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Abstract. Itisclear to all, after a moments thought, that nature has much we
might be inspired by when designing our systems, for example: robustness,
adaptability and complexity, to name a few. The implementation of bio-
inspired systems in hardware has however been limited, and more often than
not been more a matter of artistry than engineering. The reasons for this are
many, but one of the main problems has always been the lack of a universal
platform, and of a proper methodology for the implementation of such systems.
The ideas presented in this paper are early results of a new research project,
"Reconfigurable POEtic Tissue". The goa of the project is the development of
a hardware platform capable of implementing systems inspired by all the three
major axes (phylogenesis, ontogenesis, and epigenesis) of bio-inspiration, in
digital hardware.

1 Introduction

The implementation of bio-inspired systems in silicon is quite difficult, due to the
sheer number and complexity of the biological mechanisms involved. Conventional
approaches exploit avery limited set of biologically-plausible mechanisms to solve a
given problem, but often cannot be generalized because of the lack of a methodol ogy
in the design of bio-inspired computing machines. This lack is due to the
heterogeneity of the hardware solutions adopted for bio-inspired systems, which is
itself due to the lack of architectures capable of implementing a wide range of bio-
inspired mechanisms.

The aim of this paper is to present some of the preliminary ideas developed in the
framework of a new research project, called "Reconfigurable POEtic Tissue" (or
"POEtic” for short), recently started under the aegis of the European Community.
After a short introduction to the POE model for the design of bio-inspired hardware,
the paper will present an outline of the POEtic project and of the main ideas behind
the development of the tissue, to finish with some of the preliminary results in the
form of an overall architecture designed for the implementation of bio-inspired
systems.

2 The POE Modd
The goal of the POEtic project isthe
“... development of a flexible computational substrate inspired by the
evolutionary, developmental and learning phases in biological systems.”
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Biological inspiration in the design of computing machines finds its source in
essentially three biological models [1]: phylogenesis (P), the history of the evolution
of the species, ontogenesis (O), the development of an individual as orchestrated by
his genetic code, and epigenesis (E), the development of an individual through
learning processes (nervous system, immune system) influenced both by the genetic
code (the innate) and by the environment (the acquired). These three models share a
common basis: the genome.

What follows is a very concise and simplified description of the three models and
of their application to the conception of electronic hardware. A much more detailed
analysis of the three models and of existing hardware implementations, in the form of
internal project reports, is available online on the POEtic project website [2].

2.1 Phylogenesis

On the phylogenetic axis we find systems inspired by the processes involved in the
evolution of a species through time, i.e. the evolution of the genome. The process of
evolution is based on alterations to the genetic information of a species, occurring
through three basic mechanisms: selective reproduction, crossover and mutation.

These mechanisms are, by nature, non-deterministic. This represents both their
strength and their weakness, when applied to the world of electronics. It is a strength,
because they are fundamentally different from traditional algorithms and thus are
potentially capable of solving problems which are intractable by deterministic
approaches. It is a weakness, because computers are inherently deterministic (it is
very difficult, for example, to generate a truly random number, a basic requirement
for non-deterministic computation, in a computer).

Even with this disadvantage, algorithms that exploit phylogenetic mechanisms are
carving themselves a niche in the world of computing. These algorithms, commonly
referred to as evolutionary algorithms (alabel that regroups domains such as genetic
algorithms [3], evolutionary programming [4], and genetic programming [5]), are
usually applied to problems which are either too ill-defined or intractable by
deterministic approaches, and whose solutions can be represented as a finite string of
symbols (which thus becomes the equivalent of the biological genome). An initial,
random population of individuals (i.e., of genomes), each representing a possible
solution to the problem, is iteratively “evolved” through the application of mutation
and crossover. The resulting sequences are then evaluated on the basis of their
efficiency in solving the given problem (fitness function) and the best solutions are in
turn evolved. This approach, is not guaranteed to find the best possible solution to a
given problem, but can often find an “acceptable” solution more efficiently than
deterministic approaches.

It appears, then, that the phylogenetic axis has already provided a considerable
amount of inspiration to the development of computer systems. To date, however, its
impact has been felt mostly in the development of software algorithms, and only
marginally in the conception of digital hardware. Koza et al. pioneered the attempt to
apply evolutionary strategies to the synthesis of electronic circuits when they applied
genetic algorithms to the evolution of a three-variable multiplexer and of a two-bit
adder [5]. Also, evolutionary strategies have been applied to the development of the
control circuits for autonomous robots [6], [7], [8]. Other research groups are active



in this domain [9], [10], [11], however, technical issues have posed severe obstacles
to the development of evolvable electronic hardware [12].

