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This paper presents parallel cellular machines that evolve to solve computa-
tional tasks. These evolving cellular machines demonstrate bigh performance for
the synchronization task. An FPGA implementation of such a cellular macbine
dedicated to 1his specific problem proves that evolving bardware (evolicare) can
be attained. In the described implementation, the machine's only ik to the
outside world is an external power supply. This machine exhibits therefore on-line

autonomous evolution.

1. Introduction

The general issue of evolving
machines is considered in the following
paper. While this idea finds its origins in
the cvbemetic movement of the 1940s
and the 1950s, it has recently resurged in
the form of the nascent field of bio-in-
spired svstems and evolvable hardware
.

In what follows, we present paralle!
cellular machines that are able to evolve
in order 1o solve computational tasks
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[2]. We describe an example of such a
task. synchronization, and an algorithm
specifically dedicated to its resolution.
The FPGA implementation of the corre-
sponding parallel cellular machine is
based on a non-uniform one-dimension-
al cellular automaton.

In Section 2, we present general con-
siderations about evolving cellular ma-
chines. We introduce in panicular the
cellular automaton as the central part of
these machines. Section 3 deals with the

k=2, N=56, r=1

Fig. 1

synchronization task. It defines a cellular
programming algorithm {3] that admits
a direct hardware implementation. In
Section 4, we describe our FPGA-based
realization where evolution takes place
within the machine itself. This realiza-
tion needs no external device apart from
a power supply. Finally, our conclusions
are presented in Section 5.

2. Evolving cellular machines
We consider parallel cellular ma-
chines able to evolve. The heart of such
machines is a cellular automaton. A
cellular automaton (CA) is a dynamical
system in which space and time are dis-
crete. It consists of an array of cells, each
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of which can be in one of 2 finite number
of possible states. These states are
updated synchronously in discrete time
steps according to a local interaction
rule. The state of the cell at the next time
step is determined by the current states
of a surrounding neighbourhood of
cells. The state transition is usually spec-
ified in the form of a rule table, delineat-
ing the cell’s next state for each possible
neighbourhood configuration {4]. The
cellular array (grid) is n-dimensional,
where n=1,2,3 is used in practice. In this
paper, we will consider a one-dimen-
sional grid (n=1) of N=56 cells (Fig. 1).
When the interaction rules are not
necessarily identical for all the cells of
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the grid, the CA is termed non-uniform
[2;. 1t will therefore be a non-uniform
one-dimensional CA with two possible
states (k=2) and a one ccll left and right
neighbourhood (r=1). The =8 next-
state bits of the rule table constitute the
genome of the cell (Fig. 2). Inidially ran-
dom in each cell, this genome has to be
evolved in order to resolve the computa-
tional task. This involves some addition-
al logic to complete the evolving cellular
machine.

3. The sychronization task

The phenomenon of synchronous os-
cillations occurs in nature (3], A striking
example of it is exhibited by fireflies.
Starting from totally  uncoordinated
flickerings. thousands of such creatures
may flash on and off in unison after a
while. In this process, the own rhythm
of each insect changes only through lo-
calinteractions with its near neighbours’
lights.

Starting from a random configuration
of the CA, our machine converges to an
alternation of global turn on and turn off
of the 56 cells after approximately M
time steps (Fig. 3). In order to attain this
result, the machine has first to undergo
evolutionarv runs of the genetic algo-
rithm (Fig. 4) that will determine the in-
dividual genome of each cell. In the ini-
tialization phase of the algorithm, the

individual fitness fi of each cell and the
global random configuration counter ¢
are set to zero. lterated € times, the fit-
ness run starts from a global random
configuration, performs M time steps
and considers that an individual cell has
a HIT when its last four states were suc-
cessively 0,1,0,1. 1f there is a HIT for a
given cell, its fitness fi is incremented by
one. The genetic run compares the fit-
ness of each cell with those of its first left
and right neighbours. Depending on the
number of fitter neiglibours, the cell
keeps its genome if there is no fitter one,
takes the genome of the single fitter one
(replace operation) or adopts as ge-
nome a random combination of those of
the two fitter ones (crossover opera-
tion).

4. FPGA implementation

In order to control the individual cells
of the cellular automaton, the FPGA re-
alization of our evolving machine imple-
ments three global devices: (1) a 32-bit
random number generator, (2) a 3-digit
programmable random  configuration
counter, and (3) a 2-digit programmable
lime step counter.

The random number generator is a
32-bir linear feedback shift register (LF-
SR). It produces the random bit stream
that cycles through 2.1 different val-
ues.
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The random configuration counter
cycles from 0 up to C<999. It produces
the signal genetic_run whenever it
reaches the value of the parameter C.

The time step counter cycles from 0
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up to M=99. It produces the signal
fitness_run whenever it reaches the val-
ue of the patameter M.

In addition to initialization, these
are all the signals that are needed to
drive the cellular automaton. Each indi-
vidual cell of the automaton involves five
kind of devices: (1) a 1-bit state cell, (2)
eight 1-bit rule cells, (3) a hit detector,
(#) a 2digit fitness
counter, and (3) two 2-
digit fitness compara-
tors.

The state cell (Fig. 5)

random

rithm, or from one of the rule states Rij
in accordance with the current neigh-
bourhood of states, otherwise.

