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Abstract—Biological systems that have been subjected to vast
time periods of evolution, have provided numerous times inspiration for problem solving techniques. These systems have
evolved to survive in harsh environments, thus they provide
more efficient solutions than the conventional methods. The
inspiration of this study was based on the computing abilities
that Physarum Polycephalum performs on graphically represented
problems. The behavior of the plasmodium of P. Polycephalum
was emulated using a model based on Cellular Automata (CAs)
principles. The model is CA-based, thus, its implementation on
hardware is trivial. The resultant digital circuit employ the
inherent parallelism of CAs. As a result, the execution of the
proposed algorithm is significantly accelerated compared with the
software based model. The proposed system can be implemented
in any real-time application solving graph represented problems.

I. I NTRODUCTION
Physarum polycephalum is a large amoeba-like cell consisting of a dendritic network of tube-like structures (pseudopodia). It changes its shape as it crawls over a plain agar gel,
and if food is placed at two different points, it will extend
pseudopodia that connect the two food sources (FSs). Nakagaki et al. [1] showed that this simple organism has the ability
to find the minimum-length solution between two points in a
labyrinth. This resulted in an intensive period of research on
this organism that exposed a great range of its computational
abilities to spatial representations of various graph problems
[2], [3], [4], [5], [6]. On the other hand, the experiments on a
living organism may last a lot of hours or maybe some days to
provide data [7]. Therefore, it is necessary and meaningful for
us to model its behavior precisely as fast as possible. Consider
only the plasmodium stage of its life cycle, there is no single
model that can describe exactly the behavior of Physarum. So
far, there is a variety of modeling approaches which also are
implemented by a variety of tools. The bibliography presents
some purely spatial Cellular Automaton (CA) models [8],
[9], [10], a mathematical representations of flux canalization
[11], oscillatory behavior [12], [13], a two-variable Oregonator
model of Belousov-Zhabotinsky (BZ) medium [14] and pathlength [15].
CA is a very elegant computing model which dates back
to John von Neumann [16] and Konrad Zuse [17]. They are
models of physical systems, where space and time are discrete
and interactions are local. They can capture the essential features of systems, where global behavior comes of the collective

effect of simple components, which interact locally. Some
significant examples are the simulation of physical systems
[18], [19], crowd evacuation [20], computer architectures [21],
[22], cryptography [23], computer networks [24] and Quantum
CAs [25]. In addition, they can handle complex boundary
and initial conditions, inhomogeneities and anisotropies [26]
and work in parallel. These characteristics are very convenient
for us to describe bio-inspired algorithms and particularly to
simulate the dynamics of an organism such as P. polycephalum
in a parallel environment such as an FPGA.
FPGA-based computation engines appear to be very promising for CA algorithms, since CA comprises a uniform structure
composed of many finite state machines, thus matches the
inherent design layout of FPGA hardware. There are various
recent CA-based applications that have been implemented
on FPGA’s and achieve significant performance evaluation
compared to the corresponding software implementations [27],
[28], [29]. Finally, FPGAs can be completely dedicated to
a particular function, in several cases they are more energy
efficient than general-purpose CPUs. Therefore, although each
implementation has its particular features, the merits of CAbased application on FPGA platforms along with low power
consumption, compactness and portability, completely justify
in many cases such an option [30], [31], [32], [33].
In this paper we revise the CA model that was proposed
by Tsompanas and Sirakoulis in [8], and implemented on
a FPGA platform, in order to reproduce the behavior of
the plasmodium of P. polycephalum. The algorithm that was
developed based on the CA model produced results that are in
accordance with the ones produced by the real plasmodium.
As we mentioned before, the experiments with the real plasmodium may last hours or even days. The implementation
of modeling its behavior on software may last just some
minutes or in best case seconds. A hardware implementation
can accelerate this execution time to just some µs. So, in
order to maximize the performance of this model, an automated hardware implementation in FPGA was developed.
We implemented it by using [Very High Speed Integrated
Circuit (VHSIC)] Hardware Description Language (VHDL).
Because of the problems’ inherent parallel nature and the CA’s
parallel nature, this hardware implementation showed a very
fast computation performance.The aim of this paper is to have
a more precise, fast and low-cost virtual laboratory that models
the computation behavior of slime mould.
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II. P HYSARUM CA M ODEL
In this section, the CA model designed to describe the
behavior of P. polycephalum is discussed. We consider the
biological experiment where the plasmodium was starved and
then introduced into a specific place in the space. Moreover,
a FS which produces chemo-attractants is placed in another
place of the topology. In order to simulate this biological
experiment, the area is divided into a matrix of squares with
identical areas and each square of the surface is represented by
a CA cell. The type of neighborhood that was used in this CA
model is the Moore neighborhood which means that we use
the north, south, east, west, north-east,north-west, south-east
and south-west neighbors.The state of the (i, j) cell at time t,
t
defined as Ci,j
is equal to:

