillation frequency as arena length fraction decreases
(10 runs per arena length fraction, standard deviation shown in error bars)
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8 Discussion

Experimental prototype of attraction, ballistic and repellent gates suffer from low
speed. The gates are based on physical propagation of the slime and therefore com-
putation might take hours if not days, depending on size of the gates. Reliability of
experimental Physarum gate is limited by 69 % for gate P, and 59 % for gate P;.
This is because behavior of plasmodium is determined by too many environmen-
tal factors—thickness of substrate, humidity, diffusion of chemo-attractants in the
substrate and in the surrounding air volume, and physiological state of plasmodium
during each particular experiment. Increasing reliability of Physarum gates might be
a scope of further studies.

Frequency gates employ oscillations of electrical potential in the slime mould’s
protoplasmic tubes. They are faster, approximately 30 times faster, than growth based
gates, yet still require 20-30 mins to perform computation, because it is necessary to
calculate frequencies of the potential oscillation before and after stimulation. Func-
tional completeness of the frequency gates is demonstrated with the development of
the NOR and NAND logic gates. NOR, NAND, XOR and XNOR derived gates have
also been demonstrated. Basic gates OR, AND and NOT were correct 90, 77.8 and
91.7 % of the time respectively. Derived logic circuits XOR, half adder and full adder
were 70.8, 65 and 58.8 % accurate respectively. Increasing the number of frequency
gates in circuits correlates with an increase in error of the combinational logic circuit;
the error is proportional to the number of gates. The results shown here demonstrate
a significant advancement in organism-based computing, providing a solid basis for
hybrid computers of the future.

With regards to fluidic gates, a need for a mechanical control is a hereditary
of many micro-fluidic circuits and slime mould circuits do not make an exclusion.
Physarum fluidic gates can be cascaded using opto-mechanical coupling, e.g. when a
width of an output tube or a speed of flow in the tube is detected by optical means and
then input tubes of next gates in a circuits are stimulated mechanically. This is not an
optimal solution thought. We should think on how to exploit mechanical properties
of slime mould tubes to make device-embedded flow switching functions.There are
some published results showing that embedded check valve and switch valve (with
pressure-dependent states), analogous to diode and p-channel JFET transistor, can be
implemented in layered elastomeric materials [23]. Another route to explore could
be to map designs of hybrid fluidic-electronic-mechanical universal logical gates
[37] onto patterns of living slime mould devices. With respect to delivery of e.g.
encapsulated substances by plasmodial tubes, changes in a cytoplasmic resistance in
tubes containing capsules can be exploited to construct logical gates similar to droplet
based gates [7] and bubble logic [24]. Physarum microfluidic gates are slow, their
speed is an order of seconds, much slower than silicon gates. However, slime mould
microfluidic gates are self-growing and self-repairing and can be incorporated in a
hybrid wetware-hardware devices for sensing and analysing of non-lethal substances,
and detection of molecules or certain types of living cells.
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The simulation findings for spatially implemented gates suggest that, although
such circuits can indeed be built, the presence of both timing errors and junctional
(search) errors would severely limit the effectiveness and practicality with the cas-
cading towards more complex circuits. The matter of errors of the gate operations
(timing errors and junctional errors) requires further consideration. The term ‘error’
depends on the perspective taken. From an experimental viewpoint the occasionally
unreliable operation of the gates is erroneous. But the notion of externally applied—
by the experimenter—environment conditions and metrics of success cannot be easily
applied to the behaviour of a living (or even simulated) collective organism, whose
sole imperative is the location and connection of nutrient sources for survival. By
following the biological imperative, the organism is not actually doing anything
‘wrong’, even though this may not result in reliable logical operations. The quantita-
tive encoding of the adder circuit results in a linear transformation between input and
output conditions. Although this would require additional complexity in transforma-
tion of inputs and outputs, it reduces the potential for errors caused by branching
of signals and bridging of signals and may be implementable in a range of physical
systems.
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On the Memristive Properties of Slime Mould

Ella Gale, Andrew Adamatzky and Ben de Lacy Costello

Abstract Physarum polycephalum has been shown to be a biological computer,
capable of solving problems through morphological computation. We present labo-
ratory experiments where Physarum was investigated as a component of electronic or
wet-ware computers. We find that I — T electronic signals consistent in time-scale
with shuttle transport can be recorded with a sensitive Keithley electrometer. The
memristor is a novel non-linear stateful resistor with great promise in neuromorphic
computing. We demonstrate that Physarum gives I — V curves consistent with a
memristor and that this response is located in the living cytosol part of the organism
(as opposed to the gel outer-body or slime layer). We model the Physarum as an
active memristor (a memristor combined with a battery), where the living Physarum
metabolism provides energy.

1 Introduction

As computer components are shrunk ever further in efforts to continually improve
computing power in line with Moore’s law (that the number of components on a chip
will increase geometrically with time) we are in danger of hitting the limit of silicon-
based transistors. To solve this problem scientists and engineers have investigated
smaller components via nanotechnology research, more functionally diverse com-
ponents and different ways of doing things. Another issue with standard approaches
is the lack-of-resilience of CMOS hardware, failure is avoided through redundancy
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rather than self-repair. Novel technologies and approaches of unconventional com-
puting offer unconventional solutions to these problems. Memristors are novel non-
linear state-holding resistors that have been demonstrated performing functions like
logic gates [11] and neuromorphic (brain-inspired) computing [16] in a natural way.
Biological systems have natural resilience and self-repairing properties, which make
them excellent inspiration for novel computing approaches, however in this chapter
we will discuss investigating the electronic properties of a biological test system
with the idea of using a living substrate as a computer. The advantages of using a
biological system is that it is already operating at the nanoscale, already performing
complex calculations, often in a more energy-efficient and distributed manner than
available to our current technology, we concentrate on Physarum as it is a robust
test-system for biological computing.

