
Explorations in Design Space: Unconventional
electronics design through arti�cial evolution

Adrian Thompson, Paul Layzell, Ricardo Salem Zebulum

Abstract|Three hypotheses are formulated. First, in the
`design space' of possible electronic circuits, conventional

design methods work within constrained regions, never con-
sidering most of the whole. Second, evolutionary algorithms
can explore some of the regions beyond the scope of con-
ventional methods, raising the possibility that better designs
can be found. Third, evolutionary algorithms can in practice
produce designs that are beyond the scope of conventional
methods, and that are in some sense better.

A recon�gurable hardware controller for a robot is
evolved, using a conventional architecture with and with-
out orthodox design constraints. In the unconstrained case,
evolution exploited the enhanced capabilities of the hard-
ware. A tone discriminator circuit is evolved on an FPGA

without constraints, resulting in a structure and dynamics
that are foreign to conventional design and analysis. The
�rst two hypotheses are true.

Evolution can explore the forms and processes that are
natural to the electronic medium, and nonbehavioural re-
quirements can be integrated into this design process, such
as fault tolerance. A strategy to evolve circuit robust-

ness tailored to the task, the circuit, and the medium, is
presented. Hardware and software tools enabling research
progress are discussed. The third hypothesis is a good
working one: practically useful but radically unconventional
evolved circuits are in sight.

Keywords| Evolutionary algorithms, Electronics design,
Design automation, Fault tolerance, Evolutionary theory.

I. Introduction

I
MAGINE a design space [1] where each point in that
space represents the design of an electronic circuit. All

possible electronic circuits are there, given the component
types available to an electronics engineer, and the techno-
logical restrictions on how many components there can be
and how they can interact. In this metaphor, we loosely
visualise the circuits to be arranged in the design space so
that `similar' circuits are close to each-other.
The design space is vast. There are oscillators and �l-

ters, �nite-state machines, analogue computers, parallel
distributed systems, von Neumann computers, and so on.
These nestle amongst the majority of circuits for which a
use will never be found. In this paper, we investigate the
following hypotheses:

H1 Conventional design methods can only work within
constrained regions of design space. Most of the whole
design space is never considered.
H2 Evolutionary algorithms can explore some of the re-
gions in design space that are beyond the scope of conven-
tional methods. In principle, this raises the possibility that
designs can be found that are in some sense better.

Centre for Computational Neuroscience and Robotics, and Cen-
tre for The Study of Evolution, School of Cognitive & Computing
Sciences, University of Sussex, Brighton BN1 9QH, UK. (email: adri-
anth, paulla, ricardoz @cogs.susx.ac.uk)

H3 Evolutionary algorithms in practice can produce de-
signs that are beyond the scope of conventional methods
and are, in some sense, better.
Note that the truth of each hypothesis relies in part on

the truth of the preceding ones. In Section II we attempt
to verify the �rst hypothesis by characterising what elec-
tronics designers normally do. Being essentially a work of
anthropology, this is inevitably subjective and open to dis-
pute. We judge that the basic conclusions are robust to
variations in the exact details of how the designer's activi-
ties are conceptualised.
In the case studies of Sections III and IV, the second

hypothesis is veri�ed empirically, to a high degree of con-
�dence. The hierarchical dependency of the hypotheses
means that H1 is also strengthened.
In the �nal section, tools are presented for ongoing re-

search to produce circuits through arti�cial evolution that
are beyond the scope of conventional design, are in some
sense better, and that are practically useful. This is the
third hypothesis. From the experimental results, it is clear
that there can be some special `niches' [1] for unusual cir-
cuits, but it remains to be seen how broadly they can be
applied. We interpret our results as encouraging.

A. Algorithms

Most of the discussion applies equally to any evolution-
ary algorithm (EA), in fact to any search algorithm based
on a process of `generate-and-test'. Since our aim is to
explore design-space as freely as possible, we avoid incor-
porating heuristics into the search that make sweeping as-
sumptions about the characteristics of desirable circuits.
For performance superior to random search, however, some
domain-speci�c search biases are necessary [2]. Hence evo-
lutionary search is used, the bias of which (that future can-
didate circuits should be based on variations of the more
successful earlier ones) makes minimal| but not negligible
| assumptions as to the nature of the circuit itself.
Biases also arise, often unintentionally, from the circuit

representation to which the operators are applied. Skews in
the number of points representing each circuit (or type of
circuit), and clustering of circuit types in the representation
with respect to the operators, can both bias the searching
of even a simple (1+1) evolution strategy [3]. For many
EAs, the local gradient of �tness with respect to the oper-
ators can bias the direction of search, for example towards
relatively `smooth' parts of the �tness landscape [4], [5].
Whether helpful or adverse for search e�cacy, such biases
are not easily avoided, but can sometimes be turned to spe-
ci�c uses such as giving graceful degradation properties to
evolved circuits [6].



Later, when more of the uncharted territory of design-
space has been investigated, the performance of the EA
might be improved by incorporating this heuristic knowl-
edge into the circuit representation, or the variation and
selection operators. In this paper we use basic genetic al-
gorithms (GAs), often with very direct `genetic' encodings.
This is to aid clarity in describing the experiments, and
does not imply that these GAs are particularly e�ective
EAs for these tasks. Note that at any given time, an EA is
searching over accessible variations rather than the entire
design-space [7]; no attempt is made at global search, but
instead at the exploration of new regions.

B. The Objectives of Circuit Design

The objectives of circuit design can be divided into be-
havioural and nonbehavioural requirements:
Behavioural requirements de�ne the desired interaction

between the circuit and its external environment. One pos-
sibility is to describe the required behaviour directly at the
interface between the circuit and environment in the form
of a relationship between inputs and outputs over time:
`Direct behavioural requirements'. Another is to de�ne the
desired behaviour of a larger system in which the circuit is
embedded: `Embedded behavioural requirements'. An ex-
ample of the latter would be to de�ne the required be-
haviour of a robot that the circuit controls, rather than
de�ning the input/output relationship of the controller it-
self. The need to keep electromagnetic emissions within
acceptable limits is often thought of at both direct and
embedded levels: guidelines for the emissions of subsys-
tems, combined with principles for systems-level design to
guarantee overall performance [8].
Nonbehavioural requirements de�ne the resources that

are available to the circuit, and the environmental condi-
tions under which it must continue to operate for some
minimum lifetime at a given maximum failure rate. Ex-
amples of resources are size (silicon or circuit-board area),
weight, power consumption, and construction cost. Exam-
ples of possibly relevant environmental conditions are tem-
perature, output load, power-supply voltage, fabrication
variations, defects (needing fault tolerance), electromag-
netic interference (EMI), humidity, and mechanical vibra-
tion. The combinations and ranges of such environmental
variables under which the circuit must meet its behavioural
requirements can be thought of as de�ning its operational
envelope: a set of points in a space spanned by the envi-
ronmental variables. As an operational envelope consists
partly of ranges of environmental variables, it can be vi-
sualised usefully in terms of regions for correct operation
(Fig. 1). In general, an operational envelope may be of ar-
bitrary structure, so this visual metaphor should be used
with care.
We describe a circuit that performs adequately through-

out the operational envelope de�ned for its task as being
robust.
Not included above is the need to minimise the time and

cost of the design process. At �rst sight this is not a re-
quirement on the circuit itself, but in fact if the circuit
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Fig. 1. Visualising an operational envelope.

is designed so as to be rapidly and rigourously testable,
and able to be easily modi�ed to �x design or speci�ca-
tion errors, then time to market is reduced. Additionally,
a product lifecycle often includes the release of updates, or
specially customised versions of the original design, requir-
ing a readily modi�able design. Finally, engineering design
is often a process of `design exploration' [9] in which partial
attempts to solve the problem are used iteratively to re�ne
the requirements speci�cation into a useful form.
Hence a circuit must be evaluated according to many

di�erent criteria. For example, there can be as many as 20
di�erent criteria composing the requirements for a commer-
cial operational ampli�er, [10], [11]. Typically, some of the
criteria should be maximised or minimised, while others
provide hard constraints. EA methods for multi-criteria
[12] and constrained optimisation [13] are well developed
and there is potential for them to be adapted and extended
for electronics design [14], [15], [16], [17], [18], [19], [20].

C. Unconstrained Evolutionary Electronics

In this paper, the `unconstrained' approach to evolution-
ary electronics is developed. We deliberately seek to ex-
plore beyond the scope of conventional design in the hope
of �nding circuits that are in some way superior in a prac-
tical setting, according to some combination of the many
criteria above. This was stated as hypotheses H1{3, where
what is meant by `in some sense better' has now been clar-
i�ed.
The need to reduce design time and cost means that elec-

tronics design automation through EAs could be pro�table
even if constrained to work within the same sphere as con-
ventional design. By concentrating on the unconstrained
case, however, we aim to map out the boundaries and ben-
e�ts of the evolutionary approach, without blindly accept-
ing the constraints inherited from conventional design. It
is not claimed that all unconventional evolved circuits will
be practically useful; it is claimed that to reject all uncon-
ventional circuits solely because they cannot be arrived at
through conventional design methods is premature.
The argument that conventional design is constrained in

a way that evolutionary design need not be, in principle,
is given in the next section. This is hypothesis H1. To
show that this can allow a practical EA to �nd new useful
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Fig. 2. Voltage/time waveforms exemplifying the operation of a
CMOS NOT gate (centre). Shown at the left is the input, and at
the right is the corresponding output. The gray regions represent
the basins of attraction of the two attractor states.

circuits is an empirical matter (H2). Hence a pair of case
studies is presented. Finally, research tools are described
that are being used to illuminate whether unconventional
evolved circuits really can be of engineering bene�t, when
judged by the many criteria of a practical application (H3).

II. Characterising Conventional Design

First, we consider separately the two electronics
paradigms: digital and analogue. Then the process of de-
sign within those paradigms is discussed.

A. Digital Design

In a digital design, whenever a signal is used or operated
upon, it is rounded o� to the closest one of a �nite number
of attractor states. Usually, there are two attractor states,
situated at the upper and lower extremes of possible signal
levels: binary logic. Whenever a new or manipulated signal
is generated, it is at one of the attractor states. Fig. 2 shows
the operation of a binary NOT gate made from CMOS
transistors.
It takes a nonzero time for an input to change from one

state to another. During this time, and briey afterwards,
the fundamentally analogue nature of the transistors im-
plementing a logic element is revealed at its output, which
is to be seen briey at levels between attractor states, pos-
sibly even making multiple transitions before quickly set-
tling into the appropriate attractor state (`switching tran-
sients').
In a digital circuit, made as a network of logic elements,

precautions must be taken to ensure that switching tran-
sients do not a�ect the overall behaviour of the system.
This is done by some method of phase control between
parts of the system, so that a subcircuit is not allowed to
use the output of another until it has settled at the cor-
rect attractor state. In asynchronous logic design, local
handshaking signals are used between subcircuits [21]. In
synchronous logic, one or more regular `clock' signals is
used to control when subcircuits can communicate. The
frequency of a clock is chosen such that the slowest sub-
circuit it controls has time for its output to settle at the
correct state between `ticks'.
There are two main advantages to digital design. The

�rst, to be elaborated in xII-C, is that most of the design
can be considered at the level of logical algebra, without
having to think about the physics of electronic devices.

