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Abstract

We describe an evolutionary design paradigm called piecewise evolution. This evolutionary design
paradigm allows the gradual evolution of a piece of hardware using discrete functional stages. The paradigm
removes designs from a population of designs which effectively lose functionality already discovered. Signifi-
cant tmprovements in the evolution time of simple one-bit adders are reported. However, evolution of more
complex devices does not seem to share the improvements in evolutionary speed of simple devices. These
results are discussed in the context of epistasis and deceptiveness.

Introduction

In their 2000 paper on a novel evolutionary algorithm called phased evolution [1] Hounsell and Arsian
describe a method of evolution which purports to have a significant advantage over the standard methods.
This method, in which individual outputs of feed-forward networks are developed and later combined through
rather standard techniques, is decidedly closer to standard digital circuit design techniques than those of other
evolutionary methods. The great strength of this method comes from its ability to generate independent
parts of the circuit without interference from other evolutionary stages, and then to combine the subcircuits
using a logic reduction phase.

Indeed, this type of design is not without precedent. Several authors have investigated systems of this sort,
with the most direct similarity coming from Kazadi [2][3]. In these papers, conjugate schema are introduced.
Conjugate schema are subbases under which the evolution of a particular solution in a genetic algorithm
system behaves as though the parts of the solution corresponding to individual subbases are independent of
one-another. That is, if a basis B was itself the union of two subbases B = B; U B, and a fitness function f
could be written as f = f; + fa where f: (B) = R, f1 : (B1) = R, and f2 : (Bs) — R, then B; and B, are
conjugate schema of the function f over (B). It was demonstrated that significant gains could be gleaned
from utilizing these structures.

It is essentially the same effect that Hounsell and Arsian are obtaining from their phased evolution. In
this case, the fitness, if you will, is made up of several deliberately separate functions of the design. That is,
the fitness of a complete structure is deliberately designed to satisfy the paradigm

f=h++fa 1)

In effect, the design paradigm satisfies the functional design condition of conjugate schema. However, this
cannot be placed in the language of conjugate schema because of the somewhat open-ended evolutionary
space, unless one considers the space to be a direct product of several infinite-dimensional subspaces.
Indeed, other studies [4][6][9] have investigated the use of compartmentalization at the encoding level of
evolutionary algorithms. These studies have indicated a theoretical advantage emanating from the use of
compartmental evolutionary models, and have illuminated the role the lack of such compartmentalization



has in creating difficulty in evolutionary computa-
tions. These would seem to fall nicely in line with
the performance improvements Hounsell and Arsian
report.

There are, however, several weaknesses with
phased evolution as described. Firstly, and perhaps
most importantly, most devices are not linearly sep-
arable as in equation (1). Certainly, visual recogni-
tion systems, high level planners, and processors, are
not linearly separable. This poses a rather significant
constraint on the effectiveness of the method, as op-
posed to any other method. Moreover, this method
does not illuminate any emergent compartmentaliza-
tion, as both conjugate schema and transposons (in
natural and evolutionary computation systems) seem
to do. Finally, phased evolution fails to reuse previ-
ously evolved structures and has no explicit mecha-
nism for creating and using neutral DNA [8]. This is
a significant detriment to any evolutionary process,
as it requires rediscovery of the structure of any re-
dundant part.

In the present study, we describe an alternative
evolutionary paradigm we call piecewise evolution.
This is similar in spirit to phased evolution, but the
separation comes not from the implementation, but
rather from the function. The rest of the paper is
arranged as follows. Section 1 describes the connec-
tionist models we use in our study. Section 2 intro-
duces the piecewise evolutionary paradigm. Section
3 provides the details of the computational studies
done on this system. Finally, Section 4 provides a
brief discussion of this and related future work, along
with some concluding remarks.

1 Connectionist Hardware

Model

We choose a connectionist model as the test bed for
our study. This model is made up of two principle
components. These components are both active and
inactive nodes, and passive connections. Networks
of these individual devices make up the completed
device. A sample is shown in Figure 1.1.
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Figure 1.1: This shows a device built out of active and inactive
nodes and passive connections. Multiple connections indicate a
higher coupling between devices than single connections.

