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Summary. — We present a generalization of a biochemical model of bacterial
degradation of organic compounds in soils, based on genetic networks of cellular
automata, and discuss the relevant parallel computation approach. The parallel
implementation of the genetic model has been performed on a homogeneous clus-
ter of personal computers in an MPI (Message Passing Interface) environment with
high specific performances. By this way, it is possible to perform realistic three-
dimensional simulations and derive useful information for in situ technological ap-
plications.

PACS 47.56.+r – Flows through porous media.
PACS 82.20.Wt – Computational modeling, simulation.
PACS 82.33.Ln – Reactions in sol gels, aerogels, porous media.
PACS 89.60.-k – Environmental studies.

1. – Introduction

In the eighties, after concern grew up in the society about the general state of health
of the environment, scientists and technologists became interested in the use of mi-
croorganisms for a possible solution to the world-wide problem of contaminated sites.
Widespread releases of contaminants into soil systems, ranging from surface soils to deep
aquifers, represent a major challenge for biotechnology applications. Bioremediation has
been proved to be a potentially invaluable tool [1-6] in order to afford and solve this
problem. In particular, the in situ treatments are carried out locally, without removing
the polluted soil, thus saving energy, time and money with respect to the traditional
techniques. Moreover, the in situ bioremediation effectively removes the problem from
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its roots, by full degradation of the chemical pollutants, and implies less risk exposure
to the concerned workers.

However, the detailed description of the processes occurring during a bioremediation
of surface and subsurface contamination introducing into the soils different microorgan-
ism species, requires the knowledge of many physical, chemical and biological mechanisms
and mutual interactions, in addition to the inherent difficulties of obtaining reliable ex-
perimental information (can the bugs eat the contaminant?) in order to plan the whole
intervention. Therefore, we need suitable biophysical and biochemical models, describing
these processes and providing the necessary insight for optimization of the whole proce-
dure in each particular case. Bacteria have different behaviors and interactions in vitro
and in situ, and extrapolating the laboratory observations to the realistic situation is a
very difficult task. Finally, even if a realistic model has been developed, the computa-
tional requirements represent a major challenge: The relevant computing code has to be
implemented on parallel architectures.

Modelling processes underlying bacterial degradation of organic compounds and soil
bioremediation thus belongs to the typical class of complex systems with a nonlinear
many-body dynamics of the mesoscopic and microscopic components. In the past, the
relevant system has been described by means of phenomenological kinetic, transport
and diffusion equations; recently [7], an alternative, promising modelling approach has
been proposed, based on the random Boolean network of genetic networks [8], where the
biomass is represented by a network of interacting genes.

With respect to the traditional simulations of diffusive systems based on molecular
dynamics or Monte Carlo methods, this random-walk cellular automaton technique has
an inherent computational efficiency and a form which is very suitable for high-speed
massively parallel computers.

In this work, we address two main improvements with respect to the previous simu-
lations:

– the random-walk cellular automaton code in C language is adapted to a simple yet
low-cost and efficient parallel architecture, consisting of a network of biprocessor
personal computers with Linux operating system and MPI procedure;

– the biophysical model is improved taking into account a more refined bacterial
growth model [9] than the traditional one [10] (often adopted in simplified approx-
imated forms) and including memory effects by means of algebraic and functional-
analysis techniques, recently introduced [11,12] in order to provide a convenient yet
computationally simple framework for the description of the dynamical behavior of
macromolecules.

2. – The biochemical and physical model

A short description of our model for bioremediation is here outlined, since physi-
cal and chemical details as well as the mathematical formalism will be presented in a
forthcoming article [13]. We consider two different layers in the present biophysical and
chemical model, whose dynamical simulation is performed by means of suitable cellular
automata [14]:

– A physical-chemical layer (PCL), describing the flowing of many fluids (water
and/or other liquid phases) in the porous medium (the considered soil) and the
mutual interactions of the chemical substances dissolved in them.
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– A biological layer (BL), modelling the dynamical behavior of bacteria, their inter-
actions and with the pollutant chemicals, the production of metabolites.

