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Abstract 

The Embryonics project is inspired by some of the bu- 
sic processes of moleculur biology, such us the embryonic 
development of living beings. Transposing these processes 
into digital electronic integruted circuits, we design urti- 
Jiciul organisms endowed with properties typical of to the 
living world, such us self-repuir und self-heuling. 

In order to illtrstrute the originul features of the Embry- 
onics project, we define the cellulur and molecular urchitec- 
ture of u giunt urtificiul organism, the Bio Wutch. The hurd- 
wure implenientution of our wutch exploits U new reconjig- 
uruble tissue, the bio-inspired electronic wull or Bio Wull. 

tronics, space exploration, nuclear plants, etc. or ap- 
plications exploiting the latest technological advances, 
notably the drastic device shrinking that reduces the 
noise margins and increases the soft-error rates. 

0 Medium-term applications, where very complex inte- 
grated circuits will be capable of on-line self-repair, 
dispensing with the systematic detection of faults at 
fabrication. 

0 Long-term applications, executed on systems built 
on an atomic scale (nanotechnologies) with imperfect 
components. 

1.2 BioWatch, a giant bio-inspired watch 
1 Introduction 

1.1 Toward Embryonics 

The Embryonics project (for embryonic electronics) is 
inspired by the basic processes of molecular biology and 
by the embryonic development of living beings [12], [ 3 ] .  
By adopting certain features of cellular organization, and 
by transposing them to the two-dimensional world of inte- 
grated circuits on silicon, we have already shown that prop- 
erties unique to the living world, such as self-replicution 
and self-repair, can also be applied to artificial objects (in- 
tegrated circuits) [4]. 

Our final objective is the development of very large scale 
integrated (VLSI) circuits capable of self-repair and self- 
replication. Self-repair allows partial reconstruction in case 
of a minor fault, while self-replication allows the complete 
reconstruction of the original device in case of a major fault 

These two properties are particularly desirable for com- 
plex artificial systems requiring a very high level of reliabil- 
ity in different kind of applications. 

[41. 

0 Short-term applications such as avionics, medical elec- 
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In order to illustrate to the general public the original fea- 
tures of the Embryonics project, we decided to realize a gi- 
ant electronic watch capable of self-repair and self-healing. 
In addition to its pedagogical virtues, this project introduces 
a new concept, the reconjiguruble computing tissue, that 
binds tightly together reprogrammable logic circuits (FP- 
GAS), input units (touch-sensitive buttons) and output units 
(LED-matrix displays). 

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 or molecules, 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 beat- 
ing 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 mod- 
ule (wounding) or its removal from the module (healing). 
The watch will automatically repair after each aggression 
(cicatrization). When the number of faults exceeds a criti- 
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cal value, the watch dies, the wall plunges once more into 
darkness, and the complete life cycle begins anew. 

The first part of this paper is devoted to a macroscopic 
description of the Biowatch project. Section 2 describes the 
two architectural features of our artificial organism: multi- 
cellular organization (the organism consists of an array of 
identical physical elements, the cells) and cellular differ- 
entiation (each cell contains the complete blueprint of the 
organism, that is, its genome, and specializes depending on 
its position within the array). While maintaining the correct 
time, our multicellular organism is capable of self-repair 
(it can automatically replace one or more faulty cells) and 
self-healing (it can automatically recover one or more cells, 
should the fault disappear). 

The microscopic structure of the cell relies on three fun- 
damental features: multimolecular organization (the cell is 
itself decomposed into an array of physically identical ele- 
ments, the molecules), molecular configuration (the bound- 
aries between cells and the position of spare molecules 
are defined thanks to a cellular automaton), and fault de- 
tection within each molecule leading to the self-repair of 
the cell (through the replacement of the faulty molecules). 
This structure is described in the second part of this pa- 
per (Section 3). The current implementation of our recon- 
figurable computing tissue, the Bio Wall (bio-inspired elec- 
tronic wall), forms the core of Section 4, which constitutes 
in fact a description of the molecular level of our system. 