Passive nodes are nodes that either carry signals from
the outside into the network, or carry signals from the
network to the outside. These are hereafter referred
to as I/O nodes. Active nodes receive signals from
other nodes and send out specific signals in response
to the sum of the incoming signals. Each active node
is uniquely defined by a nine-digit activation number.
This number uniquely specifies the output of the node
given an input between zero and eight, with each out-
put ranging between zero and nine. As an example,
a node may have a number given by 100100100. This
number means that if the node is receiving an input
of zero, three, or six, it will send a signal of one in the
next iteration. All other inputs will elicit a zero out-
put. At each iteration, the inputs are summed from
all other connected nodes, with multiple connections
increasing the effect of a given node. The output from
that node in the next iteration is the output indicated
on the I/0 table.

One notable difference of this model from that of a
standard neural network is that there are no weights
associated with the connections. In this way, all con-
nections are passive, as they do not alter the signal
passed to the next node. This requires multiple con-
nections if emphasis is called for in the design.

Our model also makes use of nodes specified by
negative numbers. These are I/O nodes, and allow
information from the outside world to enter the net-
work or to leave the network. Thus, in Figure 1.1,
the -2 represents a node receiving information from
the outside world while the -3 and -4 nodes giving
information to the outside world.

Connections between nodes are directional, leading
from a given node to another specified node.
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Figure 1.2: This image indicates how signals are defined, how
they are carried between nodes, and the effects of multiple con-
nections.

Each connection deposits a signal in the ending node
equal in magnitude to that specified in the originat-
ing node’s output table. This means that if multiple
connections are present between two nodes, the mag-
nitude of the signal deposited in the ending node is
a multiple of the original signal. No restrictions are
placed on the way in which connections may be con-
structed with the exception that connections may not
exist between two I/O nodes.

The model is quite versatile in its ability to produce
simple or complex computational structures. For in-
stance, a simple one bit adder may be produced by
utilizing six nodes, four of which are I/O nodes, as
indicated in Figure 1.3.
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Figure 1.3: This figure depicts a simple one-bit adder.

On the other hand, one may create an oscillator by
using the structure depicted in Figure 1.4
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Figure 1.4: This figure depicts a simple oscillating device.

The generality of the system makes it an excellent
model for evolution. Moreover, the ability of the spe-
cific active processors to be individually modified al-
lows one to build special purpose nodes rather than
trying to create complex structures based on rather
inflexible uniform node designs. This is illustrated in
Figure 3.1, in which the alteration of a single node
makes it possible for an adder to have a symmetric
design rather than requiring a nonsymmetric design.
The ability of the model to make use of multiple node
designs makes it rather versatile, and serves to im-
prove its performance.

All of our simulations utilize an evolutionary sys-
tem consisting primarily of a 100 x 100 toroidal lat-
tice. Each spot on the lattice contains a single string
encoding the network along with a score associated
with the string. The score is a measure of how well
the network carries out a specific task. Associated
with the score is a life cycle length, expressed in iter-
ations. This length indicates how long this particular
string will wait before it replicates. The replication
involves randomly choosing a nearby lattice spot and
copying the string in question into the chosen spot.
Half the time, a random mutation occurs when copy-
ing the string. If the space is occupied, a number
is randomly chosen. The copy will continue if the
random number exceeds a threshold defined by the
relative scores of the two strings, effectively “killing”
the existing string. No sexual reproduction of any
kind is currently used in this study. The mutations
used in this study, listed in the appendix, are rather
simple mutations that represent very small changes
to the existing network design. Despite resulting in
rather small modifications of the network morphol-
ogy, these mutations can often times cause very pro-
found change in the network functionality.