In an environment with distributed sources of nutrients the plasmodium forms a
network of protoplasmic tubes connecting food sources. The network of protoplas-
mic tubes developed by Physarum shows some signs of optimality in terms of shortest
path [23] and proximity graphs [1]. In [2] we have used Physarum to make proto-
types of massively-parallel amorphous computers—Physarum machines—capable
of solving problems of computational geometry, graph-theory and logic. Physarum
machines implement morphological computation: given a problem represented by a
spatial configuration of attractants and repellents the Physarum gives a solution by
patterns of its protoplasmic network. This limits the application domain of Physarum
processors to computational tasks with natural parallelism. If we were able to make
electronic devices from living Physarum we would be able to construct a full spec-
trum of computing devices with a conventional architecture. Furthermore, to make
a set of ‘all possible computing devices’ it is enough to make a material implica-
tion gate and memristors naturally implement material implication [7, 11]. Thus
answering the question ‘Is Physarum a memristor?’ is a task of upmost priority.

Physarum’s growth can be directed with chemo-attractants and repellents [22] and
it chooses efficient paths between food sources. Thus, Physarum could be used to
‘design’ efficient circuits. Previous preliminary work [26] has shown that Physarum
can take-up iron-based magnetic particles, so it could be used to lay down efficient
circuits and, if the magnetic effects were detrimental to the Physarum, we might
expect it to lay down circuits with a good electromagnetic profile, thus, we also
investigated the electrical properties of the Physarum tubes with and without these
particles.

Memristors [8] have revolutionised the material basis of computation [29, 30]
and neuromorphic architectures [16, 18, 24, 28]. Since the announcement of the first
documented two-terminal memristor [30] researchers have been eager to experiment
with memristors, but they are difficult to synthesize and not yet commercially avail-
able. Few looked beyond standard electronic engineering approaches, but those who
did uncovered a promising behaviour of living systems. Johnsen et al. [19] found
that conductance properties of sweat ducts in human skin are well approximated by
a memristive model [19], and experimental evidence that flowing blood [20] and
leaves [21] exhibits memristive properties was provided by Kosta et al. In 2008
Pershin et al. [25] described an adaptive ‘learning’ behaviour [27] of slime mould
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Physarum in terms of a memristor model. Memristor theory has been applied to
neurons [9, 10] and synapses [34], suggesting that memristance might be useful to
explain the process of learning.

We will cover recent results on the electrical properties of Physarum to show
that it can give memristive V — I curves, be modelled as an active memristor and
demonstrates altered current-time profiles when subjected to a bright light stimulus.

2 Methods

Plasmodium of Physarum was cultivated on wet absorbent paper (to keep the humid-
ity level high) in an aerated, dark environment and fed with oat flakes. The culture
was periodically replanted to a fresh substrate.

The experimental set-up is shown in Fig. 1. Two electrodes (Fig. 1¢) were stuck
to a plastic Petri dish ~#10mm apart and two islands of 2ml agar (Fig. 1b) were
placed on each electrode. To perform the experiments, a Physarum-colonised oat-
flake was inoculated on one island with a fresh oat flake on the other: Physarum
would then colonise the other island (Fig. 1a), linking both electrodes with a single
protoplasmic tube (Fig. 1d). This experimental setup has proved to be efficient in
uncovering patterns of electrical activity of Physarum [6] and Physarum’s response
to chemical, optical and tactile stimulation [3-5, 33].

Electrical measurements were performed with a Keithley 617 programmable elec-
trometer which allows the measurement of currents from pA-3.5 mA. Measurements
were performed with a voltage range of &= 50mV (sample 1-13) or & 100mV (sam-
ples 15-22), a triangular voltage waveform and a measurement rate of 0.5s, 1s or
2 s: this is the D.C. equivalent to an A.C. voltage frequency of 2, 1 mHz or 0.5 mHz.
As Physarum is a living system and can respond, we compared first and second runs
across different samples. The tests were divided into two batches: batch 1 was mea-
sured with timesteps of 0.5, 1s or 2s and a voltage range of 250 mV and £100mV;
batch 2 was measured only with the 2s timestep and a voltage range of £100-
+250mV.

Three different electrode set-ups were tested: thick (2mm) aluminium wire,
thin (0.5 mm) silver wire and thin aluminium mesh, examples are shown in Fig. 2.
Physarum was also tested for the electrical effect of the uptake of magnetic particles
(luidMAG-D,100nm, 25 mg/ml, Chemicell) by inoculating the source or target oat
flakes with particles.

Fig.1 A scheme of b b
experimental setup:

a Physarum, b agar islands, d

¢ electrodes, d protoplasmic
tube. All parts of Physarum
shown in dark grey form a
single cell
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Fig. 2 An example of two set ups: a sliver wire loop electrodes, b chicken-wire electrodes. The
squares are 5 mm?

As Physarum is sensitive to light, the electrical tests were run in the dark and
controls were run under strong fluorescent light to test if this effected the electrical
properties. The effect of light was also tested by running / — ¢ responses on two
samples where the Physarum was kept in the dark under constant current and then
exposed to light at a set point: sample 5 was run twice in the dark, on the third run
the box was removed at 200s; sample 13 was run twice for 1600s, and exposed to
light at 200 s on the second run.