2 BioWatch’s macroscopic description: the 
organismic level 

In the framework of electronics, the environment in 
which our quasi-biological development occurs consists of 
a finite (but as large as desired) two-dimensional space of 
silicon. This space is divided into squares or cells. Since 
such cells (digital systems) have an identical physical struc- 
ture, i.e. an identical set of processing resources and of con- 
nections, the cellular array is homogeneous. Only the state 
of a cell, i.e. the contents of its registers, can differentiate it 
from its neighbors. 

Our artificial organism is designed to count and display 
hours, minutes, and seconds, from 00h00’00” to 23h59’59”. 
The input signal used for synchronizing the units of seconds 
is delivered by wireless broadcast. 

2.1 Multicellular organization 

Multicellular organization divides the artificial organism 
(ORG) into a finite number of cells (Figure I), where each 
cell ( C E L L )  realizes a unique function, corresponding to 
a modulo-n counter called the gene of the cell. The same 
organism can contain multiple cells of the same kind (in the 
same way as a living being can contain a large number of 

cells with the same function: nervous cells, skin cells, liver 
cells, etc.). Moreover, each cell is associated with some 
output state. 

x= 1 2 3 4 5 6 . . 
h a w s  minutes -CO“& 

Figure 1. Multicellular organization of the 
BioWatch organism. In this example, 
BioWatch displays 23h59’59”. 

Our Bio Watch is thus a one-dimensional artificial organ- 
ism implemented with six cells and featuring four distinct 
genes (“mod 10” for counting the units of seconds or min- 
utes, “mod 6” for counting the tens of seconds or minutes, 
“mod 10/4” for counting the units of hours depending on 
the value of the tens of hours, and “mod 3” for counting the 
tens of hours). The output state is the current value of the 
elapsed time and varies from 0 to 9 (for units of seconds, 
minutes, and hours), from 0 to 5 (for tens of seconds and 
minutes), and from 0 to 2 (for tens of hours). 

2.2 Cellular differentiation 

Let us call operutive genome (OG) the set of all the 
genes of an artificial organism, where each gene is a unique 
function characterized by the position of the cell (its coor- 
dinates X ,  Y ) .  Figure 1 then shows the operative genome 
of BioWatch, with the corresponding horizontal ( X )  coor- 
dinate; the vertical ( Y )  coordinate can be ignored in this 
particular unidimensional case. Let then each cell contain 
the entire operative genome (Figure 2a): depending on its 
position in the array, i.e. its place in the organism, each cell 
can interpret the operative genome and extract and execute 
the gene which configures it. 

In summary, storing the whole operative genome in each 
cell makes the cell universal: it can realize any gene of the 
operative genome, given the proper coordinates, and thus 
implement cellular differentiation. 

In our artificial BioWatch, any cell C E L L [ X ]  computes 
its coordinate X by incrementing the coordinate W X  of 
its neighbor immediately to the west (Figure 2b). Any cell 
C E L L [ X ]  can thus be formally defined by a set of modulo- 
counting operations (its operative genome OG) and by its 
coordinate X .  In the case of BioWatch, we have the opera- 
tion table of Figure 3. 
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X. 1 2 3 5 6 

Figure 2. Cellular differentiation of the 
BioWatch organism. (a) Global organization; 
OG: operative genome (genes and coordi- 
nates). (b) Central cell CELLIX] with its west 
neighbor CELL[WX] .  

count modulo 3 (tens of hours) 
count modulo 1014 (units of hours) 
aunt  modulo 6 (tens of minutes) 
wunt modulo 10 (units of minutes) 
aunt  modulo 6 (tens of seconds) 
wunt  modulo 10 (units of seconds) 

Figure 3. The operative genome OG of the 
BioWatch organism. 

2.3 Organism’s self-repair and self-healing 

In order to implement self-repair and self-heuling, we 
need to add spare cells (SC) to the right of the original uni- 
dimensional organism (Figure 4). These cells are defined 
by the coordinate X = 7. 

