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Abstract: This paper presents both the genetic algorithm and the hardware evaluation environment. Results
reveal that the genetic algorithm is able to exploit the flexibility provided by novel chromosome architecture,
and utilize acombination of primitive gates and macro components from a component library, in order to
produce circuits, which operate well within timing restrictions. Evolvable Hardware (EHW) is a new scheme
inspired by natural evolution, for designing hardware systems. By exploring a large design search space, EHW
may find solutions for a task, unsolvable, or more optimal than those found using traditional design methods.
The paper introduces this new approach and outlines how it can be applied for hardware design of the serial bit
patternrecognizer. A distinct feature of GA is to directly evolve and evaluate circuits ina HDL within novel
environment termed Virtual Chip (VC). The VCevolves circuit structures withina HDL, detailed simulation of
each circuitis possible with any technology specific component library. This feature allows accurate analysis
oftimingand area. The GA is ableto exploit the flexibility provided by novel chromosome architecture, and
utilizes a combination of primitive gates and macro components from a component library in order to produce

circuits, which operates well within timing restrictions.
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1 Introduction

Advances this decade in silicon technology have
enabled design engineers to examine new methods
of generating circuit designs. One such method has
become known as EHW, which considers the
automated design of digital systems using both
software simulation and programmable hardware
technologies. Although a range of evolutionary
algorithms have been applied to EHW applications
including Genetic Programming, Evolutionary
Strategies, and Evolutionary Programming, the
most dominant approach involves the use of GA.
Automated circuit design attempts to re-define the
methodology by which electrical circuits are
developed. Traditional techniques utilize a top
down or compartmentalized design methodology by
which complex systems are broken down into small
sub-systems and assigned to a number of design

groups. EHW, inversely approaches the design
problem as a whole system generating a ‘black box’
of the completed circuit. This technique is referred
to as a bottom up design methodology. The only
information an EHW framework has is that
presented to it by the design engineer.

Circuits generated via evolvable hardware are
evaluated by one of two methods: extrinsic
evaluation (software simulation), and direct
intrinsic evaluation by which a circuit is transferred
directly into silicon and then evaluated. Intrinsic
evaluation has become feasible due to recent
advances this decade in programmable hardware
technology such as PLDs and FPGAs
(Programmable Logic Devices and Field
Programmable Gate Arrays). The successful
generation of digital circuits using both extrinsic
and intrinsic evaluation has demonstrated the
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potential of EHW for automated circuit design. It
has also highlighted a number of inherent problems,
particularly associated with intrinsic evaluation,

and raised a number of questions as to how current
EHW techniques can be further improved.

Evolvable hardware for automated digital design
favors software based, or extrinsic evaluation, due
to the simplicity of its implementation and the ease
in which evolved circuits can be examined once a
solution is found. Using this approach only the final
solution is downloaded onto a reconfigurable
device. The majority of frameworks which employ
extrinsic evaluation use a technology independent
net-list to model a digital circuit undergoing
evolution, although representations which more
closely model the characteristics of a particular
hardware platform have also been presented.

Section 2 deals with the EHW and GA. Section 3
deals with the serial bit pattern recognizer. Section
4 deals with simulation of the pattern recognizer.
Section 5 deals with conclusion.

2 EHW and GA

2.1 EHW

Earlier we have seen a limit in the size of hardware
devices. However, we may very well soon see a
limit in designability. That is, designers are not able
to apply all the transistors in the largest integrated
circuits becoming available. To overcome this
problem, new and more automatic design schemes

would have to be invented. One such method is
Evolvable HardWare.

Instead of manually designing a circuit, only
input/output-relations are specified. The circuit is
automatically designed using an adaptive
algorithm, which is illustrated in Fig. 1.

Initialize a
Population
Of circuits
Evaluate the Sort circuit based Is the best YES
Circuits |:> On their Fitness |::> circuit
acceptable 7

NO
Malce new circuits by
combining parts from the

highest ranked circuits

Fig. 1. The algorithm for evolving circuits.

In this algorithm, a set (population) of circuits - i.e.
circuit representations, are first randomly
generated. The behavior of each circuit is evaluated
and the best circuits are combined to generate new
and hopefully better circuits. The evaluation is
according to the behavior initially specified by the
user. After a number of iterations, the fittest circuit
is to behave according to the initial specification.