The second is that digital systems, especially binary ones,
are extremely tolerant to corruption of the signals. This
is because of the signal restoration to an attractor state at
almost every opportunity. It is relatively easy to make bi-
nary digital circuits with a huge operational envelope. For
example, if a signal is corrupted by noise, or an attrac-
tor state of an element's output drifts with temperature,
there are large margins for error, as seen in Fig. 2. In
synchronous circuits, there also needs to be a margin for
error included in the clock period: the time for an output
to be computed, stabilise, and be transferred to the next
subcircuit may vary within the operational envelope.
These advantages come at a cost. The basic elements

must all have the signal-restoring property. The system
must be broken down into subcircuits that are simple
enough for internal transients not to be a problem. Usually
this means that the subcircuits are basically feedforward
or `combinatorial' (having no feedback or recurrent loops
within them). The communications between the subcir-
cuits must be carefully regulated, usually by means of reg-
isters that only load in new values when communications
are to be permitted (subcircuits have stabilised). Digital
design, by using the components only as switching devices,
must impose these design constraints to suppress the other
aspects of the analogue, continuous-time reality.1

B. Analogue Design

Analogue design �nds analogies between the physical be-
haviour of groups of electronic components and the opera-
tions needed to construct the desired system. To allow this
exploitation of the natural behaviours of groups of com-
ponents, internal signals are mostly of continuous-value,
in contrast to digital design. Although not unprincipled,
analogue design is often thought of as more of an `art' com-
pared to digital design. Even many predominantly digital
systems require some analogue circuitry at least to deal
with the interface to the world.
Analogue design can extract more functionality from the

components than can digital, because more of the compo-
nents' behaviour is put to use. Especially potent is the
use of real time, rather than representing time as a com-
putational variable like any other, as in digital systems
[24], [25]. For some tasks (where `task' includes nonbe-
havioural requirements) analogue design is clearly superior.
In other cases, the choice of analogue or digital design is
also strongly inuenced by the ease of the design process
itself, which often favours digital.
The disadvantages of analogue design are the obverse

of the advantages of digital design identi�ed above. Al-
though system-level design can be at an abstract level, ana-
logue circuit design must necessarily consider properties of
the physical components, and their interactions, in greater

1Although charge is quantised, and these charges often move
through periodic atomic lattices having discrete energy levels, at the
scale addressed by contemporary circuit design we may consider cur-
rents and voltages as continuous [22]. This could change in the future
if meso/nano-scale electronics becomes practical; it might then be
possible to exploit physical quantisation to implement digital compu-
tations [23].
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Fig. 3. Example of the `Building Block' (B.B.) approach in analogue
design.

depth than for digital design. The second disadvantage is
that stability and large noise margins are more di�cult to
guarantee.
Sarpeshkar [26] shows that as the complexity of an ana-

logue system increases, it becomes essential for signal val-
ues to be restored to attractor states occasionally, oth-
erwise all of the signal would eventually be swamped by
unavoidable noise. This signal restoration does not hap-
pen at every circuit element, as it does in digital systems,
and the representation of the analogue signal may be dis-
tributed across more than one physical voltage, current,
or charge. There is exibility in the choice of restoration
schemes, not limited to two attractor states, and not neces-
sarily uniform throughout the system. Sarpeshkar provides
a costs/bene�ts analysis for some restoration schemes un-
der various resource constraints and operational envelopes,
with reference to neural systems; it appears that there is
great untapped potential in analogue (or `hybrid') electron-
ics, if new design styles could be developed.
In practice, analogue design is currently based around

the use of `building block' subcircuits. These have been
carefully designed and analysed in the past to perform gen-
erally useful functions, and form a `cookbook' with which a
larger design can be constructed. A designer takes building
blocks from textbooks, and from looking at other circuits
designed for similar problems. Examples of building blocks
are ampli�ers, �lters, oscillators, voltage or current sources,
and many others. The original design of a building block
can be very challenging, often beyond the capabilities of de-
signers who later use them. Without building blocks, the
design of complex analogue systems would be too di�cult.

The use of building blocks is not only to avoid `re-
inventing the wheel' for each design. By compartmental-
ising the circuit into functional packages with well-de�ned
interfaces, it becomes easier to make the whole circuit ro-
bust across an operational envelope. Taking thermal sta-
bility as an example, Fig. 3 shows a hypothetical system
composed of building blocks. The enlarged subcircuit is
a standard current-sink building block [27]. Transistor Q2

serves solely to compensate for the thermal variation of the
base-emitter voltage of Q1. Under certain well-analysed
conditions, this building block can be used to serve the
function of a current-sink over a range of temperatures, ir-
respective of what the rest of the system is doing. If all of
the other building blocks are similarly endowed with ther-
mal stability of function, and are composed so as not to
violate their constraints of operation, then the whole cir-
cuit can be given thermal stability. Although there are
still pitfalls, the design of complex robust analogue circuits
would be practically infeasible without this approach.

C. The Design Activity

We have seen that both digital and analogue design styles
are, in practice, restricted as to what kinds of circuits can
be produced. Digital designs must be made of signal-
restoring elements regimented into subcircuits of simple
dynamics, with constrained moments of communication.
Analogue designs are made mostly of standard building
blocks, with the rare creation of a completely novel design
usually being restricted by design-di�culty to the level of
these small subcircuits.
Further practical design constraints arise from the choice

of design ow. A design ow starts with high-level design
decisions about the gross structuring of the system, and
ends with exact details of how it should be implemented.
In-between are stages of problem decomposition, and a pro-
gression from considering the problem at a highly abstract
level, through to reifying the design to the concrete details
of implementation. The particulars of a design ow are
strongly inuenced by the computer-aided design (CAD)
tools available for each step, and the ease with which dif-
ferent tools can be integrated.
Design-automation tools are highly developed for digital

systems, and far less so for analogue. Rutenbar [28] sees
the impediment to analogue design automation as the dif-
�culty of providing a library of `standard cells' adequate
to implement an arbitrary user design fully. A standard
cell is an implementation building block, completely speci-
fying component details, placement, and routing to achieve
a precise function: this is di�erent from the more generic
architectural design building blocks mentioned above. We
have already indicated that it is inherent in an analogue
design process that it is more di�cult to abstract function
from implementation, than for digital systems.
Evolutionary algorithms have been applied as design-

automation tools at various levels of abstraction: Table I
gives some examples for a digital design ow. Top-down
design of this sort is ubiquitous, and almost indispensable
for large systems, but does impose constraints of its own
on what circuits can be produced. `Abstraction' implies
the suppression of some details; design at an abstract level
therefore requires constraint of those neglected details upon
progression towards the concrete implementation.
For the current enterprise, we seek to explore design-

space as freely as possible, even if in doing so we can only
work with relatively small circuits in practice. Once the
potential of new territories in design space is ascertained,



TABLE I

Some steps in a digital design flow to which EAs have been

applied.

Design activity EA
example

Level

Partitioning into
hardware and
software modules

[29] Abstract

Design of a
network of
high-level functions

[30]
w�

Function behaviour
7�! Net of logic
gates

[31]
w�

Net of logic gates
7�! Choice from a
library of physical
components

[19]
w�

Net of physical
components 7�!
Placed and routed
VLSI layout

[32]
[33]

Concrete

(implementation)

this knowledge can be fed back into the domain of top-
down design, perhaps as additions to the designer's `cook-
book' of subcircuit ideas. The variation operators, or the
representation of the circuit on which they operate, may
be designed to encourage modularity and repeated struc-
tures, aiding the evolutionary process in the production of
large systems [34], [35]. For the present, we apply evolu-
tionary algorithms in a bottom-up fashion, with the EA's
variation operators manipulating the structure at the �nest
level of implementation detail available. Constraints asso-
ciated with the conventional digital or analogue paradigms
are resisted as being prejudicial for evolution. In general,
the circuits are continuous-time, continuous-value dynam-
ical systems; digital, analogue, and hybrid circuits are all
included in this repertoire of possibilities. No claim is made
that more of design space can practically be surveyed (that
may or may not be the case), but rather new regions.
Here, there is no distinction between design and imple-

mentation: the process of evolutionary design happens at
the implementation level. As well as avoiding abstrac-
tion constraints, this facilitates the integration of non-
behavioural and behavioural requirements. Many nonbe-
havioural requirements, such as size or power-consumption,

are closely coupled both with general design decisions, and
with details of the implementation. In a top-down design
ow, implementation details are not fully contemplated
during the early | more abstract | stages, making de-
sign for nonbehavioural requirements problematic. An ex-
ample of integrating a fault-tolerance (nonbehavioural) re-
quirement with embedded behavioural requirements will be
given in xIII-C. It is partly the ability to embrace nonbe-
havioural requirements during all stages of an evolutionary
design process, in combination with an exploration of new
circuit structures and dynamics, that provides the oppor-
tunity for better circuits to arise through evolution (H3).2

By diagnosing the constraints of conventional design |
from the analogue and digital design paradigms, and from
top-down design ows | hypothesis H1 is shown. It is also
deduced that an evolutionary approach, in principle, can
explore some regions in design space that are beyond the
scope of conventional methods. This is not su�cient for
hypothesis H2: we need to go on to demonstrate an evo-
lutionary algorithm exploring new regions. That is done
through a pair of case studies carefully formulated for the
purpose, presented in the next two sections. During these
case studies, the need to deal with a realistic set of re-
quirements is temporarily neglected. In the �nal section,
ongoing work to address this is described, moving towards
hypothesis H3: the practical evolution of robust unconven-
tional electronics.

III. Case Study 1: Removing dynamical

constraints from a standard architecture

In this �rst case study, a standard electronic architecture
is taken, and the temporal constraints associated with dig-
ital design are relaxed, and placed under evolutionary con-
trol. This allows a direct comparison of the behavioural ca-
pabilities of the same hardware when subjected to, or freed
from, design constraints. Integration of a nonbehavioural
requirement for fault tolerance with the behavioural re-
quirements is then discussed. The behavioural require-
ments are an example of the embedded type, where it is
the performance of an electromechanical system in which
the circuit is embedded that is evaluated.

A. The Experiment

The circuit to be evolved was the onboard con-
troller for the robot shown in Fig. 4 [37]. This two-
wheeled autonomous mobile robot has a diameter of 46cm,
a height of 63cm, and was required to display sim-
ple wall-avoiding/room-centering behaviour in an empty
2.9m�4.2m rectangular arena. For this scenario, the dc
motors were not allowed to run in reverse and the robot's
only sensors were a pair of time-of-ight sonars rigidly
mounted on the robot, one pointing left and the other right.
The sonars �re simultaneously �ve times a second; when a
sonar �res, its output changes from logic 0 to logic 1, re-

2It is not essential to adopt such a radical unconventional stance
to begin to tackle this issue. For instance, Miller & Thomson [36]
incorporate geometric layout considerations into evolutionary design
of digital logic.
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Fig. 4. The robot known as `Mr Chips.'

turning to 0 when the �rst echo is sensed at its transducer.

Conventional electronic design would tackle the control
problem along the following lines: for each sonar, a timer
would measure the length of its output pulses | and thus
the time of ight of the sound | giving an indication of the
range to the nearest object on that side of the robot. These
timers would provide binary-coded representations of the
two times of ight to a central controller. The central con-
troller would be a hardware implementationof a �nite-state
machine (FSM), with the next-state and output functions
designed so that it computes a binary representation of the
appropriate motor speed for each wheel. For each wheel, a
pulse-width modulator would take the binary representa-
tion of motor speed from the central controller and vary the
mark:space ratio of pulses sent to the motor accordingly.

It would be possible to evolve the central controller FSM
by implementing the next-state and output functions as
look-up tables held in an o�-the-shelf random access mem-
ory (RAM) chip; this is the well-known `Direct Addressed
ROM' implementation of an FSM [38]. The FSM would
then be speci�ed by the bits held in the RAM, which could
be recon�gured under the control of each individual's geno-
type in turn. Such evolution would still be subject to the
constraints of digital design: all of the signals are synchro-
nised to a global clock to give clean, deterministic state-
transition behaviour as predicted by an abstracted Boolean
model.