2 Piecewise Evolutionary

Model

Two major constraints in artificial hardware evolu-
tion are the factorial increase in the rate of evolution
and epistasis due to complex interactions within a
device. In previous studies [3], we have verified that
noncompartmentalized evolutionary models result in
an increase in computation time which is factorial in
the number of building blocks. This requires us to
adopt compartmentalization in the encoding of evo-
lutionary algorithms. The same study indicates that
compartmentalization will reduce the expected com-
putation time from factorial in the number of build-
ing blocks to an expected computation time which is
factorial in the number of building blocks per com-
partment multiplied by a linear term in the number of
compartments. Compartmentalization produces the
significant advantage in computational time because
it allows discrete modules with specific functionalities
to evolve individually.

However, by separating a device into indepen-
dent compartments, the interaction between elements
in different compartments is denied. Information
cannot be shared freely among different functional
groups. In reality, the complexity of devices requires
interaction between different functional groups and
even interaction between a single element in one com-
partment and one or more elements in another com-
partment. For example, in an adder, the addition
of lower-level inputs directly affects the outputs at
higher levels, as in 1+1=10 (binary).

It would seem then that an evolutionary model in
which individual elements are independently built up
would be an equitable compromise between the need
to divide the evolutionary process into several rather
independent stages and the need for interaction be-
tween the different parts of the device. With this in
mind, we have developed a method for carrying out
the evolution of these simple devices which caters to
both needs. Piecewise evolution consists of a series
of consequent evolutions of different pieces of a de-
vice based on their functionalities, allowing the in-
teractions of the pieces with newly incorporated or
mutated elements. New functionalities are acquired
from new interactions with the preceding functional
groups. Different modules evolve individually in or-
der based on their functionalities, but they are not

physically isolated.

Piecewise evolution consists of dividing the total
task of a device up into smaller subtasks which are in-
dividually thought to be achievable in a small amount
of time. By reducing the complexity of the function in
a single evolution and therefore the number of build-
ing blocks in the functional group, the possibility of
epistasis drops, which further improves the computa-
tion time. As an example, we illustrate the evolution
of a 2-bit adder.
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Figure 2.1: Piecewise evolution of a 2-bit adder

In this example, we first partition the total function
of a device into four sub-functions. These are the
evolution of the correct input nodes (which could be
done manually rather than evolved, particularly since
it is the easiest part of the evolution), the evolution
of the circuitry leading to output one, evolution of
the circuitry leading to output two, and the evolution
of the circuitry leading to output three. Therefore,
the evolution is carried out in four consequent sub-
evolutions, or stages during which a new piece of the
device is evolved, building upon the previous pieces.
The order of the stages is determined by the functions
of the pieces evolved in the stage. The more basic
pieces, which have greater influence over the func-
tionalities of the other pieces, are evolved first. Only
after the adder has the required inputs and outputs
can it develops ability to add. Hence, the first stage
is to evolve the required inputs and outputs. Less
significant bits are evolved first, as they affect the re-
sult of the more significant bits, and their circuitry
can be utilized in the creation of higher bits.
Occasionally small changes are made to the piece
that already satisfies the maximum requirement of
the previous stage. Then the new piece is evaluated
according to its performance on the function in inter-
est of the stage. Only when the new piece satisfies the



interest of the stage completely, is the fitness of any
design pertinent to the next stage taken into consider-
ation. Once a given functionality is discovered in the
population, all other members of the population are
reevaluated based on a strict need to have this func-
tionality. Other designs which do not have the par-
ticular functionality already are effectively removed
from the population from this point forward. More-
over, any design which reverts to a state not including
the given function will be removed from the popula-
tion as well. The designs with the newly developed
function continue to replicate and mutate, with their
fitness values now including the fitness scores corre-
sponding to the next stage of evolution. New nodes
and connections are built on the pieces from the pre-
vious stage, and the design is evaluated against the
standards of the new stage until the plateau of the
next stage is reached again.

This model not only allows modules with different
functions to evolve individually, but also permits ele-
ments in different functional groups to interact freely.
As a result, no redundant structures are required,
though there is no restriction on their creation. This
allows devices which are not linearly separable to be
created. At the same time, it incrementally evolves
relatively simple functional elements compared to the
complex device it is building.