•

direction y, then the parameter corresponding to direction
x is positive and the parameter corresponding in the
direction y is negative. This happens, in order to more
accurately simulate the non-uniform foraging behavior of
the plasmodium.
P hysti,j indicates the volume of the cytoplasmic material
of the plasmodium in the corresponding (i, j) cell. In
order to calculate this variable for every cell, we make
use of the diffusion equation of the plasmodium in each
time step is given by:
t
P hyst+1
i,j =P hysi,j +
t
o1{[(1 + Ni,j
)P hysti−1,j − o3 × P hysti,j ]
t
+ [(1 + Si,j
)P hysti+1,j − o3 × P hysti,j ]
t
+ [(1 + Wi,j
)P hysti,j−1 − o3 × P hysti,j ]
t
+ [(1 + Ei,j
)P hysti,j+1 − o3 × P hysti,j ]}

t
t
Ci,j
= {T opologyi,j , Chemti,j , Diri,j
, P hysti,j , P seudoti,j }
(1)
• T opologyi,j is a variable which indicates the type of area
of the corresponding (i, j) cell. The possible values of
this variable are 0,1,2,3 and indicate a free area, the spot
of the initially placed FS, the spot of the initially placed
plasmodium and the spot which represents a wall of the
topology respectively.
t
• Chemi,j
represents the concentration of chemoattractants at time t in the area corresponding to the (i, j)
cell. In order to calculate this variable for every cell,
we make use of the diffusion equation of the chemoattractants in each time step:

t
+o2{[(1 + N Wi,j
)P hysti−1,j−1 − o3 × P hysti,j ]
t
+ [(1 + SWi,j
)P hysti+1,j−1 − o3 × P hysti,j ]
t
+ [(1 + N Ei,j
)P hysti−1,j+1 − o3 × P hysti,j ]
t
+ [(1 + SEi,j
)P hysti+1,j+1 − o3 × P hysti,j ]}
(3)

•

Chemt+1
i,j

=

{Chemti,j +
f 1[(Chemti−1,j − f 3 × Chemti,j )
+ (Chemti+1,j − f 3 × Chemti,j )
+ (Chemti,j−1 − f 3 × Chemti,j )
+ (Chemti,j+1 − f 3 × Chemti,j )]
+f 2[(Chemti−1,j−1 − f 3 × Chemti,j )
+ (Chemti+1,j−1 − f 3 × Chemti,j )
+
+

(Chemti−1,j+1
(Chemti+1,j+1

− f3 ×
− f3 ×

Chemti,j )
Chemti,j )]}
(2)

•

The variables Chemti−1,j , Chemti+1,j , Chemti,j−1 ,
Chemti,j+1 represent the concentration of the chemoattractants of the north,south, west and east neighbor of
the central cell (i, j), respectively. The variables f 1, f 2,
f 3 are the parameters of the diffusion equation (2) which
are chosen after many simulations and have the values
0.05, 0 and 1, respectively.
t
Diri,j
is a variable that indicates the direction of the attraction of the plasmodium by the chemicals produced by
the FS. For example, if the area around a corresponding
cell has no chemo-attractants, the foraging strategy of
the plasmodium is uniform and, thus, these parameters
are equal to zero. If there is higher concentration of
chemo-attractants in the cell at direction x from the one in

t
t
t
t
t
t
t
where Ni,j
, Si,j
, Wi,j
, Ei,j
, N Wi,j
, SWi,j
, N Ei,j
,
t
SEi,j
correspond to north, south, west, east, northwest, south-west, north-east, south-east directions. The
variables o1, o2, o3 are the parameters of the diffusion
equation (3) which are chosen once again after many simulations and have the values 0.05, 0 and 1, respectively.
Finally, P seudoti,j is a variable which can take values
[0,1] and illustrates if the (i, j) cell is included in
the final path of tubular network that is formed inside
the plasmodium’s body. This tubular network forms the
shortest path between the FS and the cell from where the
plasmodium started to expand and it is our final solution.

III. H ARDWARE IMPLEMENTATION
Current FPGAs include logic density equivalent to millions
of gates per chip and can implement very complex computations. As mentioned above for hardware point of view, CA
consist of a uniform n-dimensional structure, composed of
many identical synchronous cells where both memory and
computation are involved, thus matching the inherent design
layout of FPGA Hardware (HW). As a result memory and
processing unit are closely related both in CA cells and
FPGA configurable logic blocks (CLBs). The structure of a
cell consists of a combinational part connected with one or
more memory elements in a feedback loop shape while the
state of the memory elements is also defined by the inputs
and the present state of these elements. For this paper the
design produced by using VHDL code has been analyzed and
synthesized by Quartus II (32-bit version 12.1 build) FPGA
design software of ALTERA Corporation.
Each CA cell is implemented by a hardware block called
“PhysarumCell”. Each “PhysarumCell” block is connected
appropriately with its four neighbors (west, east, south and
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north). It uses the inputs from the neighbors and the previous
state of itself to produce results that simulate the movement
of the plasmodium. An “PhysarumCell” block has 22 inputs
and 7 outputs.
The input signals can be categorized in the following
categories:
•

