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Abstract

The study of intrinsic hardware evolution relies

heavily on commercial FPGA devices which can

be configured in real time. Use of these devices

presents certain drawbacks to the researcher

desirous of studying the fundamentals of

hardware evolution, since he has no control over

the arch
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component to be used, logical functions,

amplification factors etc.  An initial population

of strings is created at random, and each

individual string is evaluated according to how

well the circuit it represents (the phenotype)

achieves some behavioural specification, or

fitness function.  A breeding phase follows,

using a variety of genetic operators depending

on the particular EA used,  in which fitter

individuals are likely to survive and/or have

offspring, and less fit individuals are likely to die

out.  The circle of evaluation-breeding continues

until a fitness level equating to the solution of

the problem is achieved.

2.2 Choice of EA

At present there is little consensus among

researchers as to the most appropriate EA for

hardware evolution.  Among those currently

being explored are Genetic Algorithms (GA)

(Holland, 1975), Genetic Programming (GP)

(Koza, 1992), and Evolutionary Programming

(EP) (Fogel et al.,1966).  The selection of a

particular EA often depends on the researcher’s

desire to incorporate domain specific knowledge

into the evolutionary process.  Koza has pointed

out differences in GP trees and electronic circuit

graphs (Koza et al., 1996a) olln1996a) c  c ar do coh st uc ting r ed c volutio h
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components; or fluctuations on the power lines

can be exploited.  Unfortunately, since circuits

are usually instantiated on configurable

integrated circuits such as FPGAs, analysis is

difficult or impossible because the internal parts

of these devices are inaccessible to measuring

equipment.  Furthermore, the variety of currently

available configurable devices suitable for EHW

is severely limited, mainly to digital functions.

3 Target domains for EHW

3.1 EHW versus conventional design
techniques

Electronic circuitry is currently designed using a

methodology that is now firmly established -

successive divisions or abstractions of the main

task into sub-tasks which can be tackled using

industry-standard building blocks.  The building

blocks used in this process are either custom-

designed integrated circuits (for example

oscillators, multiplexers, amplifiers, logical

functions, etc.) or configurations of discrete

components whos
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operational amplifier; two-band crossover filter

for loudspeakers (Koza et al, 1996b); Slow

oscillator and Tone discriminator (Thompson,

1996b).  Note however, that of these examples,

only the slow oscillator and Tone discriminator
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population moved away from the isolated global

optimum in favour of the slightly inferior fitness

peak.  After investigating the effect further with

NK fitness landscapes (Kaufmann, 1993)

Thompson concl



7

3.5 Complex behaviour

Complexity is a relative term.  EHW is nowhere

near producing its first aircraft control system,

hence I use the ter
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parameter (sometimes loosely referred to as the

DC current gain) for bipolar transistors.  One

commonly used transistor, the BC109 has a

typical value of 350 for this parameter, the value

adopted by most simulations.  However, in

physical BC109s hFE varies from 200 to 800

(SGS-Thompson, 1989).  The value is further

dependent on factors such as collector current

and temperature.  Thus evolved circuits which

assume a consistent value for hFE are extremely

unlikely to work in practice.  Conventional

engineering has already surmounted this

particular problem - Whilst an amplifier can be

constructed using only two external resistors

around a BC109 whose hFE is known, the circuit

would fail altogether if a different BC109 were

to be  substituted.  In practice the amplifier is

designed so that its functionality is dependent

only on hFE being above a certain minimum

value, however such amplifiers require

approximately four times as many external

components (Horowitz & Hill, 1989). hFE is just

one of many parameters associated with

semiconductor devices whose values vary

significantly in reality.  Conventional

engineering has coped by using years of analysis

to produce circuit topologies whose behaviour is

independent of parameters known to vary within

component batches, these standard topologies

then being employed universally as building

blocks.  If EHW is to be used to design circuit

topologies which can be reliably instantiated in

hardware then some method for evolution to take

manufacturing tolerance into account must be

found.

4.2.2 Portability of intrinsically evolved
circuits
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5 The Evolvable Motherboard - A

testbed for hardware evolution

5.1 Surmounting obstacles in
unconstrained intrinsic EHW

With its rich dynamics, efficient use of silicon

and ability to realise directly in hardware new

ways of exploiting electronic components,

unconstrained intrinsic EHW h
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be configured with various different switches to

determine whether subtle properties of particular

switches are indeed being exploited, and part of

the analytical procedure will include duplicating

the circuit on conventional platforms,

substituting the switches with resistors.  If for

example switch capacitance is being exploited, it

should show up at this stage.

5.1.4 Dealing with illegal configurations

Of the many circuit configurations possible with

this testbed, certain of them could lead to its self-

destruction.  An obvious example of this is if the

power lines become shorted together.  Each

switch can only handle a relatively small current

(around 25mA) and if this current is exceeded,eln Ao 
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6 Experimentation and results

To illustrate the capabilities of the motherboard,

and to highlight its potential as a tool for

investigating many issues current in EHW, three

experiments are presented in this section. While

the tasks are relatively simple, the following

experiments are significant in that they are the

first ever circuits evolved intrinsically at the

transistor level.

6.1 An intrinsically evolved NOT Gate

As a starting point for experimentation, bipolar

transistors were used as the evolutionary

building block, and the task was to evolve a

NOT gate.  Whilst in itself a fairly trivial

function, the NOT gate is an interesting test,

firstly because as with many digital functions,

evolution can easily tend to a local optimum

which does not achieve the required behaviour,

and secondly because it is difficult to envisage

how gradual improvement can be catered for by

the fitness function.

6.2 The experimental set-up

Figure 6.1 shows the complete experimental set-

up.  The digital input to the testbed is provided

by a personal computer via a digital I/O board,

and the output is connected to an A/D converter

card in differential mode to minimise external

noise.  R1 prevents the I/O card being damaged

should its output be shorted to the power supply

lines, and is of a high value to encourage the

evolved circuit to have a high input impedance.

A high value of R1 also prevents configurations

that would use the input to power the circuit -

undesirable for digital devices.  R2 is a necessary

requirement when using the A/D converter in

differential mode.  The testbed is powered by

two separate supplies (not shown): one to

provide a +5V supply for the analogue switches,

and the other to provide the lower voltage supply

to the evolved circuit.  By setting the appropriate

switches, evolution can make whatever use of

this supply it requires, including none, but it

does not have access to the +5V switch supply.

The evolutionary algorithm used was a

generational GA with single-point crossover,

rank-based selection, and elitism.  Only a small

portion of the testbed was available for this

simple circuit, allowing the use of just one NPN

transistor and one PNP.   To evaluate the circuit,
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6.5 Evolving a NOT gate from scratch

One unexpected observation from various

experimental runs with the hand-seeded gate

was that the fit
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for previous experiments, however the

normalisation factor was changed from 1/5 to

1/250 to ref
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