As far as the latter BL modelling is concerned and discussed in ref. [7], the total
biomass can be considered as a set of interacting genes, due to the large genetic exchange
between different bacterial cells, in addition to the genetic similarity between different
species. The interaction between genes is simply parameterized, while a distinction
is introduced between different species and the effects of intracellular reactions within
the cell membranes, whose edge effect is explicitly taken into account. Moreover, the
dynamics of chemical processes induced by existing contaminants in the soil or supplied
nutrients and intermediate metabolites is introduced in the biochemical model.

The parallel implementation of the model—resulting in fast simulations—allows us
also to deal with time intervals so long as to include genetic evolution and possible
modifications (namely, crossover, stochastic mutations, etc.) in the gene ecology.

It is worth recalling that, in the standard Kauffman model [8], a single cell is con-
sidered since the main interest is appointed to the genetic intracellular dynamics. The
generalization of this model, developed in ref. [7], introduces a number of different cells,
thus allowing the treatment of intercellular dynamical interactions, while a further quan-
tity must be considered, namely the activity of a given gene, closely related to the number
of genes of that type present at each given time in the biophysical system.

The considered interactions among different genes are then approximated by Boolean
functions, according to Kauffman’s original idea [8]. The resulting random Boolean
network can describe the genetic evolution through a suitable input matrix defining how
each gene influences all the others and randomness is extensively used in the choice, for
instance, of the input genes in the whole population that interact with the considered
one. The relevant networks thus evolve according to a synchronous dynamics at each
time step, where the state function of each gene is computed by applying the Boolean
function to the state of its input nodes (interacting genes).

As previously outlined, the significant quantity in the simulation process is the gene
activity, that is proportional to the number of genes of given type existing at each time
step, obtained by suitable averages on the statistical ensemble.

Memory effects have been introduced in this work, where the value of the activation
at a given time depends on both the activation values of the input nodes and higher-
order terms taking into account the previous history of the whole system. Our approach
is essentially based on the analytical expressions developed in ref. [11]. In addition,
we can easily deal with a suitable interaction among different genes and the chemicals
introduced in the system by means of a suitable discretization procedure of the diffusion
and chemical reaction equations [15].

The former PCL model describes how the liquid and gaseous phases, namely water and
air, respectively, diffuse in a porous medium such as the soil, the chemical compounds in
solution are conveyed and interact with the walls of pores through adsorption/desorption
processes. In particular, this part of the model deals with percolation effects and the
induced contamination in the inner water by the chemical pollutants [16, 17]. The PCL
is then approximated by macroscopic cellular automata which are a generalization of the
classical cellular automata, when the state variables can assume a very large number of
different values and even—in some cases—to be continuous. We adopt a very simple
cubic patterns for the cellular automata simulations, where each cell borders with four
cells and is characterized by means of four variables, namely i) the volume of water
present in the cell at each time step, ii) the contents of polluted water, iii) the quantity
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Fig. 1. – Total amount of water filtered through 1 m3 soil vs. time variable.

of pollutant melted in solution, and iv) the quantity of pollutant adsorbed by the pores’
walls or, equivalently, the mass of pollutant present at the interface between the solid
and liquid phases.

The mathematical equations and algorithms of the present model will be presented
and discussed in a forthcoming paper. In this article, we show, as an example, a few
results of the performed numerical simulations: Let us consider a 1 m3 soil, described by
a 100× 100× 100 grid, which is flooded by 10 liters of polluted water (the concentration
of the melted chemical pollutant is 1 g/l), then fig. 1 represents the total amount of water
filtered through the considered soil structure. In fig. 2, the average concentrations of con-

Fig. 2. – Average concentrations of chemical pollutants at different depths as a function of time.
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Table I. – Execution times, in seconds, for the simulation described in the text.

