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Abstract

The Embryonics project for embryonic dectronics), inspired by the basic process of molecular biology, alopts
certain fatures of eellular arganization and tranposes them to the 2-dimensional world of integrated circuits on
silicon. Properties unique to the living world, such & self-replication and self-repair, ae thus applied to atifi-
cial cbjects. Qur final dbjective is the development of a wafer scale integrated drcuit capable of self-replication
and self-repair. These two biological-like properties scem particularly desirable for atificial systems meant Pr
hostile (nuclear plants) or inaccessible pace) environments. Self-replication dlows the complete reconstruc-
tion of the original device in case of - a major fault, while slf-repair allows a partial reconstruction in case of a
minor fault.

In this paper, we shall demonstrate that a new kind of multicellular aitomaton, a field-programmable processor
array (FPPA), is able to werify the property of wmiversal computation & defined by von Neumann in his his-
toric work. In a companion paper, it will be shown that this aitomaton can dso werify the property of univer-
sal oonstruction. ‘
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Abstract

The Embryonics project (for embryonic dectron-
ics), inspired by the basic process of molecular
biology [Wolpert, 19931, adopts certain fatures
of cellular organization and tanposes them ©
the 2-dimensional world of integrated drcuits on
silicon. Properties wique to the living world,
such as slf-replication and slf-repair, are thus
applied to atificial objects. Qur final cbjective
is the development of a wafer scale integrated
circuit capable of slf-replication and slf-repair.
These two biological-like properties seem par-
ticularly desirable for atificial systems meant
for hostile (nuclear pants) ar inaccessible (space)
environments. Self-replication allows the com-
plete ®construction of the original device in case
of a major fault, while self-repair dlows a partial
reconstruction in case of a minor fanlt.

In this paper, we shall demonstrate that a new
kind o f multicellular automaton, a field-
programm able processor aray FPPA), is ale 0 -
verify t he property of universal computation
defined by von Neumann in his historic work. I
a companion paper [Mange, 1997a], it will be
shown that this aitomaton can dso verify the
property of universal construction.

1 Historical survey

1.1 Von Neumann’s self-replicating mo-
lecular automaton

Von Neumann's s ef-replicating aitomaton [Neumann,
1966], as well = the machines described in this aticle,
is based on the bllowing general hypotheses:

(a) the automaton deals exclusively with the flow of
information; the physical material @sually a silicon
substrate) and the energy (power supply) e givena
priori,

(b) the physical space is 2-dimensional mmd = lrge &
desired;

(c) the physical space is homogeneous, t hat is com-
prised by identical elements, all of which have the
same intemal achitecture and the same nnections
with their reighbors; only the state of a element

(the combination of the values in its memories) can
distinguish it fom is neighbors;

(d replication i s considered a special case of growth:
this process invol ves the aeation of an identical or-
ganism by duplicating the genetic material of a
mother entity onto a daughter one, thereby aeating
an eact done.

To avoid conflicts with hiological definitions, we &
not use the term "cell” © indicate the parts of a cellular
automaton, opting mther for the wrm ‘element”; in fact,
in biological ®erms, a "cell” can be defined & the small-
est part of a living being which caries the complete
blueprint of the being, that is the being’s genome.

In his historic work, von Neumann showed that a
special configuration (a st of dements in a given sate)
of his automaton can implement a universal constructor
able to mplicate any machine described on a tape, and
satisfying the following properties:

(@ universal computation, which makes it possible
replicate a universal Turing machine (qualitative
property);

() universal construction, which makes i possible o
replicate a machine of any dimensions (quantitative
property).

The dimentions of von Neumann’s automaton are sub-
stantial (in the order of 200,000 dements); it has thus
never been physically implemented.

According to the biological definition of a cell, it can
be stated that von Neumann’s aitomaton is a unicellular
organism: its unique genome is composed of the descrip-
tion of the universal constructor and the machine o bte
replicated, which ae both described on the tpe. We shall
say t hat von Neumann’s aitomaton is a molecular
automaton, each element being a part of a &ll, ie., a
mol ecule.

1.2 Langton’s self-replicating loop

In order o construct a slf-replicating aitomaton simpler
than t his of von Neumann, lLangton [Langton, 1984]
adopted more liberal criteria. He dropped the condition
that the self-replicating unit must be capable of uni versal
construction and computation, The sizzc of Langton's
loop i s perfectly ®asonable, since & Equires M de-
ments, t hus allowing complete simulation. There is mo
universal construction nor calculation: the loop does
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Fig. 1. Multicellular organization of a specialized Turing machine, a parenthesis checker.

nothing but reproduce itself; Langton’s self-replicating
loop represents a special case of von Neumann’s self-
replication of a universal constructor; the loop is a non-
uni versal constructor, capable of huilding,on the basis of
its genome, a single type of machine: itself,

Again referring © biological definitions, we can ob-
serve that Langton’s sslf-replicating loop is a wnicellular
organism, ie., a molecular automaton.