2.2 GA

The most commonly used evolutionary algorithm is
genetic algorithm (GA). The algorithm - which
follows the steps described above, contains
important operators like crossover and mutation for
making new circuits.
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Fig. 2. The genetic algorithm operators.

Each individual in the population is often named
chromosome or genotype and is represented by an
array of bits. Each bit in the array is often called a
gene. Thus, each chromosome contains a
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representation of a circuit with a set of components
and their interconnections. In crossover, the
parameters of the pairwise selected circuits are
exchanged to generate - for each couple, two new
offspring - preferably fitter than the parents.
Further, the best circuit may as well be directly
copied into the next generation (called elitism).
Mutations may also occur and involves inverting

a few genes in the chromosome. This makes the
chromosomes slightly different from what could be
obtained by only combining parent chromosomes.

When the number of offspring circuits equals the
number of circuits in the parent population, the new
offspring population is ready to become the new
parent population. The original parent population is
deleted. Thus, one loop in Fig. 1 is named one
generation. Randomness is introduced in the
selection of parents to be mated. Not only the fittest
circuits are selected. However, the probability of a
circuit being selected for breeding decreases with
decreasing fitness score.

In addition to the evolutionary algorithm (GA), a
circuit specification would have to be available.

Chromosome

f

Chromosome

/‘ Execute f Jimulate

Circuit + Circuit Behavioral
Description (Data Set)

Fig. 3. The cycle of evolving a circuit.

This is often a set of training vectors (input/output
mappings) assembled into a data set. The operation
of GA together with the data set are given in Fig. 4.
The most computational demanding part of GA is
usually the evaluation of each circuit - typically
named fitness value computation. This involves

inputing data to each circuit and computing the
error given by the deviation from the specified
correct output.

2.3 Encoding a Circuit Within a
Chromosome

Genetic algorithms for evolvable hardware are used
to develop chromosomes, which then encode the
functional description of a given circuit. As with
many applications, which utilize genetic
algorithms, the resulting circuit is termed a
phenotype, as it comprises numerous smaller logic
cells or genotypes. The terminologies used are
designed to reflect the conceptual similarity
between genetic algorithms, natural evolution, and
genetics.

The genetic algorithm presented here uses a
permutation-based encoding of fixed-length. As
such only a specified number of logic elements are
presented to the framework. From this, the desired
circuit functionality must be generated. Using a
fixed-length encoding is standard practice and is
one of the main restrictions within which a genetic
algorithm operates.

Positional element Outputl

|
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Input Section Main Clircuit Description Output Section

Fig. 4. Chromosome structure defining sections for
specific circuit description.

Specific sections of each chromosome are reserved
for describing the inputs and outputs required for
the desired circuit. Logic elements are referenced
by position within the chromosome. Figure 4
displays the relative location of each encoded
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section. Circuit inputs are encoded in the first
section of chromosome.

The encoding ensures that the number of inputs and
outputs described by a chromosome remains
consistent after operations such as crossover.

2.4 Connecting Cell Within the

Chromosome

Each genotype (logic element) in a circuit is
allocated a specific position within the
corresponding chromosome. The type of logic cell
at any given position is initially determined
randomly, however cells can be allocated different
positions after initialization through manipulation
by genetic operators.
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Fig. 4. Encoding describing a macro element and its
connectivity, a character in a Chromosome.

Each possible circuit solution for a given task lies
within a search space. The search space is defined
by the number of different building blocks
presented to the framework, the number of logic
elements used to generate the circuit, and the
application for which the circuit is being evolved.
Evolutionary algorithms are employed within EHW
as they provide a non-heuristic investigation of
what is potentially a very large search space.
Successful solutions are often made more difficult
to find as the output response must be exact, for
instance as part of a sequence of operations such as

memory mapping. This differs from the other types
of circuit, which instead approximate a specified
analogue transfer function.