2.2 Ontogenesis

The ontogenetic model concerns the development of a single multi-cellular biological
organism. This process exploits a set of very specific mechanisms to define the
growth of the organism, i.e. its development from a single mother cell (the zygote) to
the adult phase. The zygote divides, each offspring containing a copy of the genome
(cellular division). This process continues (each new cell divides, creating new
offspring, and so on), and each newly formed cell acquires a functionality (e.g., liver
cell, or epidermal cell) depending on its surroundings, i.e., its position in relation to
its neighbors (cellular differentiation).

Cellular division is therefore a key mechanism in the growth of multi-cellular
organisms, impressive examples of massively parallel systems: the 6x10* cells of a
human body, each a relatively simple elements, work in parallel to accomplish
extremely complex tasks (the most outstanding being, of course, intelligence). If we
consider the difficulty of programming massively parallel computers, biological
inspiration could provide some relevant insights on how to handle massive
parallelismin silicon.

A fundamental feature of biological organisms is that each cell contains the
blueprint for the entire organism (the genome), and thus can potentially replace any
other cell [13]: no single cell is indispensable to the organism. In fact, cells are
ceaselessly being created and destroyed in an organism, a mechanism at the base of
one of the most interesting properties of multi-cellular organisms: healing.

The ontogenetic axis has been almost completely ignored by computer scientists,
despite a promising start in the fifties with the work of John von Neumann, who
developed a theoretical model of a universal constructor, a machine capable of
constructing any other machine, given its description [14]. Given a description of
itself, the universal constructor can then self-replicate, a process not unlike cellular
division.

Unfortunately, electronic circuits in the 1950s were too primitive to allow von
Neumann's machine to be realized, and the concept of self-replicating machines was
thus set aside for along time. Probably the main obstacle to the development of self-
replicating machines was the impossibility of physically creating self-replicating
hardware. In fact, such a process requires a means to transforming information (i.e.
the description of a machine) into hardware, and such a means was unpractical until
the introduction of programmable logic circuits (FPGAS), which provide a partial
solution to the problem.

The difficulty of implementing processes such as growth in silicon has limited
research on this model. The Logic Systems Laboratory at EPFL began to investigate
ontogenesis of electronic circuits with its Embryonics project [15], [16]. Another
aspect of ontogenesis, morphogenesis (that is, the generation of the shape of an
organism) has been the subject of some research [17], [18], and recently the issue of
development is attracting growing attention as a source of inspiration for artificial
systems[19].



2.3 Epigenesis

The human genome contains approximately 3x10° bases. An adult human body
contains around 6x10™ cells, of which approximately 10'° are neurons, with 10™
connections. In this case, and in many complex organisms, the genome cannot
contain enough information to completely describe all the cells and synaptic
connections of an adult organism.

There must therefore exist a process that allows the organism to increase in
complexity as it develops. This process can be labeled epigenesis, and includes the
development of the nervous, immune, and endocrine systems.

Epigenetic mechanisms have aready had considerable impact on computer science,
and particularly on software design, notably through the concept of learning. The
paralel between a computer and a human brain dates to the very earliest days of the
development of computing machines, and led to the development of the field known
as artificial intelligence [20]. Even if this field seems today to have lost momentum
(but not without leading to useful applications and algorithms), numerous research
groups continue to research this model of bio-inspiration.

Hardware systems based on epigenetic processes are common, in the form of
artificial neural networks [21], [22], two-dimensional arrays of massively-
interconnected processing elements (the neural cells). Each cell receives a set of
input signals from its neighbors, processes them according to an implementation-
dependent function, and propagates the results through the network. This process is
an approximation of the mechanisms used by biological neurons.

A more recent addition in the general area of hardware systems and epigenetic
processes are artificial immune systems [23]. Here the sophisticated mechanisms
associated with “fault tolerance” in nature have been adapted for electronic hardware
system designs.

3 The POEtic Project
While each of the three models, taken separately, has to a greater or lesser extent
been used as a source of inspiration for the development of computing machines,
their amalgamation into a single system is a challenge yet to be met. The aim of the
POEtic project [2] is the development of a computational substrate optimized for the
implementation of digital systems inspired by all of the three above-mentioned
models.

The POEtic tissue is a multi-cellular, self-contained, flexible, and physical substrate
designed to interact with the environment, to develop and dynamically adapt its
functionality through a process of evolution, growth, and learning to a dynamic and
partially unpredictable environment, and to self-repair parts damaged by aging or
environmental factorsin order to remain viable and perform similar functionalities.