What if the constraint of synchronisation of all signals is
relaxed and placed under evolutionary control? Although
super�cially similar to the FSM implementation, the re-
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Fig. 5. The hardware implementation of the evolvable DSM robot
controller. `Optional latches' (O.L.) control whether each signal
is passed straight through asynchronously as an analogue voltage,
or whether its digital value is latched according to the global clock
of evolved frequency. Each optional latch was implemented using
an analogue switch chip able to bypass a clocked latch. A full
circuit diagram is given in [39].

sult (Fig. 5), is a machine of a di�erent nature. Not only is
the global clock frequency placed under evolutionary con-
trol, but the choice of whether each signal is synchronised
(latched) by the clock or whether it is asynchronous (di-
rectly passed through as an analogue voltage) is also de-
termined by evolution. These relaxations of temporal con-
straints | constraints necessary for a designer's abstrac-
tion but not for unconstrained evolution | o�er a rich
range of potential dynamical behaviour to the system, to
the extent that the sonar echo pulses can be fed directly
in, and the motors driven directly by the outputs, with-
out any pre- or post-processing: no timers or pulse-width
modulators. (The sonar �ring cycle is asynchronous to the
evolved clock.)
Let this new architecture be called a Dynamic State Ma-

chine (DSM). It is not a �nite-state machine because a de-
scription of its state must include the temporal relationship
between the asynchronous signals, which is a real-valued
analogue quantity. In the conventionally designed control
system there was a clear sensory/control/motor decom-
position (timers/controller/pulse-width-modulators), com-
municating in atemporal binary representations which hid
the real-time dynamics of the sensorimotor systems, and
the environment linking them, from the central controller.
Now, the evolving DSM is intimately coupled to the real-
time dynamics of its sensorimotor environment, so that
real-valued time can play an important role throughout
the system. The evolving DSM can explore special-purpose
tight sensorimotor couplings because the temporal signals
can quickly ow through the system being inuenced by,
and in turn perturbing, the DSM on their way.
For the simple wall-avoidance behaviour, only the outer

two of the eight feedback paths seen in Fig. 5 were en-
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Fig. 6. An alternative representation of the evolvable Dynamic State

Machine, as used in the experiment. Each is an `optional
latch' (see previous �gure).

abled, feeding the RAM chip's two least-signi�cant data
bits back to its two least-signi�cant address inputs. The
resulting DSM can be viewed as the fully connected, re-
current, mixed synchronous/asynchronous logic network
shown in Fig. 6, where the bits stored in the RAM give
a look-up table implementing any pair of logic functions of
four inputs. This continuous-time dynamical system could
not be simulated in software easily, because the e�ects of
the asynchronous variables and their interaction with the
clocked ones depend upon the characteristics of the hard-
ware: metastability [40], [41] and glitches will be rife, and
the behaviour will depend upon physical (analogue) prop-
erties of the implementation, such as propagation delays,
metastability constants, and the behaviour of the RAM
chip when connected in this unusual way. Similarly, a de-
signer would only be able to work within a small subset of
the possible DSM con�gurations | the ones that are easier
to analyse.

A simple GA was used, with a linear bit-string genotype,
point-mutations, single-point crossover, linear rank-based
selection, and elitism [42]. The contents of the RAM (only
32 bits required for the machine with two feedback paths),
the period of the clock (16 bits in a Gray code, giving a
clock frequency from around 2Hz to several kHz) and the
clocked/unclocked condition of each signal (1 bit per sig-
nal) were directly represented as contiguous segments of
the genotype. The population size was 30, probability of
crossover 0.7 per o�spring, and the bit-wise mutation prob-
ability was set such that the expected number of mutations
per o�spring was one [43].

If the distance of the robot from the centre of the arena
in the x and y directions at time t was cx(t) and cy(t), then
after an evaluation for T seconds, the robot's �tness was a
discrete approximation to the integral:

�tness =
1

T

Z T

0

�
e�kxcx(t)

2

+ e�kycy(t)
2

� s(t)
�
dt (1)

kx and ky were chosen such that their respective Gaus-
sian terms fell from their maximum values of 1.0 (when
the robot was at the centre of the arena) to a minimum of
0.1 when the robot was touching a wall in their respective
directions. The function s(t) encourages continual move-
ment, having the value 0 when the robot is moving, but 1
otherwise. Each individual was evaluated for four trials of
30 seconds each, starting with di�erent positions and ori-
entations. The worst of the four scores was taken as the
�tness [44]. For the �nal few generations, the evaluations
were extended to 90 seconds, to �nd controllers that were
not only good at moving away from walls, but also staying
away from them.
For convenience, evolution took place with the robot in

a kind of `virtual reality.' The real recon�gurable DSM
circuit controlled the real motors, but the wheels were just
spinning in the air. The photograph of Fig. 4 was taken
during an actual evolutionary run of this kind. The wheels'
angular velocities were measured, and used by a real-time
simulation of the motor characteristics to calculate how
the robot would move if on the ground. The sonar echo
signals were then arti�cially synthesised and supplied in
real time to the hardware DSM. Realistic levels of noise
were included in the sensor and motor models, both of
which were constructed by �tting curves to experimental
measurements, including a stochastic model for specular
sonar reections. Full details are given in [39]. The GA
and the virtual environment simulation were performed by
a laptop PC onboard the robot, and a pair of microcon-
trollers synthesised the sonar and clock waveforms. The
real DSM hardware connected to the real motors was used
at all times. For operation in the real world, the real sonars
were simply connected in place of the simulated ones, and
the robot placed on the ground.
Fig. 7 shows the excellent performance attained after 35

generations, with a good transfer from the virtual environ-
ment to the real world. The robot is drawn to scale at its
starting position, with its initial heading indicated by the
arrow; thereafter only the trajectory of the centre of the
robot is drawn. The bottom-right picture is a photograph
of behaviour in the real world, taken by double-exposing
(1) a picture of the robot at its starting position, with (2)
a long exposure of a light �xed on top of the robot moving
in the darkened arena. If started repeatedly from the same
position in the real world, the robot follows a di�erent tra-
jectory each time (occasionally very di�erent) because of
real-world noise. The robot displays the same qualitative
range of behaviours in the virtual world, and the bottom
pictures of Fig. 7 were deliberately chosen to illustrate this.
Given that this miniscule electronic circuit receives the

raw echo signals from the sonars and directly drives the



Fig. 7. Wall avoidance in virtual reality and (bottom right) in the real
world, after 35 generations. The top pictures are of 90 seconds
of behaviour, the bottom ones of 60 seconds.

motors (one of which happens to be more powerful than
the other), the performance is surprisingly good. It is not
possible for the DSM directly to drive the motors from the
sonar inputs (in the manner of Braitenberg's `Vehicle 2'
[45]), because the sonar pulses are too short to provide
enough torque. Additionally, such naive strategies would
fail in the symmetrical situations seen at the top of Fig. 7.
One of the evolved wall-avoiding DSMs was analysed (be-
low), and found to be going from sonar echo signals to
motor pulses using only 32 bits of RAM and 3 ip-ops
(excluding clock generation): highly e�cient use of hard-
ware resources, made possible by the absence of design con-
straints.

B. Analysis

Fig. 8 attempts to represent one of the wall-avoiders in
state-transition format. This particular individual used an
evolved clock frequency of 9Hz (about twice the sonar pulse
repetition rate). Both sonar inputs evolved to be asyn-
chronous, and both motor outputs clocked, but the inter-
nal state variable that was clocked to become the left mo-
tor output was free-running (asynchronous), whereas that
which became the right output was clocked. In the dia-
gram, the dotted state transitions occur as soon as their
input combination is present, but the solid transitions only
happen when their input combinations are present at the
same time as a rising clock edge. Since both motor out-
puts are synchronous, the state can be thought of as being
sampled by the clock to become the motor outputs.
This state-transition representation is misleadingly sim-

ple in appearance, because when this DSM is coupled to
the input waveforms from the sonars and its environment,
its dynamics are subtle, and the strategy being used is not
obvious. It is possible to convince oneself that the diagram

Left motor OFF Left motor OFF

Right motor OFF

Right motor OFF

Right motor ON

Right motor ON

Left motor ON Left motor ON

RESET

11 01,1101

00,01
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01,11
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Fig. 8. A representation of one of the wall-avoiding DSMs. Asyn-
chronous transitions are shown dotted, and synchronous transi-
tions solid. The transitions are labelled with (left, right) sonar
input combinations, and those causing no change of state are not
shown. There is more to the behaviour than is seen immedi-
ately in this state-transition diagram, because it is not entirely
a discrete-time system, and its dynamics are tightly coupled to
those of the sonars and the rest of the environment.

is consistent with the behaviour, but it would have been
very di�cult to predict the behaviour from the diagram
because of the rich feedback through the environment and
sensorimotor systems on which this machine relies. The be-
haviour even involves a stochastic component, arising from
the probabilities of certain combinations of the machine's
mixed synchronous/asynchronous state, at the arrival of
pulses from the clock and the asynchronous sonars.

The DSM underlies a non-trivial robot behaviour, using
minimal resources [46], by means of the circuit's rich dy-
namics and exploitation of the hardware (an idea dating
back to 1949 [47]). After relaxing the temporal constraints
necessary to support the designers' digital abstraction, a
tiny amount of hardware has been able to display rather
surprising abilities. As a control experiment, three GA
runs were performed under identical conditions, but with
all of the optional latches set to `clocked' irrespective of the
genotype. All three runs failed completely, con�rming that
new capabilities had been released from the architecture
when the dynamical constraints were relaxed. In another
set of three control runs, all the optional latches were set to
`unclocked.' These runs succeeded but the behaviour was
not so reliable: from time to time the robot would head
straight for a wall and crash into it.

In three repetitions of the main experiment, the clock
allowed the mixed synchronous/asynchronous controllers
to move with a slight `waggle' (just visible in the bottom-
right picture in Fig. 7), and this prevented them from be-
ing disastrously fooled by specular sonar reections. The
sonars were e�ectively scanning the walls slightly because
of the waggling movement of the robot body. This sug-
gests that while removing an enforced clock can widen the
repertoire of dynamical behaviours, providing an optional
clock of evolvable frequency, to be used at points in the
circuit determined by evolution, can expand the repertoire
of dynamics still further. The clock becomes a resource,
not a dynamical constraint.