3 Application of Piecewise Evo-
lution

As evolutionary hardware design is still in its infancy,
complex devices are still out of reach. We therefore
must apply our evolutionary model to rather simple
devices. However, the choice of these devices must
be driven by the need to demonstrate the ability to
develop algorithms which allow for the generation of
devices of maximum complexity. We therefore choose
as our testbed the one and two bit adders.

Recall that the I/0 table for a 1 bit adder without
carry is

(510 ]0:]
0 0 0 0

01 0 1
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Table 3.1: The I/O table of a one bit adder without carry.
This adder has outputs given by

O, =51 (2)

and . .
Oy=LL+ 1L . (3)

In our system, these are extremely easy to build, as
indicated in Figure 3.1.
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Figure 3.1: This gives the simplest circuit required for the de-
sign of these adder output circuits.

Since these can be built out of completely different
subcircuits which have no overlap in active states, we
can see that the entire circuit is separable. That is,
the set of all input states for which the outputs are ac-
tive have an empty set intersection. This means that
the circuit is capable of being built in such a way that
either an active state in one output negates that of
the other output, or that the two groups are indepen-
dently built. This is essentially the same as having a
compartmentalized evolution, which, as we have seen
elsewhere [3],[4] is beneficial. In other words, this
design would seem to be able to be written as

D =D + D, (4)

where each factor on the right corresponds to an in-
dependent evolutionary step

On the other hand, the I/O table for the two-bit
adder is
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Table 3.2: This is the I/O table for the two bit adder.
This table produces the output equations

O = L1134+ Iy (I I + I 13) (5)

0, = (1_1[3 —+ I1I_3) (I_2 + E) + LI (TI3 + 11[3)
(6)

O3 = LI+ LI, . (7)

These equations are considerably more complex and
require significantly more effort than the previous
steps. Moreover, their implementation is neither sim-
ple nor intuitive, and a simple design cannot be made
from the devices we are using. The design of each part
is given in Figure 3.2.

N\
o
(c) 0

Figure 3.2: The design of a two bit adder.

The difficulty in evolving the design in Figure 3.2
arises from the complexity of each of the steps, and
the overlap of each of the outputs with one another.
The overlap encourages deceptive evolutionary steps
in which beneficial steps are taken by connecting
functional parts of one subcircuit to functional parts
of another subcircuit. This deceptiveness can lead
to epistasis, essentially terminating the evolutionary
progression.

In view of these considerations, we may ascertain
that the advantages obtained by utilizing piecewise
evolution on these two models will be significantly
greater in the first case than in the second case. This
is because the use of piecewise evolution allows de-
ceptive connections to be formed between subsequent
stages. Since the first problem does not have any de-
ceptive connections between phases, the use of piece-
wise evolution serves to eliminate steps in which dis-
advantageous steps are attempted, effectively stream-
lining the evolution. In the second, the deceptive in-
teractions between different steps are minimized, but
not eliminated, as deceptiveness occurs between any
pairs of outputs. Thus, we expect that the advantage
due to piecewise evolution to be limited in the second
case.

Indeed this is precisely what is found. In the case of
the one bit adder, we have already seen in Figure 2.1 a



particularly efficient adder. One of two adders is typ-
ically evolved when this design is undertaken. Typi-
cal instantiations are depicted in Figure 3.3. In both
cases, six nodes are used. In one case, two identical
nodes are used with asymmetric connections, and in
the second case, two different nodes are used with
symmetric connections.
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Figure 3.3: Two typical evolved one bit adders. Both have
asymmetries, with one in the node, and the other in the connec-
tions.

The evolution time of a piecewise adder is 3387.5 =+

328.6 iterations as opposed to the evolution of a non-
piecewise one bit adder, which has the evolution time
of 4578.5 £ 304.2. The minimum time of completion
of the design for the piecewise evolution was 2562 iter-
ations, while for the non-piecewise evolution, it was
1387 over forty individual runs. Due to the limita-
tions in computational power, the hundreds of runs
required to develop an accurate measurement of the
probability distribution have not been done, and it is
unclear if this minimum represents a significant data
point.

