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Abstract. The space of bio-inspired hardware can be partitioned along
three axes: phylogeny, ontogeny, and epigenesis. We refer to this as the
POE model. Our Embryonics (for embryonic electronics) project is sit-
uated along the ontogenetic axis of the POE model and is inspired by
the processes of molecular biology and by the embryonic development of
living beings.

We will describe the architecture of multicellular automata that are en-
dowed with self-replication and self-repair properties. In the conclusion,
we will present our major on-going project: a giant self-repairing elec-
tronic watch, the BioWatch, built on a new reconfigurable tissue, the
electronic wall or e-wall.

1 Introduction!

1.1 The POE model of bio-inspired systems

The space of bio-inspired hardware systems can be partitioned along three major
axes: phylogeny, ontogeny, and epigenesis; we refer to this as the POE model [7],
[4]. Where nature is concerned, the distinction between the axes cannot be easily
drawn. Indeed the definitions themselves may be subject to discussion. Sipper
et al. [7] thus defined each of the above axes within the framework of the POE
model as follows: the phylogenetic axis involves evolution, the ontogenetic axis
involves the development of a single individual from its own genetic material,
essentially without environmental interactions, and the epigenetic axis involves
learning through environmental interactions that take place after formation of
the individual. As an example, consider the following three paradigms, whose
hardware implementations can be positioned along the POE axes: (P) evolution-
ary algorithms are the (simplified) artificial counterpart of phylogeny in nature,
(O) multicellular automata are based on the concept of ontogeny, where a single
mother cell gives rise, through multiple divisions, to a multicellular organism,
and (E) artificial neural networks embody the epigenetic process, where the sys-
tem’s synaptic weights and, sometimes, its topological structure change through
interactions with the environment.

1 Based on the following paper: D. Mange, M. Sipper, A. Stauffer, G. Tempesti.
“Toward Robust Integrated Circuits: The Embryonics Approach”. Proceedings of
the IEEE, Vol. 88, No. 4, April 2000, pp. 516-541.
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This paper is a description of bio-inspired hardware systems along the on-
togenetic axis of the POE model: the Embryonics project. We conclude this
presentation with directions for future research, based on the POE model, i.e.
new POFEtic machines.

1.2 Embryonics = embryonic electronics

Our Embryonics project is inspired by the basic processes of molecular biology
and by the embryonic development of living beings. By adopting certain features
of cellular organization, and by transposing them to the two-dimensional world of
integrated circuits on silicon, we will show that properties unique to the living
world, such as self-replication and self-repair, can also be applied to artificial
objects (integrated circuits) [8], [1]. Self-repair allows partial reconstruction in
case of a minor fault, while self-replication allows complete reconstruction of the
original device in case of a major fault. These two properties are particularly
desirable for complex artificial systems requiring very high level of reliability.

2 A survey of Embryonics

2.1 Biological inspiration

The majority of living beings, with the exception of unicellular organisms such
as viruses and bacteria, share three fundamental features.

1. Multicellular organization divides the organism into a finite number of cells,
each realizing a unique function (neuron, muscle, intestine, etc.). The same
organism can contain multiple cells of the same kind.

2. Cellular division is the process whereby each cell (beginning with the first
cell or zygote) generates one or two daughter cells. During this division, all
of the genetic material of the mother cell, the genome, is copied into the
daughter cell(s).

3. Cellular differentiation defines the role of each cell of the organism, that is,
its particular function (neuron, muscle, intestine, etc.). This specialization of
the cell is obtained through the expression of part of the genome, consisting
of one or more genes, and depends essentially on the physical position of the
cell in the organism.

A consequence of these three features is that each cell is “universal”, since
it contains the whole of the organism’s genetic material, the genome. Should a
minor (wound) or major (loss of an organ) trauma occur, living organisms are
thus potentially capable of self-repair (cicatrization) or self-replication (cloning
or budding) [8].