The existence of a fault is detected by a K I L L  signal 
which is produced at the cellular level (see Section 3). The 
state K I L L  = 1 identifies the faulty cell which is deacti- 
vated (column X = 4 in Figure 4). All the hnctions ( X  
coordinate and gene) of the cells at the right of the column 
X = 3 are shifted by one column to the right. Obviously, 
this process requires as many spare cells, to the right of the 
array, as there are faulty cells to repair (two spare cells tol- 
erating two successive faulty cells in the unidimensional ex- 
ample of Figure 4). It also implies that the organism has the 
capability of bypassing the faulty cell 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). 

The disappearance of the K I L L  signal ( K I L L  = 0) 
means that the faulty cell (column X = 4 in Figure 5) has 
recovered all its functionalities at the cellular level and can 
be reactivated. All the coordinates and the genes of the cells 
at its right are then shifted by one column to the left and our 

X I  1 2 3 7 4---m5---m6\7 

x= 1 2 3 4 5 6 I 

Figure 4. Self-repair of the 6-cell BioWatch or- 
ganism with two spare cells and one faulty 
cell; SC = spare cell. 

organism possesses two spare cells again. While perform- 
ing the self-repair and self-healing processes, the BioWatch 
maintains the correct time (23h59’59” in Figures 4 and 5). 

C Direcllan ofrel-healmg 

x= 1 2 3 7 
/ 4 / 5 / - - - 6  

x= 1 2 3 4 5 6 7 7 

Figure 5. Self-healing of the 6-cell BioWatch 
organism after a faulty cell is recovered. 

3 BioWatch’s microscopic description: the 
cellular level 

As mentioned previously, each cell is a digital system 
implementing the data processing of our artificial genome, 
the operative genome OG (Figure 3). The need to realize 
organisms of varying degrees of complexity has led us to de- 
sign an artificial cell characterized by ajexible architecture, 
that is, itself configurable. It will therefore be implemented 
using a new kind of fine-grained field-programmable gate 
array (FPGA). We will illustrate the use of this FPGA 
through the design of the basic cell of our BioWatch. 

3.1 Multimolecular organization 

Each element of our FPGA (consisting essentially of 
a multiplexer associated with a programmable connection 
network) can be seen as equivalent to a molecule, and an 
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appropriate number of these artificial molecules allows us 
to realize application-specific digital systems. We will call 
multimolecular organization the use of many molecules to 
realize one cell. 

A consequence of our choices is that we require a 
methodology to generate, starting from a set of specifica- 
tions, the configuration of our FPGA, consisting of a homo- 
geneous network of molecules, defined by an identical ar- 
chitecture and a usually distinct state (the molecular code, 
or MOLCODE).  

To fulfill this requirement, we have selected a partic- 
ular representation: the ordered binary decision diagram 
(OBDD) [I] ,  [2], [7]. This representation, with its well- 
known intrinsic properties such as canonicity, was chosen 
for two main reasons. 

1. It is a graphical representation which exploits well 
the two-dimensional space and immediately suggests 
a physical realization on silicon. 

2. Its structure leads to a natural decomposition into 
molecules realizing a logic test, easily implemented by 
a multiplexer. 

The reconfigurable molecule, henceforth referred to as 
MUXTREE (for multiplexer tree), consists essentially of 
a programmable multiplexer (with one control variable), a 
D-type flip-flop, and a switch block allowing all possible 
connections between two horizontal and two vertical long- 
distance busses. The behavior of a MUXTREE molecule, 
described in detail elsewhere [6](pp. 135-143), [4], is com- 
pletely defined by a molecular code organized as a 20-bit 
data MOLCODE19 : 0, itself stored in a conjgurution 
register CFEG. 

Each artificial cell of our BioWatch embeds a digital sys- 
tem designed to implement the six genes of the operative 
genome OG (Figure 3). The execution of these genes de- 
pends solely on the X coordinate. A seventh gene is needed 
only to identify the spare cells (SC). 

The final cell (Figure 6) is specially designed to fit into 
an array of MUXTREE molecules. This structure involves 
the following processing resources: 

0 a 4-bit current time register REG(Q3 : 0); 

e a 4-bit duplicate time register REG(D3 : 0); 

0 a I-bit test register REG(T); 

0 a 1-bit healing register REG(H); 

0 a 4-bit time incrementer INC(I3 : 0);  

0 a 3-bit coordinate incrementer INC(X2 : 0); 

0 a 7-bit decimal display decoder DEC(S1 : 7); 

WT 
WH 
RC 

wx2:o 

wa3:o 
Q3:O 

T 
H 
C 
X2:0 

Q3:O 
~ a 3 : o  

Figure 6. Block diagram of the BioWatch arti- 
ficial cell. 