An evolved two-bit adder is remarkably compact
in view of the previous considerations, as viewed in
Figure 3.4. This compactness is possible due to the
use of rather complex processors.
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Figure 3.4: An evolved two bit adder.
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In this case, our system’s behavior is as we expected.
The performance of the piecewise evolution is iden-
tical to that of the non-piecewise evolution. The
average evolution time of the piecewise evolution is
34675.8 + 3785.8 iterations, while that for non-
piecewise evolution, is about the same. The non-
piecewise evolution time is 30538.2 + 4834.3, which is
statistically identical to the piecewise evolution. This
would seem to support our understanding of the sys-
tem as stated above.

4 Discussion and Conclusions

The advent of new high speed programmable chips
[5] allows for the study of evolvable technology in un-
precedented ways. This would seem to allow us to
create new circuitry in vivo, as it were. The advan-
tages are numerous, and include the ability to incor-
porate the physics as it is, rather than as we think it
is. Moreover, the time required for testing individual
populations of circuits is currently rather small, and
will likely continue to decrease, making this a good
test bed for the desired evolution.

Evolvable hardware is advantageous because it
would seem to bypass the difficulty incurred when de-
signing rather large circuits of multiple inputs. This
would seem to be the case when long design cycles are
no longer required for large data sets. Moreover, it is
capable of handling fuzzy data sets in ways that stan-
dard digital logic cannot, as well as handling analog
reconfigurable hardware.

The use of learning circuitry and evolvable cir-
cuitry, however, has several undesirable aspects. Of



these, perhaps the most difficult to surmount is the
development of complex circuitry even when the in-
put/output relations are completely known. The dif-
ficulty, as we have demonstrated, comes about be-
cause of the inability, in a particular model, to reduce
the system to a simple system of a limited complex-
ity. That is, the development of individual parts of
the device cannot be divorced from one another, and
this leads to difficulty in the evolution of complex
devices.

In this study, we created a system similar to one
that has been shown elsewhere to have a significant
advantage in the development of simple digital adders
[1]. However, the previous system was created in such
a way that it consisted of two different steps: synthe-
sis and integration. Of course, in the end, the diffi-
culties clarified here have not been addressed by the
use of either phased or piecewise evolution. Rather,
individual methods have been developed which by-
pass the complexity as much as possible. In the end,
one would expect this sidestepping approach to fail
long before the first microcontroller is designed using
evolutionary techniques.

What would seem to be the correct line of future
work in this area would be the investigation of vi-
able ways of breaking down complex problems into
simple connected parts. The use of these parts sig-
nificantly reduces the complexity of the evolutionary
design task, as has been verified elsewhere. The de-
sign of a method of generating functional groups and
linkages would provide a framework in which to un-
dertake the evolution, and may significantly improve
the evolutionary speed.

The fact that our piecewise evolution failed to pro-
duce superior results underscores the assertion that
simply breaking up the problem into independent
output units does not guarantee improvement. While
the details of our study are both model and evolu-
tionary implementation-dependent, the result would
seem to be more general than our study. Therefore, it
would seem appropriate that we should abandon this
approach to generating evolutionary methods in favor
of one which allows functional connected subgroups
to be built up and evolved within that scaffolding,
obeying a compartmentalized backbone. This would
seem to be true of both hardware and software sys-
tems, with the former perhaps more rigidly requiring
this structure.

Appendix

In this model, mutations are restricted to rather sim-
ple, one-step mutations. These are as follows:

1. Connection Mutations

a) Add a connection
b

)
)
c¢) Flip a connection
)
)

(
(b) Delete a connection
(

(d

(e) Change a connection

Duplicate a connection

2. Node Mutations

Add a node

Delete a node

(a)
(b)
(¢) Duplicate a node

(d) Change a node (I/O table)

These mutations occur in groups of 1-5 , with
the number of mutations randomly chosen from a
uniform probability. No crossover mutations are
used, and reproduction occurs without an explicit
population-based reproductive event, as in genetic al-
gorithms and genetic programming.
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