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This paper introduces a formal definition of the evolvable computational machine.
Then the automata that precisely define its computation are derived. Finally, a
practical impact to implementation in the field of evolvable hardware is shown.

1 Introduction

Evolutionary algorithms (EA) were successfully applied to design of various compu-
tational machines in recent years. Some evolved designs have outperformed human
designs especially in cases where no or weak design methodology is known for a given
problem. Cellular automata [5] or digital circuits [6] are typical examples. In case
of evolvable hardware, circuit implementation is usually evolved in a reconfigurable
device like FPGA (Field Programmable Gate Array). There is also a chance to design
adaptive hardware since the circuit specification (fitness function) can vary in time.

The idea of evolvable component have been introduced in [1] to make the design
of evolvable hardware-based applications easier. In case of evolvable components,
genetic operators and a reconfigurable device are encapsulated and they operate as a
single subsystem while the process of the fitness calculation remains outside and thus
it is opened for a designer. To give an example, let us mention the evolvable com-
ponent for image pre-processing. Various image operators may be evolved only by
redefinition of the fitness function while the whole component is fixed [2]. Such evolv-
able component could be implemented as an IP (Intellectual Property), specialized
chip or a software component in future.

In this paper, we introduce a mechanism of communication between the evolvable
component and its environment and also a mechanism of internal communication of
the evolvable component. We claim that these mechanisms that are described by
Moore’s automata are independent of a given evolutionary algorithm, reconfigurable
device and application and thus they are common for all evolvable components. From
practical viewpoint, a design template can be prepared beforehand.

2 Evolvable computational machines

Formal definition of the evolvable computational machine (ECM) was initially intro-
duced in [3]. The definition is based on a formal definition of the EA, which can
be found in [4]. Note that the fitness function Φ : I → R assigns real values to
individuals (chromosomes) in [4]. There are two construction steps of the definition:



(i) The subject of evolution (i.e. what is encoded in the chromosome) has to
be chosen. Let M denote a set of all computational machines. Then the growth
function g : I → M ′ defines how to create a machine from its genetic information.
M ′ denotes a subset of all computational machines and determines which machines
may be constructed using g.

(ii) A machine fitness function f : M ′ → R has to be defined since behavior of a
given machine must be evaluated in the process of fitness calculation. And because
the fitness function is defined as Φ : I → R, the fitness function is just the composition
f ◦ g.

Definition 1: An evolvable computational machine EM is a quadruple EM =
(M ′, E, g, f), where M ′ denotes a set of computational machines, whose part is the
subject of evolution, performed by an evolutionary algorithm E. The growth function
g : I → M ′ assigns to each individual x (x ∈ I) in E a machine in M ′. Function
f : M ′ → R is a machine fitness function. Fitness Φ in the E is Φ = f ◦ g. 2

Computation of ECM is defined by computations of a given EA and CM.
Definition 1 deals with a single fitness function. In many applications of ECM

(e.g. in the field of evolvable hardware), the fitness function is changed dynamically
to reflect environmental changes. Definition 2, which is based on definition of a set of
fitness functions (called environmental functions) and on a mechanism of transition
between them determines the machine environment. (The set of all mappings from
M ′ to R will be denoted RM ′

).

Definition 2: Machine environment is a triplet Ξ = (Γ, ϕ0, ε) where Γ ⊆ RM ′

denotes the set of environmental functions specifying quality of a machine in a given
environment. ϕ0 ∈ Γ is an initial environmental function. ε : Γ → Γ denotes a
relation on the set of environmental functions that determines successive function.2

3 Automata of evolvable computational machines

To provide deeper understanding to the mechanism of computation of the ECM,
to reflect dynamic changes of an environment and to show practical impact of the
previous definitions, the following viewpoint is introduced.

3.1 Evolvable component

Let us consider an implementation of the ECM as well as its environment in the
digital system. Then the ECM can be implemented as the evolvable component
whose general architecture is depicted in Fig. 1. The interface of the component
provides basic operations needed to control evolution and to obtain the result of
evolution (i.e. a digital circuit).