Each rule cell (Fig. 6) is loaded ran-
domly during the initialization phase of
the algorithm. During the genetic run,
and depending on the number of fitter
neighbours, it can keep its state Rij or
choose one (Ri-1j or Ri+1j) from its first
left and right neighbours.

The hit detector (Fig. 7) is based on a
4-bit shift register that stores the four
last states Qf. It produces a signal HIT
whenever these last four states were
0,1,0,1, and the signal fitness_run is ac-
tive. The signal HIT allows the incremen-
tation of the value fi of the fitness coun-
ter.

The two comparators determine
whether the fitness of the automaton
cell is smaller than those of the first left
neighbour (fi<fi-1) and of the first right
neighbour (fi<fi+1).

5. Conclusion

In this papers we considered evolving
celiular machines designed to solve
computational tasks. The synchroniza-
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termined  either ran-
domly, during the ini-
tialization phase and the

fitness run of the algo-
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tion problem was chosen as an example
of such a task. The FPGA implementa-
tion of the corresponding algorithm
proved that evolving hardware (evol-
ware) can be attained. This implementa-
tion, dubbed firefly machine, was real-
ized on a single board using nine Xilinx
XC5210 chips (photo on page 40). The
hoards’s onlv link to the outside world is
an external power supply. The firefly ma-
chine exhibits therefore on-line autono-
mous evolution.

As a result of the evolution process,
the CA of our implemented machine can
converge 10 a quasi-uniform solution ex-
hibiting only two distinct rules (Fig. 8).
Applving these rules to the random ini-
tial configuration of Fig. 9, the synchro-
nization task is achieved after 51 time
steps.

Evolving cellular machines holds po-
tential both scientifically as well as prac-
tically. Scientifically, they will help to
study phenomena of interest in arcas
such as complex adaptive systems. Prac-
tically, they also show a range of future
application ensuing the construction of
adaptive systems.
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Informatik-Olympiade

Medaille fiir einen Gymnasiasten aus Aarau

In Kapstadt fand vom 30. November
bis 7. Dezember 1997 die neunte Inter-
nationale  Olympiade in Informatik
{I01'97) statt, 57 Delegationen aus aller
Welt mit insgesamt 221 Schiilem sowie
{iber 100 Betreuern und wissenschaftli-
chen Begleitern nahmen an diesem von
der UNESCO unterstiitzten Wettstreit
im algorithmischen Programmieren teil.
Besonders begabte Jugendliche (meist
Sieger von nationalen Wettbewerben
und in Kursen speziell gefrdert) hatten
Gelegenheir, ihr fachliches Interesse an
der Informatik zu vertiefen und sich mit
Gleichgesinnten in ihren Leistungen zu
messen.

Unser Land beteiligte sich in Kapstadt
zum sechsten Mal an einer Informatik-
Olvmpiade und wurde von Peter Kauf-
mann (Alte Kantonsschule Aarau), Tobi-
as Kaufmann (Alte Kantonsschule Aar-
au) und Arséne von Wyss (Bern)
vertreten. Sie nahmen erfolgreich an der
nationalen Ausscheidung (SIW'97) an
der ETH Ziirich teil.

Die Olympiadeteilnehmer hatten un-
ter Verwendung cines PCs an den zwei
Wettkampftagen je drei Aufgaben zu be-
arbeiten. Die Aufgaben waren algorith-
mischer Natur und erforderten zu ihrer
Lisung keine Hardware-bezogenen Spe-
zialkenntnisse. Verlangt wurden korrek-
te und effektive Algorithmen.

Die verwendeten Programmierspra-
chen waren Borand Pascal, Borland
C++ und QuickBasic. 25 siidafrikani-
sche Informatik-Fachleute und eine
intenationale Jury sorgten fiir eine kor-
rekte und ausgewogene Bewertung.

An den weubewerbsfreien Tagen
wurden Exkursionen in die Umgebung
von Kapstadt organisiert. Hohepunkt
war eine Fahrt (mit der Schweizer Seil-
bahn) auf den weltbekannten Tafelberg.
Dariiber hinaus nutzten die Teilnechmer
die Gelegenheit, um personliche Bezie-
hungen mit jungen Menschen anderer
Nationen aufzubauen und um Wissen
und Erfahrung aufinternationaler Ebene
mit Schiilern auszutauschen, die gleiche
Interessen und dhnliche Vorkenntnisse
haben.

Die Preise und Medaillen wurden in
einer Feierstunde im Cape Town Civic
Centre vor zahlrcichen Gisten aus Poli-
tik und Wissenschaft verlichen. Die
héchste Punktzahl mit 462 Punkten (bei
maximal 600 Punkten) erreichte ein
Schiiler aus Russland. Er erhielt eine
Goldmedaille, cinen PC und einen Wan-
derpokal.

Auch ein junger Schweizer wurde
ausgezeichnet: Tobias Kaufmann, Gym-
nasiast aus Aarau, hat seine Kompetenz
im Problemldsen mit Computern ein-
driicklich bewiesen und erhielt eine
Bronze-Medaille.

Die Beschickung der Informatik-
Olympiade wurde ermdglicht durch die
grossziigige finanzielle Unterstiitzung
des Bundesamues fiir Bildung und Wis-

senschaft, 3001 Bern
der CAREAL HOLDING AG, 8022 Ziirich
der Ciba Specialty Chemicals Lid, Johan-

nesburg
der LETEC AG, 8603 Schwerzenbach
der NOK, 5401 Baden