2.2 The organism’s features: multicellular organization, cellular
differentiation, and cellular division

The environment in which our quasi-biological development occurs is imposed
by the structure of electronic circuits, and consists of a finite (but arbitrarily
large) two-dimensional surface of silicon. This surface is divided into rows and
columns, whose intersections define the cells. Since such cells (small processors
and their memory) have an identical physical structure (i.e., an identical set of
logic operators and of connections), the cellular array is homogeneous. As the
program in each cell (our artificial genome) is identical, only the state of the cell
(i.e., the contents of its registers) can differentiate it from its neighbors.

In this Section, we first show how to implement in our artificial organisms the
three fundamental features of multicellular organization, cellular differentiation,
and cellular division, by using a generic and abstract six-cell example. Multi-
cellular organization divides the artificial organism (ORG) into a finite number
of cells (Figure 1). Each cell (CELL) realizes a unique function, defined by a
sub-program called the gene of the cell and selected as a function of the values of
both the horizontal (X) and the vertical (Y) coordinates (in Figure 1, the genes
are labeled A to F for coordinates X, Y = 1,1to X,Y = 3,2). Our final artificial
genome will be divided into three main parts: the operative genome (OG), the
ribosomic genome (RG), and the polymerase genome (PG). Let us call operative
genome (OG) a program containing all the genes of an artificial organism, where
each gene (A to F) is a sub-program characterized by a set of instructions and
by the cell’s position (coordinates X,Y = 1,1 to X,Y = 3,2). Figure 1 is then
a graphical representation of organism O RG’s operative genome.
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Fig. 1. Multicellular organization of a 6-cell organism ORG.

Let then each cell contain the entire operative genome OG (Figure 2a): de-
pending on its position in the array, i.e. its place within the organism, each cell
can then interpret the operative genome and extract and execute the gene which
defines its function. In summary, storing the whole operative genome in each



cell makes the cell universal: given the proper coordinates, it can execute any
one of the genes of the operative genome and thus implement cellular differen-
tiation. In our artificial organism, any cell CELL[X,Y| continuously computes
its coordinate X by incrementing the coordinate WX of its neighbor immedi-
ately to the west (Figure 2b). Likewise, it continuously computes its coordinate
Y by incrementing the coordinate SY of its neighbor immediately to the south.
Taking into consideration these computations, Figure 3 shows the final operative
genome OG of the organism ORG.
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Fig. 2. Cellular differentiation and division. (a) Global organization. (b) Central
cell CELL[X,Y] with its west neighbor CELL[W X,Y] and its south neighbor
CELL[X,SY]; X =WX +1;Y = SY + 1; t1...t3: three cellular divisions.

At startup, the first cell or zygote (Figure 2a), arbitrarily defined as hav-
ing the coordinates X,Y = 1,1, holds the one and only copy of the operative
genome OG. After time t1, the genome of the zygote (mother cell) is copied
into the neighboring (daughter) cells to the east (CELL[2,1]) and to the north
(CELLI1,2]). This process of cellular division continues until the six cells of the
organism ORG are completely programmed (in our example, the farthest cell is
programmed after time t3).



OG: operative genome

X = WX+1

Y = SY+1

case of X,Y:
X,Y =1,1: do gene A
X,Y = 1,2: do gene B
X,Y = 2,1: do gene C
X,Y = 2,2: do gene D
X,Y = 3,1: do gene E
X,Y = 3,2: do gene F

Fig. 3. The operative genome OG of the organism ORG.

2.3 The organism’s properties: organismic self-replication and
organismic self-repair

The self-replication or cloning of the organism, i.e. the production of an exact
copy of the original, rests on two assumptions.

1. There exists a sufficient number of spare cells in the array (at least six in
the example of Figure 4) to contain the additional organism.

2. The calculation of the coordinates produces a cycle (X =1 —2 —3 — 1...
and Y =1 — 2 — 1... in Figure 4, implying X = (WX + 1) modulo 3 and
Y = (SY 4 1) modulo 2).