The starting resistance, Ry, the hysteresis H (calculated as in [15]) and scaled
hysteresis, H, (calculated as aratio of Ry as in [15]) were calculated for the Physarum
that exhibited hysteresis. To control for experimental set-up variation, Ry, H and H
values were compared to the length of the tube L, and the electrode separation. The
tube lengths were measured from photographs of the first batch of measurements.
For completeness, the calculation of hysteresis was done in the following manner.
The memristor plot is splitinto 4 branches: 1: 0 < V < +Vpax: 2: +Viax < V < 0
3:0 <V < —Vhax; 4 —Vimax < V < 0. The hysteresis is calculated from the work
done by the device as the difference between the upper (2 and 4) and lower (1 and 3)
branches in the integration of the instantaneous power consumed by the device over
the course of an input cycle. We use a discretised form: A the work is

n=14+N/4

W,y = Z I(n)V(n)At , (1)

n=1

where I (n) and V (n) are the current and voltage values at that data point, and At
the time between measurements and N is the total number of measured points. The
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measured hysteresis is the difference between the work for the upper and lower
branches of the I — V curve, H = (W, + W3) — (W; + Wy). The scaled hysteresis
is H=1H,

Ro

3 Results

Twenty three samples were tested; in one sample Physarum did not form a tube
across the electrodes and in another the Physarum grew, formed and abandoned the
tube before it could be measured: this sample was used as a control for the gel part of
the tube. The remaining twenty one samples were measured and these comprised of
two samples with magnetic nanoparticles on the inoculation electrode, two samples
with magnetic nanoparticles on the target electrode the rest were normal Physarum.
Three samples were electrically unconnected.

3.1 Memristive Effects

Of the eleven samples in batch 1, two exhibited good memristance curves (as in they
had pinched hysteresis), the other nine exhibited open curves as shown in Fig. 4 (these
open curves are very similar to those seen in low-voltage TiO, sol-gel memristor
measurements which are indicative of memristive results at high voltage measure-
ments [13]). For batch 2, which were measured at a larger voltage range (between
4100 and £250mV), eight out of eight samples showed good memristive curves as
shown in Fig. 3.

Comparison between the memristance curves shown in Fig.3 and the results for
an abandoned tube shown in Fig. 6 shows that the memristance is due to the living
Physarum protoplasm. Similar to inorganic memristors, this could be due to voltage-
driven charge transport. Shuttle transport reverses direction around every 50s and
this could give rise to a measurable hysteresis, however because these data were
measured at Ar &~ 2s for 160 steps the period is 320s which is over 3 times the
period of the shuttle transport and, as such, is not the cause of the measured effect.
Longer time-scale current responses have been observed in d.c. experiments [14]
which could be related to the memristive effect. Finally, it could be due to a voltage-
mediated change in material properties of the protoplasm which has a relaxation time,
leading to a memristive hysteresis—this seems to be the mostly likely explanation
because repeated applications of voltage increased the resistance (see Fig.4).

No electrical effect of the different electrode types was seen beyond the mechan-
ical difficulties: the thicker aluminium electrodes put strain on the tube when mea-
sured leading to breakages or short-circuits. No discernible electrical effect was seen
from the presence of magnetic nanoparticles. The Physarum picked them up and
internalised them, but the measured resistance curves were qualitatively the same as
those without the particles and within the same range. Our other work [26] shows



80

(a) a1’

Measured-current (1) / A

A
'35 015 D1 005 0

0.1
Source-voltage (V) /V
(c]wx-m"‘
8
< s
£ 4 o
= =
. ;
2 0
2 2 ..':g.
E . .-‘:tl'
ik .'r":-o'
-8 é".
B2 o5 o1 o5 o0 oo
Source-voltage (V) /1 V

E. Gale et al.
e (b) e
_.-::/ &
aut
shat® { <
§ =
§ D U“."'..-
3 ¥ '..
E <2 r'-..‘.i'.
o
4 /
015 02 $4 83 02 01 o 01 0z 03
Source-voltage (V) 1V

%]
s::‘lt‘.f

N\
=
S,
.

r < 4
i = 3
£
3 f
3 g
2 o [ e
% - I".‘.:-F"..'
_2.
o1 o01s B2 915 w01 006 0 005 01 015
Source-voltage (V} /

Fig.3 Typical current versus voltage profiles recorded in laboratory experiments with slime mould
Physarum. These four results from two different samples, a and b are the different runs on sample
eighteen, ¢ and d are different runs on sample nineteen, the variance in response is due to the fact
that the Physarum is alive and continuously changing)

Fig. 4 Open-curves
measured under different
frequencies: Af = 1s
corresponds to a frequency of
1 mHz; At = 25 corresponds
to a frequency of 0.5 mHz

Current /|

7
2_55: 10
—1 AtEs
2 —2A=2s
— 3 At=1s
1 —4; At=1s

¢
05

Voltage / V



On the Memristive Properties of Slime Mould 81

that the nanoparticles are localised within the gel part of the Physarum, so this lack
of effect is not because the nanoparticles are not present. One possibility could be
that the Physarum might internalise or biofoul the nanoparticles (biofouling is when
a biological entity grows on or over a non-biological component inserted into it).

This effect whereby open loops at low voltages show memristance at high voltages
suggests that, like TiO, sol-gel memristors, the low-voltage open-loop behaviour is
related to memristance. These results show that relatively large voltages are needed
for the measurement of memristance in Physarum.

3.2 Repeatability and the Effect of Frequency

The testing process may have resulted in behavioural modification of the Physarum:
successive applications of voltage caused the Physarum to abandon the tube as
observed by a thinning and lightening of the tube. However Physarum was still
alive and active after testing, and the tube abandonment could be due to it exploring
the environment for other food sources (the time spent connecting the two oat-flakes
was commensurate with that observed without electrical testing, but due to the high
variance in behaviour we cannot say if the applied voltage harmed the Physarum).
Figure 5 slows the set-up before and after measurement, note that unnecessary parts
have been completely abandoned and the main tube is much lighter in colour, indi-
cating a movement of living cytosol to explore another part of the environment. This
result was also seen on the non-inoculated Physarum samples.

