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1 Introduction

Drawing inspiration from biological systems for the design of robust digital circuits is far
from being a novel concept: as far back as the 1950s, John von Neumann [8], one of the found-
ing fathers of the field of computer architecture, began investigating the biological concept of
self-replication in order to design robust machines (the idea being, of course, that at least one
of the replicas would keep operating after the “death” of the original machine).

The design of machines capable of executing very complex tasks and at the same time
capable of self-replication, however, proved to be too complex for the technology of the
1950s, and von Neumann’s project never went beyond a theoretical study. Indeed, the realiza-
tion of such machines is, arguably, too complicated even by today’s standards, at least if von
Neumann’s approach were to be used. Eibryonicgroject [3, 6, 7] is an attempt at realiz-
ing machines which fulfill von Neumann'’s ambition to design robust self-replicating
machines, but exploit a different approach so as to become feasible given today’s technology.

The main feature of our Embryonic systems is the idea of structuring a digital machine (a
digital circuit dedicated to the execution of an arbitrarily complex task, equivalent to a biolog-
ical organism) as an array of identical processors (the digital equivalent of a biological cell),
capable of altering their size and structure to fit the requirements of the task at hand. This
adaptability is achieved by implementing the cells themselves using an array of small, pro-
grammable digital elements (a field-programmable gate array, or FPGA [2], whose elements
are analogous to biological molecules).

2 The Cellular Level

To define our approach to partitioning the task to be executed into smaller fragments, we
turned to the biological process ohtogenesig5], the mechanism which determines the
development of an organism from a single mother cellZ¥igeté to a full-blown adult. The
zygote divides, each offspring containing a copy of the genoeikilér divisior). This pro-
cess continues (each new cell divides, creating new offspring, and so on), and each newly
formed cell acquires a given functionality (i.e., liver cell, epidermal cell, etc.) depending on its
surroundings, i.e., its position in relation to its neighboedl{lar differentiatior).

The limitations of current technology do not allow us to realize this same process to the
development of our artificial organisms. However, it is possible to design a system which fol-
lows the same basic approach. Our solution consists of implementing our organisms as two-
dimensional arrays of identical processing elements, our artificial cells, each storing the same
program, but executing different subsets of this program according to their position within the
array. The program thus becomes the artificial equivalent of the biological genome, whose
presence in each cell is the basis for the mechanism of ontogenesis, and the execution of dif-
ferent subsets of this program in each processor is the equivalent of cellular differentiation.
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Figure 1: Structure of an electronic cell.

The architecture of our artificial cells follows directly from this approach (Fig. 1). Each
cell must contain a memory to store the genome afd,®h coordinate system to allow the
cell to find its position within the array and thus its function. In addition, it requires an inter-
preter to read and execute the genome, a set of connections handled by a routing unit to
exchange information with its neighbors, and a functional unit to execute the given task.

This approach, not very efficient from the standpoint of conventional circuit design (stor-
ing a complete copy of the genome program in each processor is redundant), allows us to eas-
ily exploit some of the most interesting features of biological systems. For example, the
presence of the genome in each cell enormously simplifies the process of self-repair: if a hard-
ware fault should “kill” one or more of our processors, a simple recomputation of the coordi-
nates of the array (Fig. 2) allows the “dead” processors to be replaced (provided, of course,
that a set of “spare” cells is available). Moreover, since the function of a cell depends on its
coordinates, by allowing our coordinates to cycle (Fig. 3) we can obtain multiple copies of an
organism with a single copy of the program, and thus achieve the self-replication of our
machine (provided, of course, that enough processors are available).

ACTIVE CELL
SPARE CELL FAULTY CELL

-

ORGANISM

(A) (B)

Figure 2: The electronic organism with no faults (A) and after reconfiguration (B).

Figure 3: Multiple copies of the organism through coordinate cycling.



3 The Molecular Level

In order for our organisms to efficiently execute a given task, the architecture of our cells
(e.g., their functional unit or the size of their memory) must vary depending on their intended
functionality (as the structure of, for example, a liver cell is adapted to its function). We thus
decided to realize our cells using a custom reconfigurable logic circuit (FPGA [7]),whose ele-
ments can then be seen as the artificial equivalenptdcules. This FPGA (calledMuxTree
for tree of multiplexershas a fairly conventional architecture: its elements contain a tiny func-
tional unit (essentially a two-input multiplexer and a flip-flop), a set of connections (to propa-
gate signals across the array), and a configuration memory, implemented as a shift register (all
registers in the array are connected together to form a single long shift register, through which
the configuration bitstream propagates). To this architecture, we then added two rather non-
conventional features: self-replication and self-repair.

Self-replication at the molecular level (not to be confused with self-replication at the cel-
lular level) realizes the automatic replication of the configuration of a block of molecules
throughout the array. It allows us to create, starting from the configuration of a single cell, a
two-dimensional array of such cells. It is implemented (Fig. 4) by a tiny state machine (the
membrang placed between the FPGA elements. This membrane can partition the FPGA into
blocks of molecules of arbitrary size (each block will then contain one cell) and “guide” the
propagation of the configuration. In addition, it can define a set of columns in the array as con-
taining spare molecules, required for the second original feature of our FPGA: self-repair.

Self-repair at the molecular level (again not to be confused with self-repair at the cellular
level) consists of two separate subsystems. The first deals with self-test, that is, with the detec-
tion of the occurrence of a fault in the element, and is implemented using a mixture of more or
less conventional self-test techniques [1]. The second is concerned with reconfiguration [4],
that is, with re-arranging the array’s configuration and connections to avoid the faulty element,
exploiting the spare molecules defined by the membrane (Fig. 5).

4 Conclusion

In conclusion, Embryonics draws inspiration from the biological process of ontogenesis
to develop digital systems based on three levels of complexity: the organism (an application-
specific digital system), the cell (a simple processor), and the molecule (the element of a field-
programmable gate array). Our approach includes robustness on all three levels: the organism
can self-replicate, and thus achieve robustness by multiplication, our cells can differentiate,
and thus achieve robustness through the recomputation of the coordinates, while our mole-
cules can be reprogrammed, and thus achieve robustness through reconfiguration.
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Figure 4: Self-replication of the configuration bitstream.
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Figure 5: A fault is detected and the array is reconfigured to avoid the faulty element.

Similarly, the phenomenon of self-replication is present across all three levels: the mole-
cules support, in hardware (thorough the cellular membrane), the self-replication of the cells,
while the cells support, in software (through the cycling of the coordinates), the self-replica-
tion of the organism. The result of this process is the development of a very robust massively
parallel computing platform, very much in accordance with the spirit of von Neumann’s origi-
nal research.
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