2.6 Parameters and Constraints
Several constraints are imposed during initialization
of the genetic algorithm. Some are designed to
eliminate contentious circuit configurations, while
others are a result of the evolutionary algorithm
employed. Initial global parameters are entered by
the designer and are as follows:

e Number of inputs and outputs required for
the desired circuit

e Definition of input and output vectors upon
which evaluation takes place, and which
describe circuit functionality

e Number of logic elements within a
chromosome used to create the circuit

e The maximum number of possible fan-outs
per cell output (user defined)

o Population size, defining the number of
circuit solutions concurrently evolving
within the search space

So as to optimize cell connectivity within a fixed-
length circuit encoding, each output pin on a logic
element is randomly allocated a fan-out ranging
between one, and a user defined maximum.

A summary of parameters applied to the genetic
algorithm is as follows:

e Number of characters in a chromosome is
SIX
e Population size is fifty
e Number of generations is ten
e Fitness of the individual in a population is
calculated by the following:
x = Decimal value of the binary encoding of the
individual (1)
Fitness value, f(x) = x* )
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Fitness value of each individual is compared with
the expected fitness value to evolve the
corresponding circuit.

2.6 TheVirtual Chip Environment
Verilog is one of two dominant languages for
describing digital electronic systems. It is a
technology independent environment and describes
the structure of a digital system by describing
subsystems (logic elements) and how they are
interconnected. In addition, circuit descriptions can
then be accurately simulated without the need for
hardware prototyping. After successful testing a
circuit can then be synthesized to provide a
technology specific net-list, ready for transfer onto
silicon. Almost all technology vendors provide
models for logic elements within component
libraries.

The Virtual Chip has been designed to provide an
automated digital design procedure. Within this
framework a novel genetic algorithm is used to
evolve digital circuits. Its simulated environment
evolves the structure of a circuit directly within the
Verilog language. This is performed within a
specially designed testbench. It is this testbench
which instantiates and interconnects all logic
elements within each chromosome, used to describe
a specific circuit solution. Evaluation is performed
by instantiating and simulating all circuits
described within a population of chromosomes, as
if they were being implemented within a single
reconfigurable chip.

The Virtual chip is a fusion of C code and Verilog.
The genetic algorithm itself is executed in C and
generates the Verilog required to instantiate each
chromosome encoded circuit. After a circuit has
been successfully evolved it is then passed through
a CAD tool for optimization. Figure 5 displays the
execution flow and coding format of the VC EHW
framework.

C rodtine:
Initiel civevit populstion created
C routine: Virhual Chip: € woutine:
Generate civouit strochmes within [—p¥  Conpile Testbench and sirmilate » Evabuate sinmlation
Terilog Testhanch civeuit population Assign Fitness to cireuit

F Y

© routines:
Gametic Dperstions: Crmsscvar
Mutation

End Evoltion
Exit Programme

Fig. 5: Execution flow and coding format of the
genetic algorithm and VC evaluation environment.

Due to the implicit parallelisation of the VC
environment, the entire population is compiled, and
simulated as one entity. This differs from most
standard approaches, which evaluate each
individual solution sequentially. As a result, within
the VC environment, an entire population of fifty
individuals can be simulated and evaluated at a
time.

3 Serial Bit Pattern Recognizer

To design a pattern recognizer, which detects a
serial bit pattern of six consecutive ones. The
pattern recognizer detects the pattern “111111” and
its output goes to “1” for one clock duration and it
goes to “0” in the next clock. If the pattern is not
detected the output is “0”.

Input vectors:

Serial input - Input serial bit pattern

Clock - Clock input

Reset - Input to reset the pattern recognizer

Output vector:
Output — Pattern recognizer output
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4 Simulation of the Evolved Serial Bit

Pattern Recognizer

Figure 6 shows the Active HDL simulation of the
expected output. Figure 7 shows the output of the
circuit evolved in the VC.
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Fig. 6: Active HDL simulation of the expected
output of the required circuit.
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Fig. 7. ModelSim simulation of the circuit evolved
in the VC.

5 Conclusion

A novel genetic algorithm for the automated design
of serial bit pattern recognizer has been presented.
The algorithm also describes a flexible
chromosome encoding designed to fasciculate
complex circuit structures with a minimal number
of logic elements. The environment in which
circuits are evaluated has also been presented. The
architecture was autonomously generated using
genetic algorithm and compared with equivalent
architectures developed using conventional high-

level design methodologies. The use of a genetic
algorithm leads to a significant saving in design
time.
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