As the same pattern of coordinates produces the same pattern of genes, self-
replication can be easily accomplished if the program of the operative genome
OG, associated with the homogeneous array of cells, produces several occurrences
of the basic pattern of coordinates. In our example (Figure 4), the repetition of
the vertical coordinate pattern (Y = 1 — 2 — 1 — 2) in a sufficiently large
array of cells produces one copy, the daughter organism, of the original mother
organism. Given a sufficiently large space, the self-replication process can be
repeated for any number of specimens in the X and/or the Y axes.

In order to implement the self-repair of the organism, we decided to use spare
cells to the right of the original organism (Figure 5). The existence of a fault is
detected by a K ILL signal which is calculated in each cell by a built-in self-test
mechanism realized at the molecular level (see Subsection 2.4 below). The state
KILL = 1 identifies the faulty cell, and the entire column to which the faulty
cell belongs is considered faulty and is deactivated (column X = 2 in Figure 5).
All the functions (X coordinate and gene) of the cells to the right of the column
X =1 are shifted by one column to the right. Obviously, this process requires
as many spare columns to the right of the array as there are faulty cells or
columns to repair (two spare columns, tolerating two successive faulty cells, in
the example of Figure 5). It also implies that the cell needs to be able to bypass
the faulty column and to divert to the right all the required signals (such as the
operative genome and the X coordinate, as well as the data busses).
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Fig. 4. Self-replication of a 6-cell organism ORG in a limited homogeneous array of
6 x 4 cells (situation at time ¢5 after 5 cellular divisions); MOTHER ORG = mother
organism; DAUGHTER ORG = daughter organism.

Given a sufficient number of cells, it is obviously possible to combine self-
repair in the X direction, and self-replication in both the X and Y directions.

2.4 The cell’s features: multimolecular organization, molecular
configuration, and molecular fault detection

In each cell of every living being, the genome is translated sequentially by a
chemical processor, the ribosome, to create the proteins needed for the organ-
ism’s survival. The ribosome itself consists of molecules, whose description is an
important part of the genome.

As mentioned, in the Embryonics project each cell is a small processor, se-
quentially executing the instructions of a first part of the artificial genome, the
operative genome OG. The need to realize organisms of varying degrees of com-
plexity has led us to design an artificial cell characterized by a flexible architec-
ture, that is, itself configurable. It will therefore be implemented using a new
kind of fine-grained, field-programmable gate array (FPGA).

Each element of this FPGA (consisting essentially of a multiplexer associ-
ated with a programmable connection network) is then equivalent to a molecule,
and an appropriate number of these artificial molecules allows us to realize
application-specific processors. We will call multimolecular organization the use
of many molecules to realize one cell. The configuration string of the FPGA (that
is, the information required to assign the logic function of each molecule) con-
stitutes the second part of our artificial genome: the ribosomic genome RG. Fig-
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Fig. 5. Organismic self-repair.

ure 6a shows a generic and abstract example of an extremely simple cell (CELL)
consisting of six molecules, each defined by a molecular code or MOLCODE (a
to f). The set of these six MOLCODEs constitutes the ribosomic genome RG
of the cell.

The information contained in the ribosomic genome RG thus defines the logic
function of each molecule by assigning a molecular code MOLCODE to it. To
obtain a functional cell, we require two additional pieces of information.

1. The physical position of each molecule in the cellular space.
2. The presence of one or more spare columns, composed of spare molecules,
required for the self-repair described below (Subsection 2.5).

The definition of these pieces of information is the molecular configuration
(Figure 6b). Their injection into the FPGA will allow:

— the creation of a border surrounding the molecules of a given cell;

— the insertion of one or more spare columns;

— the definition of the connections between the molecules, required for the
propagation of the ribosomic genome RG.