C. Integrating a Nonbehavioural Requirement of Fault Tol-
erance

In Section II-C we described the worth of integrating
nonbehavioural requirements into the objectives during
evolutionary design. Some nonbehavioural characteristics,
such as size or power consumption, are usually easily mea-
surable to become factors in the selection process [14]. Oth-
ers can be impractical to measure directly, but sometimes
the evaluation procedure can be contrived so that they ex-
ert an implicit inuence on �tness. As an example, we
consider introducing a fault tolerance requirement for the
DSM robot controller. Evolutionary techniques for fault-
tolerant electronics are largely unexplored, but the engi-
neering bene�ts on o�er are signi�cant [48], [49], [6].
The requirement is for the controller to be tolerant to

any adverse single-stuck-at (SSA) fault in the memory ar-
ray of the RAM chip, causing a bit to read the opposite
of the value written to it. These faults are easily emulated
by inverting one of the bits speci�ed by evolution as it is
written to the chip. Altering the con�guration is a gen-
erally applicable way to emulate some classes of faults in
recon�gurable hardware; if the circuits are being evaluated
in software simulations there is even more exibility.
Ideally, for each �tness evaluation an individual would

be given a trial in the presence of every possible fault in
turn, and the resulting �tness score would be some measure
of performance in the face of any fault. However, there
are usually many possible faults, making exhaustive testing
prohibitively time consuming (but not always [50]). Even
for the DSM robot controller, testing each individual in the
presence of the 32 emulated adverse SSA faults would take
too long.
If the goal is to optimise worst-case performance (i.e.

minimise the e�ects of the most serious fault), there is a
potential shortcut. In this case the �tness measure will be
based on performance in the presence of only the single
most serious fault. If some way of predicting which fault is
the most serious can be found, then only this single fault
needs to be introduced during the �tness evaluation. A
similar situation arises if only a relatively small subset of
the possible faults seriously degrades the system: only this
subset need be considered.
However, which faults are the most serious might be dif-

ferent for each individual in the population. If the only
way to identify the worst faults for each individual is to
test them with each fault in turn, there can be no short-
cut. In practice, though, after the �rst few generations
the individuals are mostly similar and the population as
a whole changes gradually over time. These facts can be
used in predicting which faults are the most serious without
having to test every individual with every fault.
We now apply these ideas to the robot controller. First,

the wall-avoider was evolved as before, but this time using
a population size of 50. After 85 generations the GA had
stabilised at a good solution. Then the consensus sequence
was generated: the genotype formed by, for each locus, tak-
ing whichever of the values f0, 1g was most common in the
population at that position. The robot controller coded for
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Fig. 9. Maximum and mean �tness in the population over time. The
�rst 85 generations were in the absence of faults, thereafter all
�tness evaluations were in the presence of the `current fault'.

by this consensus sequence was then tested in the presence
of each of the 32 possible adverse SSA faults in turn. The
fault that caused the consensus individual to behave the
most poorly (lowest �tness score) was nominated as the
`current fault.' Another generation of evolution was then
performed, but with the current fault being present during
all of the �tness evaluations. After this generation the new
consensus individual was constructed, tested, and a possi-
bly new current fault nominated for the next generation.
The process continued in this way, with a single fault being
present throughout all evaluations within a generation |
this fault being the one that caused the worst performance
in the consensus individual of the previous generation.
Fig. 9 shows that the maximum and mean �tnesses

dropped sharply at generation 85 when faults were �rst
introduced, but over the course of the next 150 genera-
tions returned to high values. Fig. 10 shows that when the
faults were �rst applied the controller was already tolerant
to most SSA faults, but that a few were critical. At various
stages afterwards, this tolerance to most SSA faults is lost
in the GA's attempts to improve performance on the single
most serious current fault. Some serious faults are seen to
persist over long periods. Eventually, consensus individu-
als arose that give satisfactory performance when any of
the SSA faults is present.3 Fig. 11 compares the fault tol-
erance of the conventionally-evolved consensus individual
at generation 85 with that of the �rst completely-tolerant
consensus which arises at generation 204. The criterion for
`satisfactory performance' was for the real robot to display
what would reasonably be called wall-avoiding behaviour,
and corresponds to a �tness score of � 1:0.
This crude approach has exploited the similarity between

individuals in the population by predicting that a single
fault will be the most serious one for all individuals at a

3If the GA was left to run, then these completely-tolerant solutions
would be lost again as the GA concentrated entirely on improving
performance in the presence of the current most serious fault | even
if that performance was already satisfactory. No claims are made
regarding the generality and reliability of this particular algorithm
used here for illustrative purposes.
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Fig. 10. The evolution of fault tolerance: results of the exhaustive test over all possible adverse SSA faults made on the consensus individual
of each generation. The darker a spot, the more serious the fault. Pure white represents satisfactory performance (�tness � 1:0),
and pure black the worst possible performance. At the generations marked with arrows, the consensus individual is satisfactory in the
presence of any SSA fault.
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Fig. 11. Fault tolerance of the consensus at generation 85, and then
after 119 generations of evolution in the presence of faults. In
each case, the faults have been sorted from left to right in order
of severity.

particular generation. This fault was identi�ed by exhaus-
tively testing a single `average' individual | the consensus.
Though this fault-prediction strategy is not exact, it had
the desired e�ect of catalysing the evolution of a completely
fault-tolerant individual.

Many other strategies could be used to decide which
faults an individual should encounter during its evaluation:
the example above is merely a simple illustration. If there
were many possible faults, exhaustive testing of even just
the single consensus individual per generation could take
too long. One suggestion is to co-evolve [51] a population
of faults that concentrates on the weak spots of the target
population and tracks them over time [49], [6]. Another
potential method is the use of repeated re-evaluations of
the more successful individuals to build up gradually an
accurate picture of their performance in the presence of a
set of faults [52].

Whatever method is used, it seems that if some way of
targeting the most serious weak spots of individuals can
be found, then subjecting the individuals to these faults
during their �tness evaluations can cause the evolution of
systems tolerant to all of the possible faults. It may be
possible to use an adaptive process such as co-evolution to

target the weak spots, or search using application-speci�c
heuristics may prove more appropriate.

D. Conclusion to Case Study 1

The DSM robot controller experiments showed unequiv-
ocally that removing the constraints of conventional de-
sign | in this case, the temporal constraints associated
with the digital design paradigm| can release greater be-
havioural capabilities from essentially the same electronic
components. They provided an example of evolution using
this freedom to explore beyond the scope of conventional
design: hypotheses H1 and H2 are demonstrated.
A technique for the evolution of fault-tolerant circuits

was presented. It is not clear that it can scale up to cir-
cuits with many possible faults, so it may be restricted
to small circuits (or subcircuits), and to problems posed
such that there are many satisfactory solutions. Never-
theless, by integrating the nonbehavioural requirement of
fault tolerance with the behavioural requirements, a robot
controller was evolved that was inherently fault tolerant,
not relying on the explicit use of spare (redundant) parts
as is normal [53], [54]. This was possible because the non-
behavioural, implementation-oriented, requirement was an
inherent part of the evolutionary design process, and was
not deferred to the late stages of a top-down design ow.

IV. Case Study 2: Evolving a circuit with

minimal constraints

In the previous case-study, some temporal constraints
were relaxed, but the general architecture of the system
was �xed. The next step is to discover whether evolution
really can produce circuits looking completely alien to an
electronics designer, or whether in practice such bizarre cir-
cuits are unworkable. As �rst moves towards this radical
goal, the evolution of unusual oscillator circuits was inves-
tigated, both in simulation [37] and using recon�gurable
chips [55]. The latter has been greatly extended and stud-
ied rigorously by Huelsbergen et al. [56]; see also this issue.
We now elucidate further by studying another task.
The electronic device selected for the experiments is re-

con�gurable at a very �ne grain, so as to impose the mini-
mumof architectural constraints: the Xilinx XC6216 Field-



Programmable Gate Array (FPGA)[57]. Fig. 12 shows the
subset of its functionality used in the experiment. There is
a 64�64 array of cells on the chip, of which only the north-
west 10 � 10 corner was used. The connections between
cells, and their internal functions, are controlled by multi-
plexers. These multiplexers are con�gured according to the
contents of RAM distributed throughout the array. A host
microprocessor can write to this `con�guration memory,'
causing the multiplexers (electronic switches) to be set in
a particular way, physically instantiating any one of a vast
number of possible electronic circuits on the chip. That
circuit will then behave in real time, according to semicon-
ductor physics, without any further intervention. Special
blocks around the periphery of the array interface the edge
cells to the external pins of the chip, and can be con�gured
as inputs or outputs. In the experiment, there is one input
and one output, con�gured at �xed positions chosen by the
investigators.
The function F within a cell can be con�gured to be any

binary logic function of two inputs, or multiplexer func-
tions of three inputs. However, in the experiment, the de-
sign constraints needed for digital operation will not be
imposed. The circuit being evolved is a continuous-time,
continuous-valued, dynamical system. The components of
this system (the cell function and routing multiplexers)
have a very high gain, so that if digital design principles
are followed then the signals will nearly always be satu-
rated fully high or low. Without these design constraints,
there is also the possibility for analogue e�ects. For ex-
ample, a NOT gate is physically a very high-gain inverting
ampli�er, and evolution is free to use it as such.

A. The Experiment

The task was to evolve a circuit | a con�guration of
a 10� 10 corner of the XC6216 FPGA | to discriminate
between square waves of 1kHz and 10kHz presented at the
input [55]. Ideally, the output should go to +5V as soon as
one of the frequencies is present, and to 0V for the other.
The task was intended as a �rst step into the domains of
pattern recognition and signal processing, as well as being
part of the scienti�c programme. One could imagine such
a circuit being used to demodulate frequency-modulated
binary data received over a telephone line.
This task was not facile, because few components were

provided and the circuit has no access to a clock, or other
o�-chip resources such as RC time constants, by which the
period of the input could be timed or �ltered. Evolution
was required to produce a con�guration of the 100 cells to
discriminate between input periods �ve orders of magni-
tude longer than the input ) output propagation time of
each cell (which is just a few nanoseconds). A continuous-
time recurrent arrangement of the 100 cells had to be found
that could perform the task entirely on-chip.
Although the results of xIII suggested a bene�t in provid-

ing a clock of evolvable frequency as an optional resource
rather than as an imposed constraint, no clock was made
available. This was primarily to assess the possibility of
evolution of very unusual circuits. There is also an en-
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Fig. 12. A simpli�ed view of the XC6216 FPGA. Only those features
used in the experiments are shown. Top: A 10� 10 corner of
the 64�64 array of cells. Below: The internals of an individual
cell, showing the function unit at its centre. The symbol
represents a multiplexer | which of its four inputs is connected
to the output (via an inversion) is controlled by the con�guration
memory. Similar multiplexers are used to implement the user-
con�gurable function F.

gineering justi�cation: the components needed for an ex-
ternal time reference would be bulky compared to the 1%
of the FPGA's silicon area used by the �nal evolved cir-
cuit. The fully integrated solution is preferable in terms
of size, mechanical robustness, and the cost of components
and manufacturing.

To con�gure a single cell, there were 18 multiplexer con-
trol bits to be set, and these bits were directly encoded onto
a linear bit-string genotype. The genotype of length 1800
bits was formed from left to right by taking the cells in the
10� 10 corner in a raster fashion, from west to east along
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Fig. 13. The apparatus for the tone discriminator experiment. The
10� 10 corner of cells used is shown to scale with respect to the
whole FPGA. The single input to the circuit was applied as the
east-going input to a particular cell on the west edge, as shown.
The single output was designated to be the north-going output
of a particular cell on the north edge.

Fig. 14. The circuitry to evolve the tone discriminator. This ISA card
plugs directly into the PC, and no extra electronics is needed.
Left: The FPGA (beneath a fan-cooled heatsink) and its in-
terface chips. Centre: A micro-controller supervising �tness
evaluations. Right: The analogue integrator.

each row, and taking the rows from south to north. A basic
GA was again used, with a population size of 50, a crossover
probability of 0.7, and a per-bit mutation probability such
that the expected number of mutations per genotype was
2.7. The mutation rate was derived empirically.

The GA was run on a normal desktop PC interfaced
to some simple in-house electronics4 as shown in Figs. 13
and 14. To evaluate the �tness of an individual, the
hardware-reset signal of the FPGA was �rst momentar-
ily asserted to make certain that any internal conditions
arising from previous evaluations were removed. Then the
1800 bits of the genotype were used to con�gure the 10�10
corner of the FPGA, and the FPGA was enabled. At this
stage a genetically speci�ed circuit existed on the chip, be-
having in real-time according to semiconductor physics.