•

•

The circuit signals which are applied globally on all cells
simultaneously. These signals are clk, hold and rst and
they are signals of 1-bit each. Clk represents the clock
of the circuit needed to synchronize all cells in order to
communicate at the same time. Rst represents the reset
of the circuit. Finally hold is enabled in one specific time
step when the procedure of the tubular network formation
is initialized. This signal is triggered manually.
Signals o1 and f 1 have 7-bit width and represent the
parameter for the diffusion equation of the cytoplasm of
the plasmodium and the chemo-attractants respectively.
Moreover, the state signals which show the type of each
cell, are included in this group. These are 2-bit signals
named topology. Furthermore, signals topologyN orth,
topologySouth, topologyEast and topologyW est indicate the type of the north, south, east and west neighbor
of the central cell respectivelly.
The last group is constituted by signals that are received by the cells who are adjacent to the central cell.
Firstly, the incoming signals that show which of the
neighbors are already part of the tubular network. Those
are 1-bit signals, namely enableP seudoF romEast,
enableP seudoF romW est, enableP seudoF romN orth
and enableP seudoF romSouth that are enabled when
the east, west, north and south neighbor are part of
the tubular network, respectively. Moreover, there are
signals that indicate the volume of cytoplasm of the
plasmodium in each of the four neighbors. These are 19bit signals, namely physN orth, physSouth, physEast
and physW est that represent the volume of cytoplasm
in the are represented by the north, south, east and west
neighboring cell, respectively. Finally, there are signals
that illustrate the concentration of chemo-attractants in
each neighbor. These are, also, 19-bit signals, namely
chemN orth, chemSouth, chemEast and chemW est
that represent the concentration of chemo-attractants in
the north, south, east and west neighbor, respectivelly.

The output signals are the following. The signals
physResult and chemResult are 18-bit signals and represent
the result of the diffusion equation of the cytoplasm of the
plasmodium and the chemo-attractants, respectively. These
two signals indicating the values for the central cell, are routed
to the four neighbors of that cell. Moreover, the pseudoResult
signal is illustrating when the central cell is a part of the
tubular network of the plasmodium. This signal is a 1-bit signal
and is used to carry the results of tube forming from each cell
of the grid to the outside world. Furthermore, the procedure
of tube forming is triggered by a central cell to one of its
neighbors, namely the one with the higher concentration of cy-

clk

PhysarumCell
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rst
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Fig. 1. Physarum CA Cell in FPGA.
TABLE I
FPGA HARDWARE IMPLEMENTATION DETAILS FOR ONE CA CELL .
Quartus II 32-bit Version
Total logic elements
Total registers
Total pins

12.1 Build 243 01/31/2013 SP 1
1,739
45
226

toplasm of the plasmodium. That is achieved by the 1-bit signals named enableP seudoT oEast, enableP seudoT oW est,
enableP seudoT oN orth and enableP seudoT oSouth. Each
of these signals is driven to the appropriate neighbor that
has the higher concentration of cytoplasm of the plasmodium
and is available of participating to the tubular network of
the plasmodium. The basic CA cell implemented in FPGA
is presented in Fig.1 .
After creating the lattice, the user has to provide only the
topology of the experimental area by giving values to the 2-bit
signals topology for each individual cell, namely the location
of the FS and the location of the initial introduction of the
plasmodium to the experimental area and the parameters for
the diffusion equations.
The number of logic elements, registers and pins of the
CA cell are presented in Table I. Moreover, to illustrate the
area needed for a fully interconnected system of a CA grid
implementing the proposed bio-inspired model, the results of
synthesizing a 10 × 10, a 15 × 15 and a 20 × 20 grid are
illustrated in Table II. The circuits are synthesized on several
target devices and the results on the Stratix V 5SGXBB are
presented here.
So, our hardware implementation seems to use less logic
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TABLE II
FPGA HARDWARE IMPLEMENTATION FOR DIFFERENT TOPOLOGY SIZES .

Total logic elements
Total registers
Total pins

10 × 10
161,162
8,360
317

15 × 15
370,447
18,840
692

20 × 20
666,060
33,520
1217

elements and registers than the previous work. Apparently, we
use less physical space to synthesize our IP core. In Table II,
it is shown that for every 200 CA cells there is an increment
of 300,000 logic elements on average.
IV. C ONCLUSIONS
In this paper, the hardware implementation of a bio-inspired
CA based model is presented. An IP core that uses smaller
physical space, as it uses lower amount of logic elements
and registers than the previously proposed versions of the
CA model was implemented. In addition, another difference
is the verification by the IP core of the biological experiment
where the plasmodium is placed on one place of the topology
and the FS on the other place of significance. The proposed
implementation results in a more clear path connecting the
two points of interest in the topology with the shortest path
between them. This model can, also, be used in order to solve
more complex topologies with multiple paths. Consequently,
this improvement shows that a low-cost virtual laboratory with
more precise results and a better implementation of the bioinspired algorithm is provided. Thus, the proposed model can
be used more effectively and provide results faster on other
engineering applications. Finally, as an aspect of future work,
using more environmental parameters that affect the foraging
strategy of the plasmodium, will enhance the robustness of
simulating the biological experiment. Some examples are the
humidity and the terrain morphology of the experimental area
and the existence of chemicals that repel the plasmodium.
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