Fig. 5 An example from on the experiment inoculated with nanoparticles. After measurements,
the tube has thinned, unnecessary parts have been ‘burnt off’, colour is a lighter hue
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Fig. 6 Repeated I — V runs w1010

performed on an abandoned 157 — 7
tube. No memristance or _:ﬂ: .1‘2

increasing resistance effect is 1

seen

04 0.05 0 0.05 0.1

As frequency can effect the size of memristor hysteresis (due to natural response
speed of the system) the voltage waveform frequency was altered. As increasing the
voltage range can turn the ‘open-loop’ type of memristor into a pinched hysteresis
loop, the lack of pinched hysteresis on the open-loop memristor responses could be
due to the chosen voltage range. The effect of frequency is tested in Fig.4, where
three repeats of the same £V range is tried at the standard and half the frequency
and one larger =V range is tried at the standard frequency. The shape is qualitatively
similar over this voltage range and unaffected by frequency over this voltage range.
Figure 4 shows that repeated applications of voltage causes the resistance of the tube
to increase (similar results were observed on the two repeats with other samples).

As Fig. 6 shows no repeated resistance change for an empty tube, this suggests
that the protoplasm part of Physarum is the material responsible for the observed
memristance rather than a chemical or physical change in the structure of the outer
parts of the tube.

3.3 Study of Memristor Properties

3.3.1 The Effect of Electrode Separation and Tube Length

The range of tube lengths found was 6.25—-43 mm, with a mean of 19.71 mm and
standard deviation of 10.64 mm: this high deviation is because the Physarum initially
explores the space following a chemical gradient to connect the oat flakes. The tube
length shortens over time as the Physarum increases the efficiency of connection
between food sources, for example, the length of one protoplasmic tube went from
5—4.26 mm over a day. No correlation was found between: Ry and L; Hand L; H
and L; H and Ry; R, and Electrode separation (graphs not shown), this demonstrates
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that the tube length (L) or electrode separation cannot be used to control the electrical
properties and that the starting resistance (Ry) is not a predictor for the hysteresis (H
and H): as a comparison, results for sol-gel memristors are given in [13]. The total
power used over an I — V loop and the average power used were also calculated for
11 samples, no correlation was found between the power and Ry, or the power and
electrode separation (graphs not shown). Thus we can conclude that the variation in
electrical response is due to the variation between individual samples of Physarum
and not the variation in set up or tube length.

3.4 Effect of Light on Electronic Measurements

Physarum moves away from bright lights, therefore we decided to investigate whether
there was an electronically measurable response associated with this behaviour.
Figure7 shows the response of a slime mould to light: the black curve shows an
oscillation that persists for about 400s and then changes to a longer wavelength
oscillation with the shorter oscillation superimposed between 1200 and 1600s. The
red curve shows a what happens when the test is run again with light applied at 400s,
the oscillations disappear, there is still the long wavelength oscillation but there are
no short-wavelength oscillatory features from 1200-1600s. The disappearance of the
short-wavelength oscillation is due to the Physarum responding to the applied volt-
age, not the light, however the lack of short-wavelength oscillations at 1200—-1600s
may be due to the applied light.

This test was repeated with another sample, as shown in Fig. 8. Here we see a drop
in resistance due to voltage (consistent with results reported above) and then the short
term oscillations. When the cover is removed and light applied, the ‘character’ of

Fig. 7 Comparison of light «10°
(red) and dark (black) runs 18
on sample 13. Switch from 16!

Light at 400s ||
short (period is 100s) |
oscillations to long not due
to light but application of
voltage, nonetheless the
sample run in the light did
not recover the 100s period
oscillations

J '— No light

Current / A

2 ] 1

ol r\r:

20 200 400 600 800 1000 1200 1400 1600
Time/ls
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these oscillations changes from smooth regular short-wavelength oscillations on a
background of longer wavelength oscillations to more spiky, less oscillatory decay.
We suspect that the electronic oscillations are to do with differing shuttle-movement
patterns as a result of exposure to light. However, because this is a living system, it
is changing all the time and the qualitative ‘character’ of the electronic measurement
needs to be compared.

Finally, an I — V curve was run for a different sample in the dark and then in
the light no significant change was seen, other than a small the increase in resistance
consistent with repetitions of dark runs. Thus, it seems, the presence or absence of
light does not show up in the memristive I — V curves and is irrelevant for the mea-
surement of memristance (or rather the application of voltage is far more relevant).
Nonetheless, Figs.7 and 8 suggest that the ‘character’ of the Physarum’s natural
electrical responses do change slightly in response to light.
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4 Analysis of the Slime Mould as an Active Memristor

The shape of the curve in Fig. 3d, replotted as resistance-time plots in (Fig.9), as it
shows asymmetry between in the resistance change rate, and has not been observed
in our inorganic memristors. The memory-conservation theory of memristance [12]
explains memristive effects in terms of an interaction between state-carrying ions,
g, and conduction (state-sampling) electrons e~ . To undergo locomotion, Physarum
exhibits shuttle transport where the protoplasm is moved backwards and forwards:
ions in the protoplasm would be moved around by this motion and this could give rise
to a background current. Thus, this background current should be included and we
investigated this in order to try and understand the shape of the distinctive Physarum
memristor (see Fig. 3d). A similar approach has been used to model ReRAM, where
the electromotive force associated with a ‘nanobattery’ is added to a memristor
circuit [32].

Figure 10 shows a circuit which could be used to model the situation: this circuit
contains a 1-port ‘black box” which we measure. We assume that this 1-port contains
a voltage source, which we are symbolising as a battery because Physarum is alive

Fig. 10 The equivalent I
circuit for the Physarum l
memristor, the shaded area l

represents the middle active
memristor 2-port

—

©)
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and uses chemical energy to produce reactions and the motion of the membrane, and
a memristor (or a memristor-resistor in series). In fact, from long-term experiments
we have seen a slow oscillation with a half-period of around 700s that could fit
the description of such a current source, especially as the associated current was
observed at approximately 2 x 10~?A, so it is on the same order as our lower current
V-1 curve measurements. With the addition of an internal voltage source, we are
now modelling the Physarum as an active memristor [17] (standard memristors are
passive components).