Following the three models of bio-inspiration, the POEtic tissue will be designed as
athree-layer structure (figure 1):

» The phylogenetic model acts on the genetic material of a cell. Each cell can
contain the entire genome of the tissue. Typically, in the architecture defined
above, it could be used to find and select the genes of the cells for the genotype
layer.



» The ontogenetic model concerns the development of the individual. It should act
mostly on the mapping or configuration layer of the cell, implementing cellular
differentiation and growth. In addition, ontogenesis will have an impact on the
overall architecture of the cells where self-repair (healing) is concerned.

» The epigenetic model modifies the behavior of the organism during its operation,
and is therefore best applied to the phenotype layer.
A

EXECUTION UNIT

COMMUNICATION UNIT

Figure 1: Thethree organizational layers of the POEtic project.

Defining separate layers for each model has a number of advantages, as it allows
the user to decide whether to implement any or all models for a given problem, and
lets the structure of each layer to be adapted to the model. This adaptability, which
will be detailed in the next section, is achieved by implementing the cells on a
molecular substrate, in practice a surface of programmable logic.

Beside this combination of the three main axes of biological self-organization, the
proposed tissue presents two more innovative hardware-oriented aspects:

* alayered hardware structure that matches the three axes of biological organization;

* an input/output interface with the external world that allows each cells to perceive
and modify its environment when and where necessary.

4 POE integration

There are at least two advantages in a circuit that integrates phylogenesis,
ontogenesis, and epigenesis. The first is that each of the corresponding algorithms
can be optimised for a particular class of problems. The second advantage comes
from the combination of the different self-organization modalities. For example,
instead of combining evolutionary algorithms with off-the-shelf learning agorithms,
it will be possible to genetically encode and evolve the rules by which the phenotype
plane of the tissue can dynamically adapt to external or internal perturbations without
need of additional evolution. It has been shown that in the case of simulated neura
networks, by evolving the adaptation mechanisms instead of a fixed configuration
pattern, the evolutionary circuits cannot capitalize upon genetically determined
solutions that fit a particular environment, but are rather forced to evolve the ability



to develop on the fly the structure required by their specific environment [24]. Thisis
quite interesting because it potentially offers a solution to the strong dependency of
conventional evolved circuits to the evolutionary environment.

4.1 Cellular structure

In contrast to conventional cellular electronic devices (such as Field Programmable
Gate Arrays), each cell in the POEtic tissue contains the entire genome for the whole
tissue. This solution, which is also closer to biological reality, increases the
robustness of the system, allowing individual cells to reconfigure their function for
growth, self-replication, and self-repair at alocal level.

The ontogenetic concept of growth has been largely ignored in the past in the
development of bio-inspired systems. The reason is obvious: growth implies the
"creation" of new material during the lifetime of an organism (and therefore during
the operational life of a machine), a feature which remains impossible to this day in
theworld of electronic circuits.

However, while the silicon substrate of an electronic circuit cannot be modified, a
reconfigurable circuit like the POEtic tissue allows its function to be defined after
fabrication, and thus potentially modified at runtime. The tissue allows the realization
of agrowth process based on information rather than matter.

The process of growth is based on cellular division and on cellular differentiation.
From the standpoint of both biological organisms and electronic circuits, these two
processes are made possible by the existence of the same genome inside each cell.
Despite their structural similarity, each cell can specialize to perform a unique
function by "executing” only a specific part of the genetic program depending on the
cell's location in the organism. This differentiation allows multi-cellular organisms,
including the POEtic tissue, to display behaviors of a greater complexity than those
of single-cell organisms.

Finally, biological multi-cellular organisms are capable of surviving an astounding
amount of damage. The "fault tolerance” of biological organismsis based on a set of
extremely complex systems ranging from the organism-wide immune system to
single-cell error correction. The ontogenetic features of the tissue will include a
hierarchy of fault-tolerance mechanisms, acting "behind the scenes® with little or no
effect on the operation of the machine.

4.2 L ayered organization

The structure in figure 1, naturally accommodates the building blocks and processes
that regulate biological life. The genetic material specifying the functionality of the
circuit is stored in the genotype layer, the rules and mechanisms of gene expression
that map the genotype into a phenotype are stored and executed in the configuration
layer, and the resulting function performed by each cell isimplemented and executed
in the phenotype layer.

The explicit distinction in three layers allows the study and implementation of
complex genotype-to-phenotype mappings that can exploit growth and
reconfiguration properties of the tissue, reduce the genome length, and eventually
improve the evolvability of the tissue.