The information needed for the molecular configuration (essentially, the height
and width of the cell in number of molecules and the position of the spare
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Fig. 6. The cell’s features. (a) Multimolecular organization; RG: ribosomic genome: a,
b, ¢, d, e, f. (b) Molecular configuration; PG: polymerase genome: height x width = 3
x 3; 001 = spare column. (¢) Molecular fault detection; MU X: multiplexer; COM P:
comparator.

columns) makes up the third and last part of our artificial genome: the poly-
merase genome PG [2].



Finally, it is imperative to be able to automatically detect the presence of
faults at the molecular level and to relay this information to the cellular level.
Moreover, if we consider that the death of a column of cells is quite expensive in
terms of wasted resources, the ability to repair at least some of these faults at the
molecular level (that is, without invoking the organismic self-repair mechanism)
becomes highly desirable. The biological inspiration for this process derives from
the DNA’s double helix, the physical support of natural genomes, which provides
complete redundancy of the genomic information though the presence of comple-
mentary bases in the opposing branches of the helix. By duplicating the material
of each molecule (essentially the multiplexer MU X) and by continuously com-
paring the signals produced by each of the two copies (Figure 6¢), it is possible
to detect a faulty molecule and to generate a signal FAULTY = 1, realizing the
molecular fault detection which will make possible cellular self-repair (described
below in Subsection 2.5).

2.5 Cellular self-repair

The presence of spare columns, defined by the molecular configuration, and
the automatic detection of faulty molecules (Subsection 2.4, Figure 6b and c)
allow cellular self-repair: each faulty molecule is deactivated, isolated from the

network, and replaced by a neighboring molecule, which will itself be replaced
by a neighbor, and so on until a spare molecule is reached (Figure 7).
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Fig. 7. Cellular self-repair.

The number of faulty molecules handled by the molecular self-repair mecha-
nism is necessarily limited: in the example of Figure 7, we tolerate at most one
faulty molecule per row. If more than one molecule is faulty in one or more rows,
molecular self-repair is impossible, in which case a global signal KILL =1 is
generated to activate the organismic self-repair described above (Subsection 2.3
and Figure 5).



2.6 The Embryonics landscape

The final architecture of the Embryonic project is based on four hierarchical
levels of organization which, described from the bottom up, are the following
(Figure 8).

1. The basic primitive of our system is the molecule, the element of our new
FPGA, consisting essentially of a multiplexer associated with a programmable
connection network. The multiplexer is duplicated to allow the detection of
faults. The logic function of each molecule is defined by its molecular code
or MOLCODE.

2. A finite set of molecules makes up a cell, essentially a processor with the
associated memory. In a first programming step of the FPGA, the polymerase
genome PG defines the topology of the cell, that is, its width, height, and
the presence and positions of columns of spare molecules. In a second step,
the ribosomic genome RG defines the logic function of each molecule by
assigning its molecular code or MOLCODE.

3. A finite set of cells makes up an organism, an application-specific multipro-
cessor system. In a third and last programming step, the operative genome
OG is copied into the memory of each cell to define the particular application
executed by the organism (electronic watch, random number generator, and
a Turing machine being examples we have shown to date) [2].

4. The organism can itself self-replicate, giving rise to a population of identical
organisms, the highest level of our hierarchy.

3 Conclusion

3.1 Toward a new reconfigurable computing tissue: the e—wall

Keeping in mind that our final objective is the development of very large scale in-
tegrated (VLSI) circuits capable of self-repair and self-replication, as a first step,
which is the subject of this paper, we have shown that a hierarchical organization
based on four levels (molecule, cell, organism, population of organisms) allows
us to confront the complexity of real systems. The realization of demonstration
modules at the cellular level and at the molecular level [2] demonstrates that
our approach can satisfy the requirements of highly diverse artificial organisms
and attain the two sought-after properties of self-repair and self-replication.

The programmable robustness of our system depends on a redundancy (spare
molecules and cells) which is itself programmable. This feature is one of the main
original contributions of the Embryonics project. It becomes thus possible to pro-
gram (or re-program) a greater number of spare molecules and spare cells for
operation in hostile environments (e.g., space exploration). A detailed mathe-
matical analysis of the reliability of our systems is currently under way at the
University of York [5], [6].