The current, i,, is the background current from the living Physarum. From the
circuit in Fig. 10 we can write the following expression for the measured current,
Lior:

Loy = ig £ iq (2)

where i, is the current that is driven by the external voltage, V. The background
current source can either add to or oppose the external power source, and thus the
background current source is either in the same direction or opposite direction to the
driven current, as we use + and — to represent this, where it is understood that the
internal ions may not have the same charge as the electrons and we take +i, to be the
direction of increase in total current. V, is the voltage associated with the internal
‘battery’.

If we have a current that adds to our driven current at one point in time and subtracts
at another, we would expect to see a non-rotationally-symmetric memristor curve.

From Eq. (2) we can write the memristive response, R, as:

v,
R=M+ -2, 3)
lq

where M is the memristance due to the motion of ions under the applied voltage—
that expected from the memory-conservation theory of memristance—and the second
term is the internal resistance response due to the background current, which we label
as M;,;.

We do not know what the form of i, is, but there are two options, we can model
it as a sine wave with a period of roughly 700s, or we can model it as a bipolar
piece-wise linear waveform, which corresponds more to what is observed down a
microscope when watching Physarum shuttle transport. As the /-V curves took a
total of approximately 350s to run, we can model the current as being constant over
this period, especially if it is the long-time oscillations observed in [14] and thus
additive to the memristance current in one direction and subtractive in the other.

We can discretise Eq. (3), to get an expression for the discretised rate of change

of memristance, % as:

AR AM  AM,,
_|_

7~ =5 AL “4)

for the positive lobe of the plot and



On the Memristive Properties of Slime Mould 87

AM  AM;,
At At

AR () = &)
At T ’
for the negative lobe of the plot, see Fig.9.
Assuming that the rate of change of the M (¢) does not change over the memristors
range although it does change direction, which is an approximation, we can substitute

for % and write

AR .\ AMu _ AR AM,,,
N At AT At

; (6)

where g is the factor that AA—If(—) is bigger than %(—l—) by and it is equal to 2.88,
i.e. the rate of change of resistance is around three times faster on the negative lobe
compared to the positive, leading to a non-rotationally-symmetric pinched hysteresis
loop.

We can calculate the actual rates 2? (+) and 21; (—) from the measured cur-
rent /, which we do by calculating the ‘instantaneous’ memristance M (At) at each

measurement pOiIlt:

N

M(An = ——

: (7

and this is shown in Fig. 9. Around zero and small values of V we get large discrep-
ancies, due to the method we’re using to calculate the memristance, but over most
of the curve we can see that the straight-line approximation of the change in mem-
ristance holds pretty well. Figure 9b shows that there are two gradients, a shallower
one for the positive loop and a steeper one for the negative loop. If these gradients
were equal we would have a standard (ideal) memristor curve.

The memristor curve is commonly broken up into four segments:

0V — 4+max(Vy);
+max(V;) — 0V;
0V — —max(V;);
—max(Vy) — 0V.

b S

We chose to fit a straight line to the 1st and 3rd segments as they start from the
same place (0V), these lines are shown on the curve and their equations are gradi-
ents of 3.1009 x 10°Qs~! and 8.9348 x 10°Qs~!, y-intercepts of 4.9696 x 10°Q
and —9.9034 x 107Q (the negative intercept is obviously unphysical and is a result
of approximating and changing % by a tangent) with a norm of residuals of
5.7685 x 10°€2 and 5.8028 x 10°Q segments ‘1’ and ‘3’ respectively.
We can get a measure of the memristance of the cell’s ‘internal battery’ from
rearranging Eq. (6):
AMi _ (8 =D 5 ()
At -2 ’

®)

this gives us a negative slope of —2.91485x10°Qs~! with a negative resistance inter-
cept whose modulus is 94 % R, (where we are taking R, as the y-intercept from
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the fitted tangent for the first segment). Negative resistance implies the presence of
active components in our test circuit, verifying our approach of treating the cells as
possessing an ‘internal battery’. This shows that, at these voltages, which are close
to physiological voltages, the cell’s internal ‘battery’ gives physiological currents
close to our driven current. Thus, to model living cells over physiological ranges, it
seems that active memristors are a better approximation than passive memristors.

5 Discussion

Our results clearly show hysteresis and memristive effects in Physarum. The fre-
quency and voltage range choice affected the results, we found that a timestep of
ot = 2sand a =+ of over 200mV gave the best results. At low voltages, an open-curve
shape was measured instead, which we suspect is the memristance effect when mea-
sured at below a threshold voltage. As the memristive effect disappeared when the
Physarum moved elsewhere, and an abandoned tube showed a high linear resistance,
we conclude that the memristive response is due to the living protoplasm. Active
memristor models show a promising explanation for the asymmetric shape seen
when the memristor current response is below 1078 A, for higher current responses
the internal current is small enough that ignoring it and modelling the Physarum as
an ideal memristor is a valid approximation.

It is intriguing that Physarum exhibits memristive ability, given that it is a simple
biological system that is nonetheless capable of habituation and learning and that
neurological components (synapses, ion pumps) also exhibit memristance and learn-
ing abilities. This could suggest that evolution may have made use of memristance in
learning systems. The presence of biological active memristors suggests that biolog-
ical chaotic circuits could be possible (active memristors are a common component
of chaotic circuits [17]), and even that they may have been utilised by evolution.

Current versus voltage profiles measured for protoplasmic tubes of Physarum
exhibit great variability in the magnitude of hysteresis and the location of pinch
points. This is to be expected given the fact that slime mould is an ever-changing
living entity and although attempts were made to standardise the experimental set up
such as the measurement of single protoplasmic tubes across a known electrode gap
it proved difficult to precisely control the morphology of the tubes. For example even
though the electrode distance can be controlled this does not ensure standardisation
of the protoplasmic tubes length or the width. It also proves difficult to control the
position and numbers of small sub-branches which may arise during experimental
measurements. Although these do not usually contact the electrode except for sub
branching at the terminal ends, this alteration in morphology is likely to affect the
conductivity. Thus future research would focus on stabilisation of protoplasmic tubes.