No. of processors 16 × 16 × 16 32 × 16 × 16 64 × 16 × 16 32 × 16 × 32

1 705.4 1421.9 2844.9 2869.7

2 458.5 818.0 1538.6 1560.4

4 284.2 463.8 823.9 836.1

8 194.8 284.2 464.1 471.3

taminants at different depths are depicted and the final effect of bioremediation is evident.
An interesting result is that the pollutant disappears in each layer at the same time.

3. – Parallel issues

The parallel implementation of the theoretical model, previously described, has been
essentially based on a simple domain decomposition of the ensemble of genetic network
simulations. The statistical ensemble which allows us a determination of macroscopic
quantities such the gene activity and the time evolution of the relevant population, is
then partitioned into a number of subdomains, each assigned to different processors.
Therefore, the exchange of data among different blocks is reduced to a minimum, with
a significant improvement in the computing performances. At each time iteration, only
a communication step is needed in order to update the ensemble statistics and perform
the relevant averages.

The parallel algorithm has been developed on a homogeneous cluster of eight personal
computers, each node of the hardware structure consisting of a dual Pentium II processor
(300 MHz) with 128 MBytes DIMM RAM and 4.5 GBytes HD SCSI UW. A fast ethernet
connection at 100 Mbit/sec links the nodes together and a typical peak performance of
194 MFlops per cycle and single processor has been observed on sample calculations [18].

The adopted operating system is Linux RedHat 5.0 and the cellular automaton code
has been written in standard C language. Finally, an MPI environment has been adopted
for the parallel simulation of the statistical ensemble [19]. The whole procedure can be
immediately extended to a larger number of processors or applied to a heterogeneous
cluster of workstations with the same software characteristics.

As for the evaluation of the parallel performances of the proposed computational
strategy, with respect to sequential calculations, we considered the classical speed-up

Table II. – Speed-up factors for the same simulation as in table I.

No. of processors 16 × 16 × 16 32 × 16 × 16 64 × 16 × 16 32 × 16 × 32

1 1.00 1.00 1.00 1.00

2 1.54 1.74 1.85 1.84

4 2.48 3.07 3.45 3.43

8 3.62 5.00 6.13 6.09
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Fig. 3. – Computational efficiency as a function of the number of parallel processors.

and efficiency parameters. Tables I and II list the total computing running times and
the speed-up factors, respectively, for different numbers of parallel processors and three-
dimensional mesh sizes. One-hundred time steps have been considered, roughly corre-
sponding to 50 minutes of the real process.

The results of table I confirm that a parallel algorithm is clearly needed in order to
perform realistic calculations for bioremediation processes ranging from a few weeks to
one month or more, with reasonable and affordable computing times. The speed-up fac-
tors of table II approach the ideal behavior (speed-up equal to the number of processors)
when the size of the spatial mesh increases, thus exhibiting good scalability properties
of the model and the relevant code. Finally, the efficiency performances (defined as the
ratio between the speed-up and the number of parallel processors) are shown in figs. 3
and 4 as a function of the number of processors, the mesh size being constant, and the
spatial mesh sizes (in this case, the number of processors is kept fixed), respectively.

Fig. 4. – Computational efficiency as a function of the size of the spatial mesh.
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4. – Concluding remarks

Theoretical improvements of the model—in addition to those previously described in
this work—are currently in progress; however, the obtained results prove that a suitable
parallel implementation of the cellular automata simulation allows us a realistic macro-
scopic description of physical diffusive processes and biochemical reactions in a large
three-dimensional spatial mesh over long times of more than one week. The parallel code
can be used for extensive calculations, also in order to check different forms of both intra-
cellular and intercellular interactions in the gene population, thus providing a convenient
tool for planning in situ bioremediation interventions.

Finally, such a realistic model of gene dynamics and ecology will made a compar-
ison possible between the resulting bacterial population dynamics from the statistical
average of gene activities and the usual models of bacteria evolution in laboratory and
real environments, thus providing a useful insight into the microscopic foundations of
phenomenological models of bacterial dynamics such as those proposed in refs. [9, 10].
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