0 a 1 -bit ripple count circuit RCC(RC). 

The cell also includes a control part which regulates the 
operations executed by the registers (Figure 7). As shown 
in the figure, these operations depend on the values of the 
test and healing bits of the cell itself (T,  H )  and of the first 
neighboring cell to the west (WT, W H ) .  In the normal 
time counting mode ( W N  = 0, H = 0, WT = T’), the 
duplication of the current time is effected at each clock cy- 
cle (Figure 8). When a faulty cell is detected by its first 
neighboring cell to the right ( W H  = 0, H = 0,  WT = T) ,  
a multiple clock cycle self-repair process (Figure 9) se- 
quentially copies the duplicate time and thus allows our 
BioWatch to maintain the current time. When the faulty 
cell recovers ( H  = l), a multiple clock cycle self-healing 
process (Figure 10) shifts the current time sequentially back 
to the left. 

Figure 7. Operation table of the BioWatch ar- 
tificial cell. 

a 
D 
T 
h 

Figure 8. Duplication of the BioWatch’s cur- 
rent time. 

Based on the OBDD decomposition of its resources, the 
MUXTREE implementation of the BioWatch artificial cells 
leads to the 18 x 18 array of molecules shown in Figure 1 1. 
As can be seen in the center of the figure, the 7-segment 
display of the current time data is part of the array. This is 
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Figure 9. Time-preserving self-repair process 
of the BioWatch organism. 

Q 
D 
T 
H 

Q 
D 
T 
ti 

Q 
D 

H 
T 

0 
D 
T 
H 

0 
D 
T 
U 

0 
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Figure 10. Time-preserving self-healing pro- 
cess of the BioWatch organism. 

done in order to take full  advantage of the reconfigurable 
comoutine. tissue introduced in Section 4. 

3.2 Molecular configuration 

The information contained in the MOLCODE defines 
the logic function of each molecule. To obtain a functional 
cell, i.e. an assembly of MUXTREE molecules, we require 
two additional pieces of information, defining the physical 
position of each molecule within a cell and the presence 
and position of the spare columns required by the self-repair 
mechanism (Subsection 3.3) .  

The mechanism which we have adopted consists of in- 
troducing in the FPGA a regular network of automata (state 
machines) called space divider [6] ,  [IO],  [ 1 11. We callpoly- 
meruse genome PG the sequence of states that needs to be 
applied to the lower left hand automaton in order to divide 
the entire space into cells. If the states C ,  V, and N rep- 
resent respectively corner, vertical, and horizontal bound- 
aries: 

PG C,V * [h  - 1],H * [W - 1],C ,... (1 )  

defines a cell h molecules high and ‘ui molecules wide. 
In this relation, where the notation X * [n] represents the Figure 11. The 18 x 18 = 324 MUXTREE 
state X repeated 11 times, the presence of spare columns molecule array of the BioWatch’s artificial 
is indicated by replacing one or more occurences of H by cell. 
S .  The BioWatch artificial cell shown under construction 
in Figure 12 with two columns of spare molecules results 
therefore from a cycle of the following states: 

PG = c, v * ir, H 8,  s, H * Y,S,C, ... (2) The details of the design of the space divider are de- 
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t P G  time = 0 

t PG time = 37 

~ P G  time = 74 

t P G  time = 18 

I PG time = 55 

t P G  time= 111 

Figure 12. The BioWatch’s space divider 
(height=18, width=20, 1 spare column out of 
I O ) .  

scribed elsewhere [4]. 

3.3 Molecular fault detection 

The specification of the molecular self-repair system 
must include the following features: 

it must operate in real time, in response to the activa- 
tion of the push-button included in each molecule; 

it must preserve the memorized values, that is, the state 
of the D-type flip-flop and the MOLCODE of each 
molecule; 

it must assure the automatic repair at the cellular level; 

in case of multiple faults, it must generate a global sig- 
nal K I L L  = 1 that activates the suppression of the 
cell and starts the self-repair process of the complete 
organism, or K I L L  = 0 which activates the self- 
healing process (Subsection 2.3). 