In our laboratory, the next major step in the Embryonics project is the design
of the BioWatch, a complex machine which we hope to present on the occasion



Population level
(population = X organisms)

Organismic level
(organism = X cells)

N
OG: operafive genome (X, ¥=1,1:8;1,9¢B;2,1:C...)
/ | \ N

Cellular level
(cell = X molecules)

/ \ LL So
RG: ribogomic genome Ya,b, c,d, e, £) "~
PG: polymerase genomé (height x width=3x3;9Ql=spare column)
f \

Molecular level
(basic FPGA's element)

Fig. 8. The Embryonics landscape: a 4-level hierarchy.

of a cultural event which will soon take place in Switzerland. The function of
the machine will be that of a self-repairing watch, counting seconds, minutes
and hours. The implementation of the watch will take place in a reconfigurable
tissue, the electronic wall or e-~wall (Figure 9).

Conception, birth, growth, maturity, illness, old age, death: this is the life
cycle of living beings. The proposed demonstration will stage the life cycle of the
BioWatch from conception to death. Visitors will face a large wall made up of a
mosaic of many thousands of transparent electronic modules, each containing a
display. At rest, all the modules will be dark. A complex set of signals will then
start to propagate through the space (conception) and program the modules
to realize the construction of a beating electronic watch (growth). Visitors will
then be invited to attempt to disable the watch: on each molecule, a push-button
will allow the insertion of a fault within the module (wounding). The watch will
automatically repair after each aggression (cicatrization). When the number of



Fig.9. The BioWatch built in a new reconfigurable tissue: the e-wall (Computer
graphic by E. Petraglio).

faults exceeds a critical value, the watch dies, the wall plunges once more into
darkness, and the complete life cycle begins anew.

We are physically implementing the 6-digit BioWatch in our two-dimensional
e-wall made up of 3200 modules. This wall is ultimately intended as a universal
self-repairing and self-replicating display medium, capable of interacting “intel-
ligently” with the user and recovering from faults. In our implementation, each
molecule of the watch corresponds to a module in the wall. This module includes:
(1) an input device, (2) a digital circuit, and (3) an output display [3].

The module’s outer surface consists of a touch-sensitive panel which acts like
a digital switch, enabling the user to kill a molecule and thereby activate the
self-repair process at the molecular level (signal FAULTY = 1 in Figure 6¢).

The module’s internal circuit is a field-programmable gate array (FPGA),
configured so as to realize: (1) the acknowledgment of the external (touch) in-
put, (2) the implementation of a molecule (multiplexer with a programmable
connection network), and (3) the control of the output display. This latter is a
two color light-emitting diode (LED) display, made up of 64 diodes arranged as
an 8 x 8 dot-matrix. The display allows the user to view the current molecule’s
state: active, faulty, spare, etc.

The configuration string of the FPGA can be considered as an ultimate part
of our artificial genome, necessitated by the construction of the molecular level
(Figure 8) on the shoulders of a new, lowest level: the atomic level.



3.2 Toward POEtic machines

We presented the POE model, classifying bio-inspired hardware systems along
three axes (phylogeny, ontogeny, and epigenesis), and we described our Embry-
onics project along the ontogenetic axis. A natural extension which suggests
itself is the combination of two and ultimately all three axes, in order to attain
novel bio-inspired hardware. An example of the latter would be an artificial neu-
ral network (epigenetic axis), implemented on a self-replicating and self-repairing
multicellular automaton (ontogenetic axis), whose genome is subject to evolution
(phylogenetic axis).

Looking (and dreaming) toward the future, one can imagine nano-scale sys-
tems becoming a reality, endowed with evolutionary, reproductive, regenerative,
and learning capabilities. Such systems could give rise to novel species which
will coexist alongside carbon-based organisms. This constitutes, perhaps, our
ultimate challenge.
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