The �tness of a physically instantiated circuit was eval-
uated automatically as follows. A tone generator drove the
circuit's input with �ve 500ms bursts of the 1kHz square-

4Technical Notes: The circuitry was mounted wire-wrapped on
an ISA (Industry Standard Architecture) card (Fig. 14). The ana-
logue integratorwas of the basic op-amp/resistor/capacitor type, with
a MOSFET to reset it to zero [27]. A MC68HC11A0 micro-controller
operated this reset signal (and that of the FPGA), generated the
tones, and performed 8-bit A/D conversion on the integrator output.
A �nal accuracy of 16 bits in the integrator reading was obtained by
summing (in software) the result of integration over 256 sub-intervals.
Locations in the con�gurationmemory of the FPGA and in the dual-
port RAM used by the micro-controller could be read and written
by the PC via registers mapped into the ISA-Bus I/O space. The
XC6216 device was a pre-production engineering sample.

wave, and �ve of the 10kHz wave. These ten test tones
were shu�ed into a random order, which was changed ev-
ery time. There was no gap between the test tones. An
analogue integrator was reset to zero at the beginning of
each test tone, and then it integrated the voltage of the
circuit's output pin over the 500ms duration of the tone.
Let the integrator reading at the end of test tone number

t be denoted it (t=1,2,. . . 10). Let S1 be the set of �ve 1kHz
test tones, and S10 the set of �ve 10kHz test tones. Then
the individual's �tness was calculated as:

�tness =
1
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!
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!����� (2)

This �tness function demands the maximising of the di�er-
ence between the average output voltage when a 1kHz input
is present and the average output voltage when the 10kHz
input is present. The calibration constants k1 and k2 were
determined empirically, such that circuits simply connect-
ing their output directly to the input would receive zero
�tness. Otherwise, with k1 = k2 = 1:0, small frequency-
sensitive e�ects in the integration of the square-waves were
found to make these useless circuits a troublesome local
optimum. This �tness speci�cation is an example of direct
behavioural requirements.
It is important that the evaluation method | here em-

bodied in the analogue integrator and the �tness function
(Eqn. 2) | facilitates an evolutionary pathway of very
small incremental improvements. Earlier attempts, where
the evaluation method only paid attention to whether the
output voltage was above or below the logic threshold, met
with failure.

B. Results

Throughout the experiment, an oscilloscope was directly
attached to the output pin of the FPGA (see Fig. 13), so
that the behaviour of the evolving circuits could be visually
inspected. Fig. 15 shows photographs of the oscilloscope
screen, illustrating the improving behaviour of the best in-
dividual in the population at various times over the course
of evolution.
The individual in the initial random population of 50

that happened to get the highest score produced a con-
stant +5V output at all times, irrespective of the input.
It received a �tness of slightly above zero just because of
noise. Thus, there was no individual in the initial popula-
tion that demonstrated any ability whatsoever to perform
the task.
For the �rst few hundred generations, the `best' circuits

simply copied the input to the output, combined with var-
ious high-frequency oscillatory components. By generation
650, de�nite progress had been made. For the 1kHz input,
the output appeared to stay mostly high; for the 10kHz
input, the output resembled the input.
The photographs (Fig. 15) show the behaviour gradu-

ally being re�ned, �nally reaching the perfect desired be-
haviour. In fact, not visible in the �nal photographs were
infrequent unwanted spikes in the output; these were �nally
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Fig. 15. Photographs of the oscilloscope screen. Top: The 1kHz and
10kHz input waveforms. Below: The corresponding output of
the best individual in the population after the number of genera-
tions marked down the side. For these photographs an analogue
oscilloscope of 20MHz bandwidth was used.

eliminated around generation 4100. The GA was run for
a further 1000 generations without any observable change
in the behaviour of the best individual. The �nal circuit
(arbitrarily taken to be the best individual of generation
5000) appears to be perfect when observed by eye on the
oscilloscope. If the input is changed from 1kHz to 10kHz
(or vice-versa), then the output changes cleanly between a
steady +5V and a steady 0V without any perceptible delay.

It is apparent from the oscilloscope photographs that
evolution explored beyond the scope of conventional design.
For instance, the waveforms at generation 1400 would seem
absurd to an electronics designer of either digital or ana-
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Fig. 16. Population statistics. Top: Maximum and mean �tnesses of
the populationat each generation. Below: Genetic convergence,
measured as the mean Hamming distance between the genotypes
of pairs of individuals, averaged over all possible pairs.

logue schools. Not so evident in these photographs is the
rich range of dynamical timescales actually present. The
components of the nominally digital FPGA were not used
according to a binary logic abstraction, because a wider
repertoire of behaviours was available in the absence of de-
sign constraints.

Graphs of maximum and mean �tness, and of genetic
convergence, are given in Fig. 16. These graphs suggest
interesting population dynamics, especially at around gen-
eration 2660. The experiment is analysed in depth from
an evolution-theoretic perspective in [58]. Crucial to any
attempt to understand the evolutionary process that took
place is the observation that the population had formed a
genetically converged `species' before �tness began to in-
crease: this is contrary to some conventional GA thinking
[43], [44]. Evolution was the process of continual adap-
tation of this relatively converged species, with mutation
playing a key role in generating new variants. Neutral net-
works | pathways of mutational change having no e�ect
on �tness | are thought to have been important in allow-
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Fig. 17. The �nal evolved circuit. The 10�10 array of cells is shown,
along with all connections that eventually connect an output to
an input. Connections driven by a cell's function output are
represented by arrows originating from the cell boundary. Con-
nections into a cell which are selected as inputs to its function
unit have a small square drawn on them. The actual setting of
each function unit is not indicated in this diagram.

ing continued exploration without becoming stuck at poor
local optima [58].

The entire experiment took 2{3 weeks. This time was
dominated by the �ve seconds taken to evaluate each indi-
vidual, with a small contribution from the process of cal-
culating and saving data to aid later analysis. The times
taken for the application of selection, the variation oper-
ators, and to con�gure the FPGA were all negligible in
comparison. Current work suggests that the �tness tests
could have used much shorter bursts of input tones. If evo-
lution is to be free to exploit all of the components' physical
properties, �tness evaluations must take place at the real
timescales of the task to be performed, and cannot simply
be accelerated, as they could for a discrete-time system
by increasing the clock speed. The evolution of circuits in
detailed physical simulations is increasingly attractive as
computer-power increases, but would be infeasible for cir-
cuits of this complexity in the near future. See xV-C for
the use of simulations.

The �nal circuit is shown in Fig. 17; observe the many
continuous-time feedback paths. The lack of visible pat-
terns in the circuit structure is not surprising: no precon-
ceived bias towards modular or repeated substructures was
applied, nor is it apparent that such patterning would be
appropriate for such a small circuit and for this task.

Parts of the circuit that could not possibly a�ect the
output can be pruned away. This was done by tracing all
possible paths through the circuit that eventually connect
to the output. A `path' not only includes routing, but also

Out

In

Fig. 18. The pruned circuit diagram: cells and wires are only drawn
if there is a connected path through which they could possibly
a�ect the output.

passing from an input to the output of a cell's function unit.
It was assumed that all of a function unit's inputs could
a�ect the function unit output, even when the nominal
logic function indicated that this should not be so. This
assumption was made because it was not known exactly
how function units that were connected in continuous-time
feedback loops actually would behave. In Fig. 18, cells and
wires are only drawn if there is a connected path by which
they could possibly a�ect the output, which leaves only
about half of them.

The pruned diagram shows components that could be
functional, but does not guarantee that they all are. To �nd
which parts were actually contributing to the behaviour,
a search was conducted to �nd the largest set of cells
that could have their function unit outputs simultaneously
clamped to constant values (0 or 1) without a�ecting the
behaviour. To clamp a cell, the con�guration was altered
so that the function output of that cell was sourced by the
ip-op inside its function unit (a feature of the chip not
mentioned until now, and which was not used during evo-
lution): the contents of these ip-ops can be written by
the PC and can be protected against any further changes.
A program was written to select a cell at random, clamp it
to a random value, perform a �tness evaluation, and to re-
turn the cell to its unclamped con�guration if performance
was degraded, otherwise to leave the clamp in place. This
procedure was iterated, gradually building up a maximal
set of cells that can be clamped without altering �tness.
The order of clamping attempts, and the clamping values
chosen, could a�ect the result; hence the whole exercise
was repeated until a clear consensus emerged as to what
the largest clamping set was.
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Fig. 19. The functional part of the circuit. Cells not drawn here
can be clamped to constant values without a�ecting the circuit's
behaviour.

In the above automatic search procedure, the �tness eval-
uations were more rigorous (longer) than those carried out
during evolution, so that very small deteriorations in �t-
ness would be detected (made di�cult by the noise present
during all evaluations). Clamping some of the cells in the
extreme north-west corner produced so tiny a �tness decre-
ment that even the extended evaluations did not detect it,
yet by the time all of these cells of small inuence had
been clamped, the combined e�ect on �tness was quite
noticeable. In these cases manual intervention was used
(informed by several runs of the automatic method), with
evaluations happening by watching the oscilloscope screen
for several minutes to check for any infrequent spikes that
might have been caused by the newly introduced clamp.

Fig. 19 shows the functional part of the circuit that
remains when the largest possible set of cells has been
clamped without a�ecting the behaviour. The cells shaded
gray cannot be clamped without degrading performance,
even though there is no connected path by which they could
inuence the output| they were not present on the pruned
diagram of Fig. 18. Clamping one of the gray cells in the
north-west corner has only a small impact on behaviour,
introducing either unwanted pulses into the output, or a
small time delay before the output changes state when the
input frequency is changed. However, clamping the func-
tion unit of the most south-eastern gray cell, which also
has two active connections routed through it, degrades op-
eration severely | even though that function output is not
used as an input to any other cells. The gray cells must be
inuencing the rest of the circuit by some means other than
the normal inter-cell routing; this enigma will be revisited
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Fig. 20. The frequency and thermal response of the �nal circuit.
F1 and F2 are the two frequencies that the circuit was evolved
to discriminate. For ease of implementation, their exact peri-
ods were actually 0.096ms (10.416kHz) and 0.960ms (1.042kHz)
respectively.

in the analysis to follow.
This circuit is discriminating between inputs of period

1ms and 0.1ms using only 32 cells, each with a propaga-
tion delay of less than 5ns, and with no o�-chip components
whatsoever: a surprising feat. Evolution has been free to
explore the full repertoire of behaviours available from the
silicon resources provided, even being able to exploit the
subtle interactions between adjacent components that are
not connected directly. The input/output behaviour of the
circuit is digital, because that is what maximising the �t-
ness function required, but the complex analogue wave-
forms seen at the output during the intermediate stages of
evolution betray the rich continuous-time continuous-value
dynamics that are likely to be present internally.
Only a core of 32 out of the 100 cells is involved in gen-

erating the behaviour, even though there was no explicit
encouragement of small solutions. This may be chance,
or it may be a natural way to solve the problem. It may
be that the mutation rate was su�ciently high that any
larger functional circuit could not be maintained by selec-
tion (the error threshold [59]). Finally, the implicit search
biases mentioned in Section xI-A might have been at play.
The circuit's behaviour is not brittle. Fig. 20 shows the

average output voltage (measured using the analogue inte-
grator over a period of 5 seconds) for input frequencies from
31.25kHz to 0.625kHz. For input frequencies � 4.5kHz the
output stays at a steady +5V, and for frequencies � 1.6kHz
at a steady 0V. Thus, the test frequencies (marked F1 and
F2 in the �gure) are correctly discriminated with a consid-
erable margin for error. As the frequency is reduced from
4.5kHz, the output begins to rapidly pulse low for a small
fraction of the time; as the frequency is reduced further
the output spends more time at 0V and less time at +5V,
until �nally resting at a steady 0V as the frequency reaches
1.6kHz. Beyond this range, the output stays at steady 0V



for inputs down to 0Hz (dc), and at steady +5V for inputs
up to several MHz. These properties might be called `gen-
eralisation and extrapolation,' but are fortuitous: no steps
were taken to encourage them. It may be that this is a
natural response for a dynamical system of this class, but
not enough data is yet available to be sure.
Fig. 20 also shows the circuit's behaviour at tempera-

tures outside the range experienced during the evolutionary
experiment. The high temperature was achieved by plac-
ing a 60W light bulb near the chip, the low temperature
by opening all of the laboratory windows on a cool breezy
evening. Varying the temperature moves the frequency re-
sponse curve to the left or right, so once the margin for
error is exhausted the circuit no longer behaves perfectly
to discriminate between F1 and F2.
In the examples given here, at 43:0�C the output is not

steady at +5V for F1, but is pulsing to 0V for a small frac-
tion of the time. Conversely, at 23:5�C the output is not a
steady 0V for F2, but is pulsing to +5V for a small fraction
of the time. However, the circuit operates perfectly over
the �5�C range of temperatures to which the population
was exposed during evolution, despite its only available
time reference being the the natural dynamical behaviours
of the components, which are temperature dependent.