The mapping between genotypes and phenotypes is mainly a one-to-one function in
artificial evolutionary systems. This relatively straightforward strategy does not
capture the complex, but highly regulated, mechanisms of gene expression that
characterise the development of biological organisms and barely supports the
creation of genetic building blocks that could be exploited by crossover operators. At
the same time, since in one-to-one mappings the length of the genotype is
proportional to the complexity of the phenotype, large structures such as neuronal
circuits are difficult to evolve. POEtic tissue will provide a substrate that naturally
supports the implementation in the configuration layer of smarter and more
biologically inspired mechanisms of gene expression. This structure, together with
the cellular organization of the tissue, requires the evolutionary mechanisms that go
beyond conventional genetic algorithms in that they capitalize and leave more space
to ontogenetic and epigenetic mechanisms of dynamic self-organization of the tissue.

Finally, the presence of three distinct hardware layers alows the implementation of
different mechanisms of self-organization in isolation without necessarily integrating
them all. For example, one may decide to implement a given neuronal structure and
its learning mechanisms on the circuit without going into evolution and gene
expression. Similarly, another may wish to implement conventional electronic
functions and exploit only the self-configuration and self-repair properties of the
circuit without resorting to evolution and learning. This flexibility of the proposed
circuit will indeed be exploited in the project to study the different aspects of self-
organization and gradually integrate them all in the final POEtic tissue.

5 A Bio-Inspired Architecture
Adaptation and specialization are key features of all biological organisms. As a
consequence, no bio-inspired architecture can be rigid, but must rather be able to
adapt and specialize depending on the desired application. The POEtic tissue will
exploit reconfigurable logic to the fullest extent to allow for these characteristics: the
bio-inspired machines will consist of two-dimensional arrays of cells, where each
cell isasmall, fully reconfigurable, processing element.

Therole of the tissue is to provide a molecular substrate for the implementation of
the cells: as organic cells are constituted by molecules, so artificial cells will be
constituted by the programmable logic elements of the POEtic circuit. The three
layers of the POEtic systems (figure 1) will all be implemented on this substrate.

Integrating reprogrammeability in an architecture, however, is far from trivial. The
heterogeneity of the applications that can potentially be implemented poses
considerable design problems, particularly for the control of the processing elements.
A novel kind of architecture needs to be developed to fully exploit the potential of
reconfigurable logic for bio-inspired systems.

The three-layer architecture proposed in the POEtic tissue, together with its
implementation on the molecular substrate, allows the hardware structure of each
layer to be adapted to the bio-inspired mechanism that it implements. What followsis
an outline of a plausible structure for each of the three layers, keeping in mind that
the reprogrammability of the tissue will allow any or all of these layers to be
essentially silent, should the bio-inspired mechanism concerned not be required.



5.1 The Genotype L ayer
The genotype layer (figure 2) contains the genetic information of the organism,
which consists essentially of:

» A set of operators, which define the set of all possible functions for the cell. The
quantity and functionality of the operators depends essentially on the application.
For example, if the phenotype layer implements an array of neurons, one could
imagine that the operators will consist of the internal parameters for the neuron,
together with a set of initial connection weights. Instead, if the phenotype
implements, say, a sound processing surface, the operators will consist of different

OPERATORS
CELL 2

OPERATORS
CELL 1,2

EVOLUTIONARY
CONTROLLER

OPERATORS
CELL 1,1
OPERATORS
CELL21

L IDIFFERENTIATION| |_pi{DIFFERENTIATIOI
TABLE TABLE = -

Figure 2: The genotype layer in an array of cells and the external controller for evolution.

» A differentiation table, used to determine which operators will be implemented in
which cell. The table contains a compact, perhaps redundant, representation of the
operators to be implemented by the cells. The main advantage of maintaining a
separate table storing this information is its size the table will represent an
extremely compact representation of the structure of the system, and evolutionary
mechanisms in hardware will be applied to the table, rather than to the operators
themselves. The differentiation table also plays an important role in the mapping
layer, as described below.

The key feature of the genotype layer lies in the presence of a set of dedicated
connections, used to provide user access to the differentiation tables of all the cellsin
the system. The advantage of this kind of access lies in the presence of an on-chip
microcontroller, whose function is to access the tables and to manipulate their
contents through a set of user-defined evolutionary mechanisms.

5.2 The Configuration or Mapping L ayer

The configuration layer of the POEtic systems is designed to implement the
processes of cellular differentiation and cellular division (growth), the bases of the
ontogenetic model (the fault-tolerance aspect of the model is also partialy present in
thislayer, but isin general distributed throughout the layers of the array).