Stabilisation could be achieved by employing the Physarum’s potential for inter-
nalisation and re-distribution of conductive and magnetic particles [26] or at least
constraining the growing with some kind of scaffolding [31]. There is also the poten-
tial that the slime mould could construct an internal scaffold or that this could be
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induced by appropriately applied external fields, in fact morphological control could
be accomplished by application of appropriate fields per se [22]. Despite the compli-
cations of living electronics, we have demonstrated that it is feasible to implement
living memristive devices from slime moulds Physarum.

We believe that future electronic designs will incorporate growing slime mould
networks capable of forming a skeleton of conductive information processing ele-
ments as part of integrated computing circuits. The slime mould circuits will allow
for a high density of computing elements and very low power consumption. To date
the useful lifetime of a slime mould memristor is 3—5 days. However, future studies
on loading and coating of the tubes with functional materials with a dual role of
structural re-enforcement such as nano-metallic, nano-magnetic or nano-structured
semiconducting particles, conducting polymers etc. should enable us to increase the
life span substantially whilst also imparting a diverse range of tuneable electronic
characteristics.
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Alice Dimonte, Silvia Battistoni and Victor Erokhin

Abstract We discuss hybrid systems where the slime mould is interfaced with
organic electronics devices. We demonstrate the realisation of slime mould Schottky
diode and organic electrochemical transistor. A central part of the chapter is dedi-
cated to the integration of the Physarum into organic memristive device, an electronic
element with synapse-like properties. We describe an architecture and working prin-
ciples of the hybrid devices and variations of their electrical and optical properties
as a result of the interaction with slime mould. We demonstrate that the slime mould
is a smart candidate for the implementation of functional properties of smart living
systems into electronic devices.

1 Memristor

The memristor is an electronic element capable of varying its resistance depending on
the amount of charge passed through it. The term ‘memristor’ is introduced by Chua
in 1971 [9]; it was originated by the contraction of ‘memory’ and ‘resistor’, since
it represents an hypothetical passive element whose resistance can vary, according
to the history of the device involvement into the signal transfer. The concept of
memristor is based on the symmetry of all properties and parameters in nature. Let
us consider the four fundamental circuit variables: the current i, the voltage v, the
charge ¢ and the flux-linkage ¢. The relationship between them are:

dq(t) = idt dg =vdtdv=Rdi dq = Cdv dg = Ldi (1)
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where the last three relationships are the axiomatic definition of the resistor, the
capacitor and the inductor. Only two variables remain unpaired: the charge and the
flux linkage. Therefore, Chua postulated the existence of a fourth basic two-terminal
circuit element characterised by the relationship:

de = Mdg, (2)

where M, dimensionally a resistance, is defined as ‘memristance’. For the next
30years only 3 theoretical works were published with the key word *memristor’
It was only in 2008 that the first device was reported with a name of memristor: a 2-
terminal element realised as an inorganic nanoscale device, based on the interface
between a doped and a stoichiometric layer of 77 O, [32].

Alow resistance Ry and a thickness d; characterise the region where the dopant is
concentrated; while the other one has a high resistance Rprr and a thickness D — d;.
Devices with resistance switching were reported even earlier [42].

1.1 Organic Memristive Devices

After 2008, several devices, called memristors, based on organic molecules, were
reported [1, 41]. However, here we will consider the original device, first reported
by us in 2005. We have not call the device memristor till 2008, it has some features
of memristor of Widrow [43], and has absolutely the same properties of Valentino
Braitenberg mnemotrix element in his mental experiment explaining learning [8].
Organic memristors consist of a channel made of conductive polymer. In our mem-
ristors the polymer is Polyaniline, PANI, that is deposited on the substrate by the
Langmuir-Schaefer (LS) technique.

1.1.1 Architecture and Preparation

In the LS technique, a monolayer, the Langmuir film, is fabricated at the gas-liquid
interface with a control over the surface of the molecules density. Touching the
monolayer with a solid surface (the substrate), the Langmuir film is transferred
to the substrate and, depending on the orientation of the substrate, it is possible to
distinguish the Langmuir-Blodgett and the Langmuir-Schaefer Technique. The latter
is characterised by a parallel deposition [40], while, in case of Langmuir-Blodgett
deposition, the substrate touches the surface with a perpendicular orientation. The
structure of a standard organic memristive device is shown in Fig. 1.

The solution used to fabricate the Langmuir film is prepared with 0.1 mg/mL
of PANI in 1-methyl-2-pyrrolidinone and 10 % of Toluene [3]. After spreading the
solution on the water sub-phase, the mono-layer is compressed until reaching the
target surface pressure of 10 mN/m. The film, compressed and uniform, is separated
into sections with a special grid whose size depends on the substrate dimensions. In
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Fig. 1 Scheme of an organic
memristor: PANI active
channel in green; solid
polyelectrolite in light blue;
chromium electrode and
silver wire in gray. Reprinted
with permission from [3]

our case the deposition is performed on a glass insulating support with two evapo-
rated chromium electrodes. The active channel is formed by depositing 60 layers of
conductive polymer. However, after the deposition, the polymer is undoped i.e. in
its insulating form, the emeraldine base. Thus, to transfer it in the emeraldine salt
conducting form, a doping treatment with HCI 1M is developed.