C. Analysis

A useful circuit behaviour has been evolved. The cir-
cuit has some attractive engineering properties, chiey its
small size. Its externally observable behaviour has been
characterised with respect to di�erent inputs and operat-
ing temperatures, and found to be satisfactory within par-
ticular ranges (albeit a small temperature range, and only
using this particular FPGA device: see xV-A). It might
be thought that this knowledge would be enough to allow
the circuit to be employed con�dently in an application
respecting these observed limitations, but this is not so.
To advance research, or to learn new design ideas from

the circuit, we need to be able to discern some of its prin-
ciples of operation. However, even if the goal is merely to
evolve a circuit that works (and we don't need to know
how), some degree of analysis may still increase its util-
ity as an engineering product. In particular, if bounds on
possible long-term changes in the circuit's behaviour can
be derived, then the circuit can be applied with con�dence
more widely. The need for extended consistent performance
is di�cult to accommodate within an evolutionary frame-
work, because usually the tests for �tness measurement of
candidate solutions (the bottleneck in the evolutionary pro-
cess) are as brief as possible. The evolutionary approach
can be made more viable if, through analysis, it can be
predicted that a circuit will perform adequately in the long
term, even though it was never tested for long during its
evolution.
There are two components to long-term stability of be-

haviour. First, the circuit must be insensitive to certain
variations in its implementation or environment: robust
with respect to a necessary operational envelope. There
can be a temporal aspect to robustness as it includes ther-

mal drift over time, noise, ageing e�ects in semiconductor
devices and integrated circuits, and so on. Second, it is
possible for even simple dynamical systems to display in-
termittent behaviour over long timescales [60]. This is not
due to any external uctuations, but is a property of the
system's own dynamics. Circuits can be constructed that
will inevitably | though after a long period of normal
operation | suddenly and unpredictably change in their
qualitative mode of behaviour, possibly forever, or perhaps
to return to normal operation for another long interval [61].
An evolutionary algorithm, unless using debilitatingly long
�tness evaluation tests, would be blind to this pathological
behaviour, and could present such a circuit as a solution to
the engineering speci�cation. Inherently erratic dynamics
of this kind can also interact with the temporal aspects of
the operational envelope. If analysis can provide reassur-
ance against long-term sporadic misbehaviour, the circuit
is rendered more useful.

In critical applications, complex circuits can be embed-
ded within an error-recovering framework [62]. The error
recovery mechanisms themselves can be simpler, and per-
haps veri�ed formally. For example, if a failure condition
is detected, the circuit responsible could be automatically
reset to a safe initial state. The more a circuit's potential
failure modes are understood, the more feasible it becomes
to construct a resilient system containing it.

Analysis of exotic evolved circuits is di�erent to that
undertaken as part of orthodox design. At an abstract
level, the appropriate tools are sometimes more akin to
neuroscience than to electronic engineering. It is especially
important to recognise that an evolved system may not
have a clear functional decomposition. A functional anal-
ysis decomposes the system into semi-independent subsys-
tems with separate roles; the subsystems interact largely
through their functions and independently of the details
of the mechanisms that accomplish those functions [63].
Systems designed by humans can usually be understood
in this way, because of the `divide and conquer' approach
universally adopted to tackle complex designs.

Although an evolved system may have particular func-
tions localised in identi�able subsystems, this is not always
so. Dynamic systems theory [64] provides a mathematical
framework in which systems can be characterised without
a functional decomposition. Hence, what to many people
is the essence of understanding | being able to point at
parts of the whole and say what function they perform| is
not always possible for evolved systems. In this case, more
precisely formulated questions regarding the organisation
of behaviour must replace fuzzy notions of `understanding'
or `explanation' rooted in functional decomposition. In our
case, these questions are centred around the suitability of
an evolved circuit for engineering applications. Addressing
these questions, such as those regarding long-term dynam-
ics, is what we mean by `analysis.'

The successful action of a circuit can be considered as a
property of the interface between its inner mechanisms and
the external environment [63]: the inner has been adapted
so that the behaviour at the interface satis�es the speci-



�cation. Observations at the interface (e.g. at input and
output connections) during normal circuit operation may
reveal little about the inner mechanisms, but instead will
largely reect the demands of the speci�cation. Analysis
therefore requires internal probing, and/or observation un-
der abnormal conditions, either internal or external.

There are surprisingly many tactics that can be used to
piece together an analysis:

� Probing and abnormal conditions. Abnormal con-
ditions include: manipulation of the input signals, varying
temperature or power-supply voltage, replacing parts of
the circuit with alternative or non-functional pieces, and
injecting externally generated signals at internal points.
Monitoring an internal voltage always has some side ef-
fect, often placing a mostly-reactive load at the probing
point. This may have negligible consequences, but poten-
tially perturbs the measurement, or even stops the circuit
from working altogether. Probing internal signals of a cir-
cuit implemented on an FPGA can require routing extra
connections to reach the external pins of the device, with
a danger of further disrupting the circuit under study. Ad-
vanced non-contact measurement equipment such as the
`electric-potential microscope' [65] should prove powerful
for scienti�c understanding, but is inconvenient for regular
engineering projects, requiring the surface of the silicon die
to be exposed.
� Mathematical techniques, including standard elec-
tronics theory, are preferable for their rigour and generality.
If a whole unconventional evolved circuit is mathematically
intractable, there may still be parts of it which yield.
� Simulation of a circuit allows rapid and extensive inter-
active exploration. Circuits evolved not in simulation, but
using real recon�gurable hardware, may rely on detailed
hardware properties not easily modelled in a simulation.
Attempts at simulation can at least help to clarify the ex-
tent of this dependence.
� Synthesis: a circuit can be implemented using alterna-
tive electronic devices. For example, a circuit evolved on a
single VLSI recon�gurable chip, might then be constructed
out of a number of hardwired small-scale chips. This pro-
vides easy access for probing and manipulation of `internal'
signals, and again can clarify what aspects of the hardware
are important to the circuit's operation.
� Power Consumption for the most commonVLSI tech-
nology (CMOS), is related to the rate of change of the in-
ternal voltages. After removing any power-supply smooth-
ing capacitors, power consumption can be monitored with
high temporal precision, while the circuit is exposed to test
conditions.
� Electromagnetic emissions, resulting from rapidly
changing electrical signals, can sometimes be detected us-
ing a tuned radio receiver. Circuit activity within a chip,
which might be di�cult to monitor directly, can thus be
roughly characterised.
� Evolutionary history: The mechanism underlying a
task-achieving behaviour may be more apparent soon af-
ter its evolutionary origin, rather than after evolution has
re�ned it closely to match the speci�cation. It may be pos-
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Fig. 21. The logic circuit representation. The numbers in hexagons
are rough estimates of time delays (in ns), based on the maxi-
mum values speci�ed by the manufacturer. `IOB' refers to the
inverting Input/Output Blocks that interface the edges of the
recon�gurable array to the physical pins of the chip.

sible to identify the innovation (perhaps caused by one or
more mutations) giving rise to the behaviour's origin in an
ancestor, and to relate this to the operation of the �nal
circuit.
� Population diversity: Sometimes there can be several
slightly di�erent (but related) forms of high-�tness circuits
in an evolutionary population, which can help to reveal the
basic mechanisms used.

Although unconventional evolved circuits can seem
dauntingly unfamiliar, the analyst is far from power-
less. We now apply these tactics to the evolved tone-
discriminator, which is probably the most bizarre, mys-
terious, and unconventional unconstrained evolved circuit
yet reported. The aim is to explore how analysis may be
able to abate some of the worries associated with employing
very unusual evolved circuits in an engineering application.
From the observations made so far, one could only spec-

ulate as to the circuit's means of operation, so unusual are
its structure and dynamics. It was clear that continuous
time played an important role. If the circuit was con�g-
ured onto a di�erent, but nominally identical, FPGA chip
(not used during evolution), then its performance was de-
graded. If the temperature is raised or lowered, then the
circuit still works, but the frequencies between which it dis-
criminates are raised or lowered. (Digital circuits usually
display unchanged behaviour followed by brittle failure on
approaching their thermal limits [66].) These initial obser-
vations warranted a concerted application of our tactics for
unconventional analysis.
Recall that at intermediate frequencies, the circuit's

output alternates rapidly between low and high voltages
(Fig. 20), otherwise it is steady high or low. This binary be-
haviour of the output voltage suggested that perhaps part
of the system could be understood in digital terms. By
temporarily making the assumption that all of the FPGA
cells were acting as Boolean logic gates in the normal way,
the FPGA con�guration could be drawn as the logic circuit
diagram of Fig. 21.
The logic circuit diagram shows several continuous-time

recurrent loops (breaking the digital design rules), so the
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Fig. 22. The timing of the evolved circuit's response to a change in
input frequency.

system's behaviour is unlikely to be fully captured by this
Boolean level of abstraction. However, it contains many
`canalysing' functions [67], such as AND and OR: func-
tions where one input can assume a value that makes the
other inputs irrelevant. It so happens that whenever our
circuit's input is 1, all of the recurrent loops in Parts A &
B are broken by a cascade of canalysing functions. Within
20ns of the input becoming 1, A and B satisfy the digital
design rules, and all of their gates deterministically switch
to �xed, static logic values, staying constant until the input
next goes to 0.
Part C of the circuit is based around a 2:1 multiplexer.

When Part B is in the static state, the multiplexer selects
the input marked `1' to be its output. This input comes
from the multiplexer's own output via an even number of
inversions, resulting in no net logic inversion but a time
delay of around 9ns. Under certain conditions, it is possible
for such a loop to oscillate (at least transiently), but the
most stable condition is for it to settle down to a constant
logic state. The output of the whole circuit is taken from
this loop. As this Part C loop provides the only possibility
for circuit activity during a high input, the next step in
the analysis was to inspect the output very carefully while
applying test inputs.5

We had already observed that the output only ever
changes state (high)low or low)high) on the falling edge
of the input waveform (Fig. 22). It was then discovered
that the output also responds correctly to the width of
single high-going pulses. Fig. 23 shows a low)high out-
put transition occurring after a short pulse; further short
pulses leave the output high, but a single long pulse will
switch it back to the low state. The output assumes the
appropriate level within 200ns after the falling edge of the
input. The circuit does not respond to the width of low-
going pulses, and recognises a high-going pulse delimited
by as little as 200ns of low input at each end of the pulse.
The output is perfectly steady at logic 1 or 0, except for
a brief oscillation during the 200ns `decision time' which
either dies away or results in a state change.
This is astonishing. During the single high-going pulse,

we know that parts A and B of the circuit are `reset' to a
static state within the �rst 20ns (the pulse widths are vastly
longer: 500�s and 50�s correspond to 1kHz and 10kHz).

5The 20MHz oscilloscope used for the earlier photographs of Fig. 15
was inadequate for analysis purposes. For the remainder, a Hewlett
Packard 54542C four-channel digital storage oscilloscope was used,
which samples at 2 Giga-samples/sec, and is bandwidth limited to
500MHz.
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Fig. 23. The response to a single high-going pulse.