In its simplest conception (figure 3), the function of the configuration layer is to
select which operator will be implemented by the cell. Each cell must be able to
identify its position within the array. A set of coordinates, incremented in each cell
and transmitted along the horizontal and vertical axes, is one approach. Once the cell
has established its position, it can use this to select from the differentiation table



which operator to express. The operator will then be interpreted to generate the
appropriate control signals for the phenotype layer.

However, this approach is only a very basic solution to achieve cellular
differentiation, and does not exploit many of the most interesting features of the
development process.

For example, the solution of figure 3 is limited to a one-to-one mapping between
genotype and phenotype. From an evolutionary standpoint, however, this approach
imposes considerable disadvantages in the application of phylogenetic mechanisms.
More complex mappings, based on redundant coding, are being researched.

Also, the coordinate-based approach is not well suited to the implementation of
processes that want to draw inspiration from the natural process of growth, a key
mechanism in the development of biological organisms. More complex
differentiation mechanisms, based on L-systems[18] and on cell-signalling gradients,
are currently under study.
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Figure 3: A possible structure for the configuration or mapping layer.

5.3 The Phenotype L ayer

The phenotype layer is probably the most application-dependent layer of the three. If
the final application is a "conventional" neural network, the phenotype layer of the
cell will simply consist of an artificial neuron. The architecture of the neuron is a
choice left to the user. The POEtic project will concentrate on spiking neurons but
this choice does not imply that the tissue will be limited to such a model.

However, since the POEtic tissue is meant to allow the implementation of bio-
inspired systems that do not necessarily involve exclusively neural-like cells, a more
genera -purpose phenotype architecture will be required.

A simplified layout of a candidate architecture of the type that is being investigated
in the POEtic project is shown in figure 4. It consists of two main units:

» An execution unit, consisting of a set of application-dependent resources (e.g.,
adders, and counters). The resources are defined by the user at design time, and are
accessed through a set of input and output ports.

* In view of the massive amounts of connectivity of bio-inspired systems, the
communication unit will probably have to rely on serial communication. The
communication unit is seen by the execution unit as just another resource, with an
input and output port.

This kind of architecture has two main advantages: it can support specialisation and
adaptation through the modification of the resources depending on the application
and it can be integrated in a design environment easily.
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Figure 4: Outline of apossible architecture for the phenotype layer.

5.4 A Design Methodology

The definition of three separate layers for the different models of bio-inspiration has
the advantage of being able to select which of the models are to be used for a given
problem. This feature is made possible by the complete programmability of the
systems: all the three layers are implemented on the same substrate, a programmable
digital logic circuit that incorporates dedicated features for all three models. The
implementation of the layers in programmable logic adds the possibility of adapting
the architecture of the system to the application, a flexibility that will allow the
definition of an integrated design environment. Such an environment should include
a customizable design flow allowing the user to concentrate on the desired
approaches. A typical application-driven design flow for a bio-inspired system could
then be:

» Based on the application, the user defines which models will be implemented in
the system. The user then accesses a library of operators and selects those that will
be required by the application. The phylogenetic model can be applied at this stage
both to the selection of the functions and to the evolution of novel functions to be
added to the library. The presence of the epigenetic model is defined at this stage
by selecting functions capable of implementing learning processes.

» The environment will then integrate the desired functions into a totipotent cell, that
is, a processing element capable of realizing any of the functions. This step
represents the implementation of the ontogenetic model. Other optional
ontogenetic features, such as growth and self-repair, can be added automatically at
this stage.

 Finally, the design environment assembles the cells into a two-dimensional array,
integrates the user-specified 1/0O modules, and generates a configuration for the
programmabl e logic array that will implement the system.

6 Conclusions
The development for a proper design methodology for bio-inspired systems is finding
increasing interest in computer science and electronic engineering. Systems inspired
by biological mechanisms are carving themselves a niche in several areas of
computation, but the solutions adopted often cannot be generalised for the lack of a
universal architecture capable of integrating the different approaches.



The POEtic project does not necessarily propose such an architecture: what it
proposes is an hardware substrate capable of implementing bio-inspired systems. Its
aim is to develop the molecules necessary for the development of cellular systems.
The usefulness and the practicality of the molecular surface will obviously be
validated on a number of bio-inspired applications, ranging from neural networks to
music synthesis. But beyond the applications developed within the project, the
POEtic tissue will alow the implementation of a variety of bio-inspired systems, and
it is our hope that the circuits created in this project will find users well beyond our
group.

This paper by no means presents the final version of the POEtic system: the project
has started only recently, and the ideas presented here are simply early results of our
research. We invite all readers to access our website [2], where we regularly post the
progress reports and deliverables of the project.
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