To meet the specifications, and in particular the require- 
ment that the hardware overhead be minimized, our self- 
repair system exploits the programmable frequency and dis- 
tribution of the spare columns (Subsection 3.2) by limiting 
the reconfiguration of the array to a single molecule per line 
between two spare columns (Figure 13). This choice al- 
lows us to minimize the amount of logic required for the 
reconfiguration of the array, while keeping a more than ac- 
ceptable level of robustness. 

spare 
column 

0 active 

faulty 

spare 

molecule 

molecule 

molecule 

Figure 13. The self-repair mechanism for an 
array of MUXTREE molecules. 

4 Conclusion: toward a reconfigurable com- 
puting tissue 

The BioWall (bio-inspired electronic wall) [5] is an on- 
going project in our laboratory. This wall is intended to 
be a reconfigurable computing tissue capable of interact- 
ing with its environment by means of a large number of 
touch-sensitive elements coupled with two-color LED dis- 
plays. Figure 14 shows a prototype of its hardware imple- 
mentation. The 160 x 20 = 3200 molecules of its final 
implementation will allow us to configure the six cells of 
our BioWatch organism and two extra spare cells. Each 
molecule is made up of a transparent touch-sensitive el- 
ement, a two-color 8 x 8 dot-matrix LED display, and 
a reconfigurable Xilinx Spartan XCS 1 OXL FPGA circuit 
(Figure 15). Within the molecule, the transparent touch- 
sensitive element and the LED display are physically joined 
by an adhesive film. As each of the molecules provides the 
same connections to its four direct neighbors, the BioWall 
is homogeneous and fully scalable. 

In the BioWatch application (Figure 16), the touch- 
sensitive element of the BioWall molecule acts as a push- 
button used to render the molecule faulty or healthy again. 
The LED display shows the boundaries, the spare columns 
and the current time of the cell, as well as the faulty or 
healthy state of the molecule. The configuration of the Xil- 
inx FPGA implements all the MUXTREE molecule speci- 
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transparent 
louch-sensitive 

element 

Figure 14. The present BioWall prototype con- 
sisting of about 20  x 20 = .100 molecules (Pho- 
tograph by A. Badertscher). 

fications in the BioWall molecule. 
The programmable robustness of our system depends on 

a redundancy (spare molecules and cells) that is itself pro- 
grammable. This feature is one of the main original contri- 
butions of the Embryonics project. It makes possible to pro- 
gram (or reprogram) a greater number of spare molecules 
and spare cells for operation in hostile environments (e.g., 
space exploration). A detailed mathematical analysis of the 
reliability of our systems is currently under way at the Uni- 
versity of York [8], [9]. 

With respect to this design process, the programming of 
the molecular array of MUXTREE elements, our reconfig- 
urable tissue, takes place in the following order. 

1. 

2. 

The polymerase genome (PG)  is injected in order to 
set the boundaries between cells and define the spare 
columns. 

The operative genome (OG), i.e. the string of 18 x 
18 = 324 MOLCODES, is injected in order to con- 
figure the BioWatch cell and to fix the final architecture 

wwolor 
LED display 

FPGA 
reconfigurable 

circuit 

connection~ 
to neighbwing 

molecules 

Figure 15. The basic molecule of the recon- 
figurable computing tissue. 

Figure 16. The BioWall implementation of the 
8-cell BioWatch (Computer graphic by E. Pe- 
trag l i 0).  

of the digital system inside the cell. 

Echoing biology, we have faced complexity by dccom- 
posing the organism into cells and then the cells into 
molecules. This decomposition implies two configuration 
steps: the polymerase genome organizes the space by defin- 
ing the cells’ boundaries and the operative genome defines 
the architecture of each cell as an array of molecules defin- 
ing a digital system able to accomplish the required task. 
The Latin motto “divide and conquer” maintains its rele- 
vance even today. 
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