Our observations at the output show that Part C is also in
a static state during the pulse. Yet somehow, within 200ns
of the end of the pulse, the circuit `knows' how long it was,
despite being completely inactive during it.
This is hard to believe, so we have reinforced this �nd-

ing through many separate types of observation, and all
agree that the circuit is inactive during the pulse. Power
consumption returns to quiescent levels during the pulse.
Many of the internal signals were (one at a time) routed
to an external pin and monitored. Sometimes this probing
altered (or destroyed) the circuit's behaviour, but we have
observed at least one signal from each recurrent loop while
the circuit was successfully discriminating pulse-widths,
and there was never activity during the pulse. We were con-
cerned that perhaps, because of the way the gates are im-
plemented on the FPGA, it was possible that glitches (very
short-duration pulses) were able to circulate in the circuit
while our logic-analysis predicts it should be static; possi-
bly these glitches could be so short as to be unobservable
when routed to an external pin. Hence, we hand-designed
a high-speed `glitch-catching' circuit (basically a ip-op)
as a con�guration of two FPGA cells. Glitches su�ciently
strong to circulate for tens of microseconds could be ex-
pected to trigger the glitch-catcher, but it detected no ac-
tivity in any of the recurrent loops during an input pulse.
The circuit is not relying on inuences fromoutside of the

chip. Once the con�guration had been downloaded to the
device, it could be detached from all external circuitry. The
only connections to the chip were then power-supply wires
from a 6V battery and shielded wires for the input and
output, all directly wrapped onto the chip's pins (no socket,
no decoupling capacitors). The whole isolated chip and
battery assembly could then be placed in a grounded metal
box, and the circuit still displayed the correct behaviour.
We performed a digital simulation of the circuit (using

PSPICE), extensively exploring variations in time delays
and parasitic capacitances. The simulated circuit never re-
produced the FPGA con�guration's successful behaviour,
but did corroborate that the transient as the circuit enters
its static state at the beginning of an input pulse is just a
few tens of nanoseconds, in agreement with our experimen-
tal measurements of internal FPGA signals, and according
with the logic analysis. We then built the circuit out of
separate CMOS multiplexer chips, mimicking the way that



Fig. 24. Behaviour of the �rst frequency-discriminating ancestor. The upper waveform is the output, and the lower the input; we see the
behaviour immediately after the falling edge of a single input pulse. Left: long pulse, Right: short pulse. The input to the FPGA is
actually delayed � 40ns by an intervening bu�er, relative to the wave seen here.

the gates are actually implemented by multiplexers on the
FPGA, and also modelling the relative time delays. Again,
this circuit did not work successfully, and | despite our
best e�orts | never produced any internal activity during
an input pulse.

We then went back to �nd the �rst circuit during the evo-
lutionary run that responded at all to input frequency. Its
behaviour, originally shown at generation 650 in Fig. 15
using an inadequate oscilloscope, is enlarged in Fig. 24.
During a pulse, the output is steady low. After the pulse,
the output oscillates at one of two di�erent frequencies,
depending on how long the preceding pulse was. These os-
cillations are stable and long lasting. The di�erences are
minor between this circuit and its immediate evolutionary
predecessor (which displays no discrimination, always os-
cillating at the lower of the two frequencies). In fact, there
are no di�erences at all in the logic circuit diagrams; the
changes do things like alter where a cell's function takes an
unused input from. This lends further support that circu-
lating glitches are not the key: there was no change to the
implementation of the recurrent loops.

We see bistable oscillations similar to Fig. 24 at internal
nodes of part A of the �nal circuit. On being released from
the canalysed stable state, the di�erence in the �rst 100ns
of oscillatory behaviour in part A is used by parts B &
C to derive a steady output according to the pulse width.
There is some initial state of the part A dynamics which
is determined by the input pulse length. This initial state
does not arise from any circuit activity in the normal sense:
the circuit over the entire array of cells was stable and static
during the pulse. It is a particular property of the FPGA
implementation, as it is not reproduced in simulation or
when the circuit is built from separate small chips. One
guess is that the change in initial state results from some
slow charge/discharge of an unknown parasitic capacitance
during the pulse, but we cannot yet be sure.

We understand well how parts B & C use A's initial os-
cillatory dynamics to derive an orderly output, and have
successfully modelled this in simulation. The time delays
on the connections from A to B & C are crucial. This

explains the inuence of the `grey cells', which are all im-
mediately adjacent to (or part of) the path of these signals.
Varying the time delays in the simulation produces a simi-
lar result to interfering with the grey cells. Mostly, the loop
of part C serves to maintain a constant and steady output
even while the rest of the circuit oscillates, but immedi-
ately after an input pulse it has subtle transient dynamics
interacting with those of A & B.

D. Conclusion to Case Study 2

The results described here represent the state of the
art in the exploration of radically new territories of de-
sign space. The circuit is small, but de�nitely not trivial.
For a human designer to solve this problem using only 32
cells, with no clock or external components, would be very
di�cult indeed (if feasible at all).

The circuit vividly demonstrates the power of uncon-
strained evolution. With a freedom to explore rich struc-
tures and dynamics, evolution has been able to exploit the
natural behaviours arising from the physics of the device.
Analysis of such an evolved circuit enhances its utility, but
requires novel approaches. There are numerous tactics that
can be used to piece together answers to analysis ques-
tions even for a seemingly impenetrable circuit. We still do
not understand fully how it works: the core of the timing
mechanism is a subtle property of the VLSI medium. We
have ruled out most possibilities: circuit activity (includ-
ing glitch-transients and beat-frequencies), metastability
[41], and thermal time constants from self-heating. What-
ever this small e�ect, we understand that it is ampli�ed
by alterations in bistable and transient dynamics of oscil-
latory loops, and in detail how this is used to derive an
orderly near-optimal output. Certain peripheral cells �ne-
tune particularly sensitive time delays. On the key ques-
tion of long-term consistency of behaviour, we know that
the entire FPGA circuitry is strongly reset to a determin-
istic stable logic state for every high half-cycle of the in-
put waveform. Long-term pathologies are therefore highly
unlikely, demonstrating that analysis e�ort can sometimes
remove worries related to the use of highly unconventional



circuits in practical applications.

It now seems indisputable that hypotheses H1 and H2
are true: `Evolutionary algorithms can explore some of
the regions in design space that are beyond the scope
of conventional methods.' The fascinatingly alien tone-
discriminator circuit was produced using a very basic evo-
lutionary method, with no great di�culty other than to
leave behind preconceptions of how electronics should be.
The circuit gives a tantalising glimpse of the theoretically-
possible engineering attractions, such as small size by �nd-
ing forms and processes that are natural to the VLSI
medium. However, it is invalid to make a direct com-
parison with conventionally-designed circuits: these have
a much larger operational envelope.

V. Towards Robust Unconventional Evolved

Circuits

If the 10 � 10 region of the evolved tone-discriminator
was translated to another region of the 64 � 64 array, on
the same chip, then performance was degraded: sometimes
slightly, sometimes completely. Similar failings are found
if the evolved con�guration is used on a di�erent nomi-
nally identical FPGA, though in both cases if evolution
was allowed to continue, the population quickly adapted
to the characteristics of the new silicon. Combined with
the relatively narrow range of operating temperatures, this
unportability restricts the circuit to very esoteric applica-
tions. To claim that an unconventional circuit is better
(hypothesis H3), in a practical sense, it must have a more
comprehensive operational envelope. We now present three
research tools currently in use to bring this about, or at
least to illuminate the potentials and limitations of the un-
constrained approach.

A. The `Evolvatron'

The `Evolvatron' is a tool that can provide an evolu-
tionary selection pressure for robustness, without having
to prejudge how this should be achieved. For example, [66]
observes that analogs of many of the strategies for ther-
mal robustness found in animals, from a behavioural level
down to the molecular, could also arise in unconstrained
evolved electronics subject to this selection pressure. Some
of these strategies are very di�erent to those practiced in
conventional electronics design.

Section II described how orthodox methods bring about
robustness by adopting general design constraints. In con-
trast, the evolutionary goal is to produce mechanisms for
robustness that are tailored to the task, the structure and
dynamics of the circuit, and | in turn | the natural
physical resources of VLSI. This approach is less restric-
tive to design-space exploration, and can potentially �nd
holistic strategies for robustness that are superior in their
particular domain. By `holistic' we mean a strategy not
only tailored to the situation, but which also emerges at
the system-level, not necessarily demanding robustness of
all of the parts. Here, robustness is part of the target of
the evolutionary design process, whereas for conventional
methods it is mostly a constraint placed upon the design
process itself.
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Fig. 25. The `Evolvatron'.
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The Evolvatron is shown in Fig. 25, and is fully de-
scribed in [68]. It consists of an expandable collection of
XC6216 FPGAs, which are maintained in di�erent condi-
tions. Fig. 26 summarises the conditions currently pro-
vided in the pictured machine. Using �ve chips, from two
di�erent foundries, a selection is provided of thermal con-
ditions, power-supply voltages, output loads, host)FPGA
interfaces, chip packages, and positionings of the 10 � 10
evolved region within the array.

For a �tness evaluation, a circuit is downloaded to each of
the chips, which are then tested simultaneously at the tar-
get task. The evaluation function combines the �ve scores
so as to give a measure of the circuit's ability to perform
the task in all of these conditions: the selection pressure for
robustness. Preliminary results for the tone discrimination
task are encouraging [68]. The primary research questions
are:

� What resources are needed for robustness? Are stable
o�-chip components required? Is it necessary to provide a



stable oscillation as an extra input to the evolving circuits?
Such a clock would be a resource, to be used in any way (or
ignored) as appropriate, rather than an enforced constraint
on the system's dynamics as in synchronous design.

� Can generalisation over an entire, practical, operational
envelope be achieved through evolution in a relatively small
number of di�erent conditions?

� Given the experimental arrangement described herein,
is the evolution of a robust circuit more di�cult than of
a fragile circuit evolved on just one FPGA? (An appar-
ently harder task is not necessarily more di�cult for evo-
lution, depending on the pathways available for evolution-
ary change.) Does it make sense gradually to increase the
diversity and span of the operational envelope during evo-
lution, or should the population be exposed to a represen-
tation of the complete operational envelope right from the
beginning?

� If robust circuits are evolved, how do they work? Do
they look more like conventional circuits? Are they still
smaller?

B. The Evolvable Motherboard

We now introduce a research tool designed to allow ex-
ploration of design space further than is possible with com-
mercial FPGAs. The tool (henceforth referred to as the
Evolvable Motherboard (EM)) allows a large variety of
electronic components to be used as the basic active el-
ements, and has an interconnection architecture such that
any component pin can be independently connected to
any other. Interconnections are directly accessible to test
equipment, facilitating analysis of circuits con�gured on
the EM. Fig. 27 is a simpli�ed diagram of one corner of the
EM and the plug-in daughter-boards containing the basic
elements. The diagonal lines represent digitally-controlled
analogue switches which allow row/column interconnec-
tion. The minimum number s of switches required to en-
sure all possible combinations of interconnections between
basic elements is equal to the number of di�erent pairs of
the total of their pins:

s =
n(n� 1)

2
(3)

where n is equal to the total number of basic element pins.
Eqn. 3 can be realised using a triangular matrix of

n rows � n columns, approximated on the EM using com-
mercial analogue crosspoint switch arrays. Each daughter-
board takes up to eight lines on the switch matrix, plus
a further eight connections to allow for power lines and
I/O, which may be required by components such as op-
erational ampli�ers or digital potentiometers. EMs have
been constructed using n = 48 (Fig. 28), admitting up to
6 daughter-boards. Expansion ports are provided so that
several EMs can be daisy-chained together.
Connections made using the analogue switches have re-

sistance and capacitance, hence forming an integral part
of any circuit con�gured. In total, approximately 1500
switches are used, giving a search space of 10420 possible

+-

+-

Switch arrays
Crosspoint
Programmable

Additional
Power and
Signal bus

’Plug-in’
Basic
Circuit
Elements

Fig. 27. Simpli�ed schematic of part of the EM.