2 The foundations of Embryonics
(embryonic electronics)

Our final dbjective is the realization of a computing
machine offering at the same time- the ariginal properties
of von Neumann’s self-replicating aitomaton (universal
computation and construction), and the simplicity of
Langton’s 1 cop (easonable size, dlowing not only a
complete software simulation, but dso a physical realiza-
tion t hrough eisting digital integrated drcuits). This
objective can be approached by introducing a new achi-
tecture, a multicellular automaton, roughly derived from
the structure of multicellular living beings, and based on
the following three fatures: multicellular arganization,
cellular differentiation, and cellular division. The pro-
posed automaton m eets all the general hypotheses de-
scribed above for von Neumann's automaton. The ele-
ment is a true "cell”, xcording © the biological defini-
tion; it contains a mndom access memory R AM), which
stores t he microprogram of the complete genome. This
microprogram is executed by a small processor, a hinary
decision machine analogous to the dbosome of the living
cell. The microprogram itself is decomposed in sub-
programs which ae equivalent © the different parts of
the genome, i.e., the genes.

In this paper, we shall demonstrate that such an achi-
tecture makes it possible o wrify the poperty of univer-
sal computation. In a companion paper [Mange, 1997a],
it will be shown that this architecture an dso werify the
property of universal construction. In both cases, the two
following properties, w hich ae lacking n won Neu-
mann’s design, will dso be werified:

(a) the self-replicating aitomaton is slf-repairable;
(b) the self-replicating aitomaton is zble o react on its
environment in ®al time.

2.1 First feature: multicellular organi-
zation

The first feature is that of multicellular organization: the
artificial arganism is divided into a finite number of cells
(Fig. 1), where each ll ealizes a unique function, de-
scribed by a sub-program called the gene of the cell. The
same organism can contain multiple cells of the same
kind (n the same way as living being can contain alarge
number of cells with the same function: rervous cells,
skin clls, liver cells, ac.).

In order © demonstrate the property of universal com-
putation, we will confine curselves ©o a smple example
of a 2-dimensional atificial arganism Fig. 1): aspecial-
ized Turing machine, a parenthesis checker [ Minsky,
1967], i mplemented with tn cells and faturing two
distinct genes, the tape gene and the head gene. Each cell
is associated with some mitial condition; in cur example
the head clls ae distinguished by the initial values "0"
and "-", the tape cells by "A", (", and ")" values.

2.2 Second feature: cellular differentia-
tion

Let us call genome the st of all the genes of an artificial
organism, where each gene is a sub-program characterized
by a st of instructions, by a initial condition, and by a
position (its oordinates X Y). Fig. 1 then shows the
genome of oaur Turing machine, with-the corresponding
horizontal X) and vertical (Y) coordinates. Let then each
cell contain the entire genome Fig. 2): depending on its
position in the aray, ie., its place in the arganism, each
cell can interpret the genome and extract and execute the
gene (with its initial condition) which configures it.

In summary, storing the whole genome in ech cell
makes the cell universal: & cn ealize iy gene of the
genome ( including the initial condition), given the
proper coordinates.
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Fig. 2. Cellular differentiation and cellular division; t1 ...

2.3 Third feature: cellular division

At startup, the mother e@ll o zygote (Fig. 2), abitrarily
defined as having the coordinate XY=1,1, holds the one
and only copy of the genome. At time tl, the genome of
the m other cell & opied into the two meighboring
(daughter) cells to the North and o the East. The process
then continues until the 2-dimensional space is cm-
pletely programmed. I our example, the furthest cell is
programmed a time t5.

3 A field-programmable processor ar-
ray (FPPA) with self-repair and self-
replication capabilities

In dl living beings, the string of characters which makes
up the DNA is executed sequentially by a chemical proc-
essor, the ribosome. Drawing inspiration from this bio-
logical mechanism, we will use a microprogram © cm-
pute first the mordinates of the atificial arganism, then
the initial conditions of each cell, the tape gene and the
head gene, and finally the complete genome. The detailed
calculation of this microprogram is described dsewhere
[Mange, 1997b]; its software implementation equires

basically two kinds of instructions: a test instruction (if

VAR else LABEL), and an assignment instruction (do
X=DATA).

Each cell i implemented & an dement of a new kind
of coarse-grained programmable logic network or field-
programmable processor array (FPPA), which is mral-
ized on a field-programmable gate aray FPGA) circuit
[Mange, 1997b]; the FPPA dement consists basically of
a binary decision machine, e xecuting the dove men-
tioned instructions, a mndom acess memory, storing the
microprogram of the genome, and a mmber of program-
mable connections linking the cell 0 #s four immediate
neighbors (in t he North, East, South and West direc-
tions).
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t5: five successive divisions.