A water solution of PEO (polyethylene oxide 20 mg/mL) with a molecular weight
of 8 - 10% Da is doped with 0.1M LiClO, and used as a solid electrolyte. A stripe of
PEO is deposited on the PANI channel in a crossed configuration and then dried. The
contact area between PANI and PEO is the active zone, since all redox reactions and
conductivity variations occur here. Therefore, to monitor the current due to the redox
reaction, a silver wire (0.05 mm) is connected to the solid electrolyte and works as a
reference electrode. The final structure is doped with HCI vapors [3].

The two chromium electrodes are defined as source (S) and drain (D), the silver
one is the gate or reference. For a better characterisation of the device features, two
currents are measured during the voltage sweeping: the ionic current flowing through
the reference electrode (gate current: /) and the total current passing between source
and drain (source-drain current: Ip). The latter is the sum of the ionic and the elec-
tronic current. Therefore, to establish the correct electronic properties of the device,
we also report the electronic current Ip;rr, corresponding to the difference between
1 D and [, G -

The application of voltage sweeps and the measurements of the total and the gate
currents are performed by two independent devices. /(V) characterisation curves is
shown in Fig. 2.

1.1.2 The Working Principle

The working principle of this device is based on the redox activity at the inter-
face between PANI and PEO. Polyaniline has 3 different oxidation states: leucos-
meraldine, pernigraniline and emeraldine [19, 20]. The first two are insulating and
characterised by different color: pernigraniline is purple, while leucosmeraldine is
light-yellow. Emeraldine is the only conductive form and has a green color. The con-
ductivity difference between insulating and non-insulating forms can be of magnitude
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Fig.2 I(V) curve of gate current (a) and electronic current (b)

orders. Basically organic memristors use this difference in the electrical proprieties
to switch the device resistance.

Figure 2 shows the strong correlation between the ionic and the electronic current
behaviour. All the voltage cycles start at 0V and reach the maximum value at 1.2'V;
then from 1.2V they arrive at the minimum (-1.2V) and finally reach OV again.
So initially (from 0 to 0.5V), the active zone is in the reduced insulating form and
this results in a low Ip;pp value. At around 0.6 V, an intense peak in the ionic current
appears, indicating the oxidation process of PANI in the emeraldine conductive form.
This conductivity variation is reflected on the electric current dependence that, at
the same voltage, shows a current increment. After passing the oxidation voltage,
the active zone is in a conducting state and, in fact, during the voltage back-scan
the electronic current has a value higher than the previous one. This leads to the
formation of the typical hysteresis loop in the current curve of memristive devices.



Physarum in Hybrid Electronic Devices 95

Then, during the voltage decrease, around —0.1 V, the ionic current presents a negative
peak, corresponding to the reduction of PANI from emeraldine to leucosmeraldine
form. Exactly as before, this modification influences also the electronic behaviour
of the total device and, a second hysteresis of the electronic current trend is recorded
in the region between —0.1 and —1.2 V. Processes responsible for the conductivity
switching were studied by micro Raman spectroscopy [6] and X-ray fluorescence
[7]. More details on the device architecture and properties can be found in [18].

1.2 Applications

1.2.1 Non-volatile Memories

Nowadays computers have two type of memories: DRAM (Dynamic Random Access
Memory) and HDDs (Hard-disk drives). The first one is a random access memory
storing each bit of data in a separate capacitor. DRAM has a simple structure (just one
transistor and one capacitor) and has a very high density of information. Moreover,
DRAM contains volatile information and consumes relatively large amount of power.
The second, HDDs, is a data storage device, it uses one or more rigid rotating disks
coated with magnetic material. Data are read and written by magnetic heads. HDD
retains data even when powered-off, but is slow to access and consumes a lot of
power to keep the disks rotating.

Two basic characteristics are necessary. First, the active layer must have at least
two metastable states, and an external stimulus has to guarantee switching process
between them. Second, during the reading-out it’s necessary to be able to distinguish
the states [29]. If we consider the I (V) characteristics reported in Fig. 2 itis evident the
reason why our organic memristor can be considered as a Resistive Random Access
Memory: looking at the electronic current and, for example, setting the voltage at
the value of 0.5 V. During the direct scan the value of Ip;pp is relatively low (high
resistance) while, during the back scan, the current at the same voltage shows an
increase of different order of magnitude (low resistance). These are the two states
required for the memory process; however, to this regard, inorganic memristors seem
to be the best candidates for the development of non-volatile memories.

1.2.2 Memristive Logic

Single memristive devices or different combinations of them can perform logical
operations. A simple example is the AND operation: we realised it by means of
organic and inorganic memristors [3, 16]. The scheme is shown in Fig.3 and the
truth table of this element is in Table 1. The inputs are voltage stimuli and the output
is a current. Since the two inputs are summed before being applied to the memristor,
it was necessary to calculate the correct values corresponding to ‘0’ and ‘1’. Looking
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In1
o=z hdo-
In2

Fig. 3 Schematics of the AND logic gate with memory (MAND): two input voltages are summed
by a summator (%), which is followed by the memristor. Reprinted with permission from [3]

Table 1 Truth table of AND

Input Input Output
A B AB

0 0 0

0 1 0

1 0 0

| 1 1

at the output, the only combination giving a positive result (i.e. ‘1) is the last, where
both inputs are ‘1’. Therefore, the voltage value corresponding to ‘1’ has to be 0.3V,
so the sum, in case of both positive inputs, is 0.6 V, that is the value required to oxidate
PANI. In other cases the applied voltage is equal or less than 0.3V, not enough to
induce any reaction.

Figure 4 shows that, when considering the first three input tuples of the truth table,
the current has a ohmic dependence from the voltage, while a marked increase of the
output signal is recorded when both ‘1’ inputs are loaded. The curve shape shows
that the output depends strongly on the duration of the simultaneously applied inputs.
It seems to be closer to the situation of living beings.