Fig. 28. An Evolvable Motherboard, with daughter-boards of two
transistors each attached.

circuits. The `on' resistance of the analogue switches pre-
vents con�gurations that short the power rails from dam-
aging the EM provided the power supply is less than 3Vdc.
Using an ISA interface (not shown), the switches can be
programmed by direct writes to a PC's internal I/O ports,
allowing circuits to be instantiated in hardware in a very
short time (< 1ms).

The Evolvable Motherboard was conceived to help pro-
vide insights into choosing the basic element type and in-
terconnection architecture of an FPGA ideally suited to
circuit design using arti�cial evolution, and to aid analysis
of bizarre evolved circuits whose operation could not be
explained by function-level models. Research is currently
in progress using transistors, multiplexers, and operational
ampli�ers as basic elements, but results presented in this
paper are restricted to the use of bipolar transistors. By
catering for all possible interconnections, a variety of more
restrictive architectures can be evaluated for a given EA
by the appropriate choice of genotype-phenotype mapping.
While simple circuits have been successfully evolved using
the full complement of switches (by directly mapping each
genotype bit to a di�erent switch), this is not generally ap-
propriate since candidate solutions tend to short out the



basic elements [69]. The following example illustrates the
use of an interconnection architecture chosen to reect the
connectivity found in conventional circuits.
The task was to evolve a circuit to minimise the ac error

between the output and ampli�ed input voltages, using the
�tness measure:

f = �
1

500

500X
i=1

ja (Vini �Oin) � (Vouti � Oout)j (4)

where a is the desired ampli�cation factor, Vini and Vouti
are the ith input and output voltage measurements re-
spectively, and Oin and Oout are the dc o�sets of input
and output respectively. Ampli�cation a was set to -10.
The �tness measure equates to a simple inverting ampli-
�er, however it is not intended to be a practical ampli-
�er since the �tness measure makes no provision for phase
shift, and only a single frequency was applied at the input
during evaluation: a 1kHz sine-wave of 2mV peak-to-peak
amplitude, o�set at +1.4Vdc. A rank based, generational
genetic algorithm with elitism was used for all the runs,
with population size 50. Genetic operators were mutation
and single-point crossover, with mutation probability set at
0.01 per bit. The genotype is mapped to the motherboard
switches so as to limit the quantity of switches on per row,
so that the pins of active components are not too highly
interconnected. This is consistent with many conventional
circuits where each component pin is only connected to
two or three other pins. In the encoding, each column is
assigned a corresponding row. The genotype represents the
switches a row at a time. For each row, one bit speci�es
whether the corresponding column is connected, followed
by column address and connection bits for up to n addi-
tional switches. n was set to 3, and 48 rows/columns were
used giving a genotype length of 1056 bits. The task was
made non-trivial by denying evolution the use of compo-
nents that would be considered essential for conventional
design, in this case resistors and capacitors. This constraint
is potentially useful for VLSI.
Fig. 29 is a circuit diagram typical of those obtained for

the task during 20 runs of 8000 generations each. The cir-
cuits cannot be analysed in the traditional manner, since
the current gain of bipolar transistors (�) varies widely
for di�erent specimens of a given type. Conventional cir-
cuits are designed to rely only on this property being above
some minimum value [27], whereas unconstrained evolu-
tion will exploit the actual value for this and other prop-
erties. It is therefore di�cult to be certain from the dia-
gram alone which transistors have an active role, and which
are `junk'. Using the EM, analysis is far simpler: unplug-
ging each transistor and re-evaluating shows that only Q8
and Q10 are essential to the circuit's operation (Fig. 30).
Measuring the voltage directly at the transistors' termi-
nals reveals both are operating as emitter-followers. This
simple example demonstrates the EM's potential for evolv-
ing and analysing small circuits with arbitrary architec-
tures and active elements, which are elaborate enough to
be used as building blocks in analogue design. Currently,

0V

R3 100K

100n
C1

1kHz
0.1V

R1 

R2 10K

10K

VCC

OUT

INPUT

Q10

Q6

Q3

Q1

Q9

Q5

Q8

Fig. 29. A typical evolved ampli�er. The small squares represent
analogue switches turned on.
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Fig. 30. A pruned circuit diagram of the ampli�er.

the EM's exibility and observability is being used to study
the topologies, dynamics, and failure modes, of unconven-
tional evolved circuits.

C. Evolution in Simulation of Buildable Circuits

The use of real recon�gurable hardware ensures that the
properties of the physical electronic medium are available
without restriction, to be exploited by the evolved circuits.
Evolution using a detailed simulation is also possible, but a
simulator inevitably neglects some details, while spuriously
a�ecting others, for all but the smallest of circuits. Simu-
lations are attractive, being more controllable, observable,
and in some cases faster (in others infeasibly slower), than
using real recon�gurable hardware running in real time.
Noise levels can be controlled in a simulation, which can
a�ect the evolutionary dynamics [70]. In the following,
we give an example of the special precautions that must
be taken to ensure that bipolar transistor-level simulation
results are valid: that the evolved circuits will actually
work when built. The commercial simulator SMASH will
be used, but the comments apply equally to the use of other
well-known packages such as SPICE.

The most elementary precaution is only to allow compo-
nents in the simulation that are really available. This not



only implies the use of `preferred values' for resistors, ca-
pacitors, etc. [71], but also adjusting the transistor model
parameters, such as the saturation current Is and �, to
match closely the components to be used in the real imple-
mentation.

It is also necessary to check during the simulations that
the transistors would not be damaged by overcurrent con-
ditions. This can be done by checking that the base-emitter
voltages and collector currents do not exceed limits (usu-
ally �0.7V, and around 100mA for low-power transistors).
Without this check, it is common to evolve a circuit that
seems to work in the simulation, but which will instantly
destroy the transistors at power-up if built.

As an example, consider the evolution using a GA of a
transistor ampli�er. The genotype was a linear string us-
ing integer encoding: it consisted of a separate `gene' cor-
responding to each component. The gene determines the
nature, value and connecting points of the related compo-
nent. Experimental details can be found in [10]. In this
particular set of experiments, the genotype was made up
of eight genes, with a total of 10 connecting points available
for the evolutionary algorithm to arrange the components.
Half of these points are external ones, being connected to:
a positive power supply (12V), a negative power supply
(-12V), ground, the input signal, and the circuit output.
The other �ve points are internal to the circuit. The bi-
ased input voltage represents a di�erential circuit input.

The �tness evaluation was based on a dc transfer analy-
sis, in which the input signal was swept from the negative
to the positive power supply voltages, in n increments of
100mV. The function:

Fitness = Maxn�1i=1 jV (i+ 1)� V (i)j (5)

was used, where V(i) describes the circuit output voltage
as a function of the dc analysis index, i, which spans the
swept range of the input signal. This evaluation function
aims to identify the maximum voltage gradients between
consecutive input voltage steps; the higher the gradient,
the larger the ampli�er gain will be. Ideally, the ampli-
�er transfer function should include two saturation regions
separated by a narrow, linear and steep gain region [11].

In a �rst set of experiments, a penalty term was included
in the �tness function, in order to eliminate circuits pre-
senting over-current or over-voltage conditions. In a second
set, these restraints were not applied during the evolution-
ary process, but the �nal circuits were inspected before any
attempt was made to build them. For the �rst set, there
was a low success-rate for GA runs, but the solutions had a
greater probability of working when built. For the second
set, there was a higher apparent success rate for GA exe-
cutions, but most of the evolved circuits would not work
in practice. This �nding gives a context to some reports in
the literature of highly complex transistor circuits evolved
in simulation not using preferred values, matched transis-
tor models, or any check on over-current or over-voltage,
and for which no attempt was made to implement using
real components (e.g. [72]).
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Fig. 31. The best evolved ampli�er from the second set of GA runs.
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simulation (solid line) and the one achieved by actually measur-
ing the circuit output (dashed/crosses).

Fig. 31 depicts the schematic of the best ampli�er syn-
thesised in the second set of tests. In this run, approx-
imately 105 individuals were evaluated, taking about 20
hours running on one processor of a Sun Ultra Enterprise
2 workstation. Fig. 32 compares the dc transfer function
obtained in simulation with that experimentally measured
from the circuit actually implemented on a prototyping
board (Fig. 33).

The topology of the circuit shown in Fig. 31 is very un-
conventional: the input is being applied to the collector,
and not to the base, of transistor Q1. The circuit is not
exactly equivalent to any standard transistor stage. Tran-
sistor Q3 is redundant.

Fig. 33. The evolved circuit built on a prototyping `breadboard' for
testing.
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By running an operating point analysis, it was discerned
that transistors Q2 and Q4 were working as current ampli-
�ers, whereas transistor Q1 was biased in its reverse region.
Q1 and Q2 act so as to set the dc operating point of Q4,
which is delivering the ampli�cation of the overall circuit.

The diode shown was inserted after evolution to remove
a bias voltage of -0.7V from the circuit. The resistor val-
ues produced by the GA have also been slightly changed,
using human knowledge, to improve the circuit linearity.
Interactive involvement from an expert is not necessarily
undesirable, but in cases such as this, linearity could al-
ternatively be improved by a further application of an op-
timisation algorithm to the component values within the
evolved structure.

From Fig. 32, it can be observed that both the imple-
mented and the simulated versions behave as inverting am-
pli�ers. The shift between the responses is due to a mis-
match between the real diode parameters and the default
ones employed by the simulator. An important feature of
this ampli�er, which had to drive a 10k
 resistive load dur-
ing all tests, is that the saturation voltages approach the
power supply values, an enhancement over our previous
results [10].

At �rst glance, it might seem that this circuit is compa-
rable to a commercial bipolar operational ampli�er, such
as the NE5534 [11]. The latter has a gain of 100dB and a
gain-bandwidth product of 10MHz when driving a capaci-
tive load of 100pF, while the evolved circuit has a gain of
56dB and a gain-bandwidth product of over 100MHz for the
same load, with both circuits dissipating around 100mW.
Fig. 34 depicts the frequency response of the evolved ampli-
�er. However, such a comparison is not warranted, because
the speci�cation of the NE5534 includes good performance
by many other criteria. These criteria were not included in
our experiment but are necessary for a useful OpAmp [73].
A promising multi-criteria evolutionary method is given in
[15]; here we simply aimed to show that if simulations are
to be used at all, then buildability must be a primary cri-
terion.

VI. Conclusion

Three simple and precise hypotheses were addressed:

H1 That conventional methods can only work within
constrained regions of electronics design space has been
shown �rst by characterising what conventional design
practices actually are, and secondly by exhibiting an
evolved circuit obviously beyond them: the tone discrimi-
nating circuit of Case Study 2.
H2 That evolutionary algorithms can explore some of the

regions of design space that are beyond the scope of conven-
tional methods has been shown explicitly. In Case Study 1,
the DSM robot controller, evolution was seen to exploit the
enhanced behavioural capabilities of a conventional archi-
tecture, once some constraints from digital design methods
were relaxed. In Case Study 2, given the freedom, an evolu-
tionary process produced a working circuit with a structure
and dynamics foreign to orthodox design and analysis.
H3 That evolutionary algorithms can in practice pro-

duce designs beyond the scope of conventional methods,
and that are better, has been signalled repeatedly but not
demonstrated conclusively. On theoretical grounds, there
is greater opportunity to �nd the forms and processes that
naturally exploit the properties of the electronic medium,
and this seems to happen in practice. Nonbehavioural re-
quirements can be integrated into the design process more
seamlessly, and an example was seen when the robot con-
troller was evolved to be tolerant to SSA faults, without
the explicit incorporation of redundant parts. There is the
promise of the evolution of means for robustness that are
tailored to the task, the circuit, and the medium. Hard-
ware and software tools were presented to illuminate the
way forward in scienti�c investigation. H3 is at least a
good working hypothesis.
What initially seemed daring hypotheses are now either

matter-of-fact, or within reach. From the vastness of design
space, practically useful novel regions beckon.
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