3.1 Self-repair

In order ©0 demonstrate self-repair, we have decided to
add two spare cells in each ow, © the ight of the origi-
nal Turing machine, dl identified by the same horizontal
coordinate (X=6 in Fig. 3). The spare cells may be wsed
not only for slf-repair, but dso for the example o a
Turing machine necessitating a growth of the tape of any,
but non infinite, length.

The existence of a fanlt is detected by a KILL signal
which is calculated in each FPPA dement by a built-in
sel f-test realized at the FPGA level (see the companion
paper [Mange, 1997a]). The state KILL=1 identifies the
faulty cell and the entire column to which the fanlty cell
belongs is considered fanlty, and is deactivated (column
X=3 in Fig. 3). All the functions of the FPPA dements
at the right of the column X=2 are shifted by one mlumn
to the right.

Obviously, this process mquires & many spare col-
umns, to the rnght o the aray, = there are faulty ol-
umns to ®mpair {wo spare columns in the example o
Fig. 3). I also implies that the FPPA dement has the
capability of bypassing the faulty cell and shifting © the
right dl o part of the criginal cellular aray.

3.2 Self-replication

The self-replication of an artificial organism rests o two

hypotheses:

(a) there e xists a sufficient mumber o spare cells
(unused cells a the wpper side of the aray, a least
ten for our example);

(b) the calculation of the aordinates produces a cycle
(Y=1-2-1 in Fg. 4.

As the same pattern of coordinates produces the same
pattem o f genes (with the initial wnditions), self-
replication can be easily acomplished if the micropro-
gram of the genome, associated o the homogeneous
network of cells, produces several cccurences of the basic
pattern of wordinates (Y=1-2 in Fig. 1). h our exam-
ple, the repetition of the vertical coordinate pattern, ie.,
the production of the pattern Y=1-52—-1-2 (Fig. 4),
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Fig. 3. Self-repair of a 10-cell parenthesis checker in a 14-cell array.
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Fig. 4. Self-replication of a 10-cell parenthesis checker in a 20-cell array.

produces o ne py, the daughter automaton, of t he
original or mother automaton. Given a sufficiently lrge
space, the self-replication process can bte epeated for any
number of specimens in the Y axis femember that X axis

is reserved for slf-repair and/or for a possible growth of
the Turing machine).

With a sufficient number o cells, it is obviously pos-
sible to combine self-repair or growth) oward the X
direction and self-replication toward the Y direction.



4 Conclusions

three features of the Embryonics project: muticellular

organization, cellular differentiation, and cellular divi-
sion. The MICROTREE cl|, itself ealized with a com-
mercial FPGA and a RAM, was finally embedded into a
demonstration m odule clled BIODULE @1 ad we
showed t hat an aray of BIODULES &)1 is capable of
self-repairand self-replication [Mange, 1997b).

The property of universal computation, t hat is, the
possibility of ®alizing, epairing, and eplicating a wni-
versal T uring machine, cn be wrified with the
MICROTREE a1 subject © the Hllowing limitations:
(a) the setting of the mitial conditions is limited by the

finite d imensions o the X coordinate mgister
(X=1...16); however, von Neumann and his succes-
sors assumed that the initial configuration was
given a priori, and thus this limitation has no theo-
retical significance;

(b) au niversal Turing machine, & described by
[Minsky, 1967], obviously ®quires a redesign o
the microprogram of the genome. The new design
involves alarger mmber o variables fr calculating
the head and the tape states and thus a rew and
more complex achitecture of the cllular space
and/or of the basic MICROTREE cell & designed
for aur simple example o the parenthesis checker.

The property of universal construction poses problems
of a different mature, since it requires @lways acording
to von Neumann) that MICROTREE clls be dle ©
implement artificial organisms of ay dimension. The
finite d imensions o our cells ¢nemories, registers,
etc.)are preventing s fom meeting this equirement, a
challenge which emains one of our main concemns. We
will therefore te kd to the design of a new cell with
flexible architecture, whose specifications will be part of
the genome. This challenge is the subject of a companion
paper [Mange, 1997a].

Acknowledgments

This work was supported in part by grant 2042270.94
from the Swiss National Science Foundation.

References

[Langton, 1984] C. G Langton. Self-Reproduction in
Cellular Autamata. Physica D, vol. 10, pp. 135-144,
1984.

[Minsky, 1967] M. L. Minsky. Computation: Finite and
Infinite Machines. P entice-Hall, Englewoods Qliffs,
1967.

[Neumann, 1966] J. von Neumann. The Theory of Self-
N, 22 e VL e D ST L), L P
[Mange, 1977b] D. Mange, D. Madon, A Stauffer and
G. Tempesti. Von Neumann Revisited: a Turing Machine
with Self-Repair and Self-Reproduction Properties. Ro-
botics and Autonomous Systems, to appear.

[Wolpert, 19931 L. Wolpert. The Triumph of the Em-
bryo. Oxford University Press, Oxford, 1993.