1.2.3 Synapse Mimicking

Thanks to the memristive logic, it is possible to understand the reason why organic
memristors, realised in our group, have been designed for mimicking some synapse
properties. One of the most important learning rule for living being is the so called
Hebb’s rule [21]:

When an axon of cell A is near enough to excite a cell B and repeatedly or persistently takes
part in firing it, some growth process or metabolic change takes place in one or both cells
such that A’s efficiency, as one of the cells firing B, is increased.

Therefore, if we consider the realised gate as the system able to identify the object,
when two essential properties are verified (confirmed by an adequate feedback), the
gate itself will provide the ‘experience’ and the association will be developed in future
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Fig. 4 a Measured output (a) 3 T T T T T
current as a function of time.
b The voltage applied to the
memristor, which results in 24 .
summing up the two input
voltages. Reprinted with
permission from [3]
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works. Organic memristor itself has demonstrated the possibility of mimicking some
synapse properties at the level of single devices in dc [30] and pulse [31] modes, as
well as in circuits with deterministic [14, 15] and stochastic [17] architectures.

2 Non-destructive Optical Monitoring of Conductivity
Variations in Polyaniline Due to Physarum Propagation

Physarum propagating on polyaniline changes conductivity of the polymer [10, 11],
and makes negative and positive patterning of the sample. Conductive oxidised PANI
has a green colour, while its reduced state is blue. This was the starting point to apply
a contactless spectroscopic imaging for the reconstruction of conductivity maps of
PANI resulted from the interaction with Physarum. The experiment was performed
placing a piece of Physarum on polyaniline substrate. Physarum, attracted to oat-
flakes spread around, creates its typical networks changing the polymer properties in
a way suitable for bispectral characterisations. Moreover, spectrophotometric analy-
sis, as well as optical microscopy, electrical and spectrophotometric measurements,
have been performed after the slime mould removal. The image in Fig. 5 evidences
that the patterning of the polymer substrate with the colour change reflecting a
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Fig. 5 Spectrophotometric
picture of a polyaniline
sample after cleaning and
partial removal of the
Physarum. The two spectra
are related to the points 1
and 2 signed in the image.
Since the picture is a
collection of spectra, it is
possible to obtain spectra
from lines or areas by
selecting them directly on
the image. Reprinted with
the permission of [11]
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conductivity variation. As was expected the higher is green values, the higher is
the conductivity of the substrate. Thus, Physarum, once in contact with the blue
form of the polymer, creates a sort of doping effect, with a conductivity increment in
the areas underneath the organism. Figure 5, in particular, shows a spectrophotomet-
ric image in the top part, while in the bottom part there are the graphs related to the
spectra in the points marked on the image. The spectral difference correlates with
the effects observed during the operation of organic memristive devices [27]. The
acquired spectrophotometric data has been analyses considering pure polyaniline
film as a reference.

2.1 Bioelectronic Schottky Diode

In [2] we built a non-linear electronic element with features related to the activity of
slime mould. We realised an asymmetric structure by connecting a protoplasmic tube
of Physarum to two electrodes with highly different work functions. What stands out
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Fig. 6 Current-Voltage 4 Drain current 1s
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from such kind of structure is a system similar to the Schottky diode. In particu-
lar, the experiment developed was based on gold and indium metals as electrodes
[13]. Current-voltage sweeps characteristics were done starting from 0 V in the range
between 3 and -3V with a step of 100mV varied at delay time from 1 up to 60s.
Even if the mould was alive during the characterisations and there was a small differ-
ence in the sample dimensions, because they were a living protoplasmic tube, all the
curves revealed a similar qualitative behaviour. Figure 6 shows a conductivity sup-
pression for low voltages together with rectification features. However, the presence
of hysteresis suggests the system is more complex than a simple Schottky junction.
Therefore, we can say that the realised system is a non-linear bioelectronic element
with a superposition of features of the asymmetric junction with those arising from
the electrochemical activities of P. polucephalum.

The described behaviour shows one of the most important characteristic of bio-
computational systems: the memory. In particular, the presence of hysteresis, as in
memristive devices [9], changes at different time scale the connectivity within the
system, allowing learning and decision making. It seems very challenging to develop
the work in order to make a comparison of features of the completely artificial systems
with threshold elements with slime mould based system, where natural attractors and
repellents can be inserted.

3 Hybrid Memory Device: Memristors and Physarum

Memristive devices are promising candidates for implementation of computing and
neuromorphic devices because they exhibit behaviour similar to synapses Sect. 1.2.3.
The hybridisation of living systems with memristors is one of the possible devel-
opment of bioelectronics, where the living components play a key role in the
device operation. Since now the main way to exploit slime mould’s computational
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capabilities has been based on morphological analysis of networks, created during
the slime mould’s growth. Since most of the conventional computing systems are
based on electronic signals propagation, we need an adequate transducer system, in
which space displacements are transferred into appropriate conductivity variations
readable with electronic devices.

Is it possible to create a living memristive device? The answer is yes, a hybrid
memristor was recently realised [28] by interfacing Physarum and an organic layer
of PEDOT:PSS as shown in Fig. 7. The device exhibits memristive features because
Physarum’s body works as electrolyte, exchanging ions, naturally present inside it,
with the channel of PEDOT:PSS. The result is the typical behaviour of memristive
devices.

The memristive device realised interfacing PEDOT:PSS with Physarum has mem-
ory properties related to the formation of meta-stable redox states that are induced in
the polymer rby the activity of the slime mould. These features are similar to those
of write-once read-many memories (WORMS [24]).

The device was made as follows. A square glass substrate 2 x 2 cm was patterned
with a stripe of PEDOT:PSS 100 nm thick and 10 x 1 mm. At the edges of the stripe
two drops of silver conductive paste were deposited in order to define the source and
drain electrodes. Live slime mould was placed onto the conductive channel, playing
the role of the electrolyte. Finally a silver wire, acting as the gate electrode was
immersed into the slime mould and kept at zero. Measurements were carried out by
recording the hysteresis loops of the source-drain current. In particular the source-
drain voltag