The evolvable component itself consists of a Reconfigurable Device (RD), Genetic
Unit (GU) and a controller. Internal structure of the Reconfigurable Device and
Genetic Unit are application dependent while their interface, interface of the evolvable
component and the controller are application independent.
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Fig. 1: Evolvable component and the automaton of the controller-1.

The RD can represent various computational machines (digital circuits) accord-
ing to configuration information uploaded through cnfg stream and cnfg. Circuits
uploaded into RD are evaluated by an environmental function using I/O channels
and CLK1 signal available on the component interface.

The growth function g builds configurations (and so various digital circuits) from
chromosomes and should be implemented as a part of GU. The GU usually operates
as follows: Initial population is generated when reset signal is activated. The signal
GU ready indicates that an initial population is prepared. If the signal newchrom is
activated, the chromosome that should be evaluated is used to create the configuration
information for RD and the configuration is uploaded into RD. The signal cfin is
generated when the process of configuration is finished. If the signal setfitness is
activated, the value available at FITNESSVAL input is valid and can be recorded. If
the signal bestchrom is activated, the best chromosome produced during the evolution
is uploaded into RD. If the signal clrbestfitness is activated, the fitness value of the
best chromosome is cleared. This signal indicates a new environmental function.

In other words, the previous paragraphs have described high level specifications
of the RD, GU and their interfaces that have to be fulfilled by designer if the concept
of evolvable component should be employed. However, a variant of selection in GU, a
set of functions available in programmable elements of RD or other features strongly
depend on a given application.

On the other hand, the controller-1 is an inherent part of every evolvable compo-



nent. Its behavior is defined using Moore automaton (see Fig. 1) and therefore this
automaton actually determines the computation of the evolvable component (and so
ECM). The automaton mainly generates control signals for the GU. These signals are
derived from signals of the interface: RST (corresponds to reset), NC (newchrom),
BC (bestchrom), VF (setfitness) and IFB (clrbestfitness). The signal CP (Connection
is Prepared) is set up according to the signal cfin.
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Fig. 2: Machine environment and the automaton of the controller-2.

3.2 Environment

A model of machine environment is presented in Fig. 2 to introduce the context where
the evolvable component operates. It may be also considered as an ”implementation”
of Definition 2 in digital systems. Machine environment operates as master while
evolvable component is a slave (subsystem).

Fitness Calculation Unit is able to evaluate a given circuit or to use the best circuit
for purposes of the system. It is completely application dependent including dynamic
change of the fitness function. However, like in the Genetic Unit, a standard interface
is provided. As we can see from its interface, this unit is completely responsible for
effective employing of the evolvable component because it must know whether a new
candidate solution is needed or whether a new environmental function has appeared.
The signals of its interface are: new – a new circuit is required for evaluation; start eval
– start evaluation of the prepared circuit; eval finished – circuit evaluation has been
finished; best – upload the best circuit; best prepr – the best circuit is uploaded;
invalidatebest – clear fitness of the best circuit.



Similarly to the evolvable component, the controller-2 is inherent part of every
machine environment. It is also based on Moore automaton (see Fig. 2) and controls
the communication with the evolvable component.

4 Consequences

The evolvable component and machine environment define together the evolvable
system. The units that are proposed in Fig. 1 and 2 determine a generic template
for implementation of evolvable systems. However, these units represent a minimum
needed for correct function. Various improvements can be considered.

The idea of generic template for design of evolvable components probably leads
to general theoretical viewpoint: Two evolvable components are isomorph if their
automata are isomorph. From practical viewpoint, isomorph components have very
similar implementations. On the other hand, two evolvable components will not
be isomorph, e.g. if a parallel implementation of the evolutionary algorithm with
multiple RD is considered in one of them.

5 Conclusions

The proposed automata of evolvable components allow us to explain the process of
computation of the ECM in more details. The automata may be immediately used
for design of a controller of evolvable component. The approach directly leads to
semi-automatic design of evolvable hardware-based applications.

The research was performed with the Grant Agency of the Czech Republic under No.
102/01/1531 Formal approach in digital circuit diagnostic – testable design verification.
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