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Abstract: Evolvable Hardware (EHW) is a new concept that aims the application
of evolutionary algorithms to hardware design. EHW can adapt itself to unknown
environment based on features of the reconfigurable hardware. This paper presents
outlines of the idea of using some EHW agents in a distributed system. These agents
need to set up a self-organized communication to achieve the predesigned goal. The
experiment that is demonstrated during the presentation, is to distribute a serial adder
into two EHW parts, where good results has been shown in a co-evolutionary process.
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1 Introduction

In the new bio-inspired approach of hardware developers, the evolution of a
system is being preferred instead of the ever-increasing complicated process of
design. However an important stage of hardware system design/evolution is the
communication routing and protocol, which is more important if the system is
made up of decentralized hardware agents. Generally in multi-agent problem
solving, several agents work together to achieve a common goal. Due to their
distributed nature, multi-agent systems can be more efficient, more robust, and
more flexible than centralized problem solvers. On the other hand the type of
communication among these hardware agents is an open problem, in which this
paper presents an Evolvable Hardware (EHW) approach.

1.1 Evolution of Communication

Different types of models for evolution of communication and language in ar-
tificial societies have been proposed. Cangelosi [Cangelosi 2001] with a dis-
tinction between signals, symbols and words has reported a simulation that
shows the emergence of syntax and symbols from simple communication sig-
nals in population of foragers with neural network architecture for listener and
speaker organisms to name foods. In a language game, Neubauer [Neubauer 2004]
presents a simulation which shows the emergence of a communication system,
with agents having communicative capabilities and the evolution of a language
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having a grammar. Using the mechanism of negotiation, developed in economics
and game theory, Gmytrasiewics et al [Gmytrasiewicz 2002] proposed another
kind of evolution of an agent communication language. Thangavelautham et al
[Thangavelautham 2003] used some agents without any centralized supervision
that developed a communication protocol with a mutually agreed upon signaling
scheme to share sensor data between a pair of individuals, for a lattice formation
task. FSMs, neural networks [MacLennan 1999] and co-evolution [Yong 2001]
has been previously used to emerge a kind of communication between agents.
As an appropriate application, evolution of communication has been utilized in
the community of robots to produce optimum communication code [Perlovsky
2005].

1.2 EHW

EHW is a new concept that targets the application of evolutionary algorithms
to hardware design. EHW can adapt itself to unknown environment based on
features of the reconfigurable hardware (e.g. FPGA). It uses genetic algorithm
to search the goal architecture for hardware. The hardware architecture data is
converted to chromosomes, where its fitness value will be derived in comparison
with the target function, after the evolution process. As a good application one
can refer to Thomson et al work [Thomson 2002], where a sequential digital filter
with predetermined specifications is developed in an iterative process via auto-
matically generated Verilog codes. To develop an EHW, one need to implement
genetic algorithm as the evolutionary search engine in the target hardware. This
has been well achieved by Gallagher et al [Gallagher 2004] using CGA architec-
ture.

1.3 Getting All Together

After an introduction to evolution of communication in virtual environments
(except the robots environment), we are interested to propose a new physical
environment consisting EHW as the agents (which has been already discussed).
Possessing the capability of reconfiguration with evolutionary optimization tech-
nique, EHW can be put to test to see if it can communicate with other EHW
agents or not. In other words, the main goal of plan (that this work is the first
step of it) is to evolve some peripheral cards (as a representation of EHW) to be
able to communicate correctly with the motherboard in a small evolution time
after they have been inserted in the slot. This system is supposed to result in
evolution of the sender/receiver architecture and emergence of a protocol, i.e.
an inter-EHW language. Finally optimum architecture and protocol are the sec-
ondary targets where, its problem solving without any supervision is a valuable
outcome, especially when encountering faults in predesigned communications.
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Figure 1: System diagram of an EHW-based, co-evolutionary serial-adder

Consequently this way can be a fault tolerant approach too. This paper as the
first step to the mentioned goals, shows the results of simulation of EHWs, try-
ing to communicate to each other to achieve a goal and is organized as follows:
Section 2 describes the overall system. Agents’ details and their specifications
are discussed in section 3. Simulation results are illustrated in section 4 and the
paper concludes in section 5.

2 Outline

To test the possibility of self-organized communication for EHW with other
reconfigurable agents, an experiment has been performed with the following
parameters:

2.1 Goal and Architecture

As a sample of a sequential circuit, a serial adder is chosen to evolve. Its typical
hardware description is centralized in one VHDL code [Navabi 1998], but in this
work it is distributed into two agents. The only way for these two EHW cores
to have the correct performance of a serial adder is to communicate with each
other via their I/O ports. They should understand it themselves, to communi-
cate. This is the goal of this simulation. For this purpose EHW1 is organized to
perform arithmetic operations and EHW2 treats the only control output signal:
ready-out. Figure 1 shows the overall diagram of the system, where communi-
cation ports are fixed between two agents. As Figure 1 shows, this is a one-way
communication in which ready-out signal should be high, only the time that the
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Figure 2: Representation of a sequential circuit

output of 8-bit serial adder is correctly available. The EHW1 has to make EHW?2
aware of this stage with two accessible wires.

2.2 Evaluation Process

In the evaluation stage, the ready-out signal is multiplied by result output. The
nonzero outcome that is not equal to a+b, and the zero signal 8 clocks after the
start, increase the fitness, where zero product before 8 clocks (after start) and
nonzero product that indicates a+b decrease the fitness. Using the mentioned
fitness function, each of the EHWs has to adapt, to score the lowest, in an
evolutionary process.

3 Agents’ Specifications and Co-evolution

To score the best fitness, for either of the EHWSs, they need a genetic optimizer,
for reconfiguration. The most challenging stage is the representation process in
which the hardware architecture should be coded into a chromosome chain. It is
obvious from the nature of the problem, that the goal architecture is a sequential
digital circuit. For an appropriate genotype, we used one of the standard forms
of a sequential circuits (shown in Figure 2), in which, it is made up of an n
bit register, and a combinational circuit that provides the feedback and outputs
[Nelson 1995]. Using Figure 2, we only need to evolve the combinational circuit,
for which, the truth table is used. The outputs columns of the truth table of the
combinational circuit are used as the chromosome chain (the input columns are
implicit) and a 4-bit register is roughly selected as a fixed parameter. Supposing 4
inputs for the truth table (as a result of a 4-bit register) and 6 outputs (4 register
feedback as in Figure 2, and 2 I/O ports as in Figure 1), the sender (EHW1)
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Figure 3: Representation of genetic algorithm process for EHWs

chromosome comes to 24x6=96 chain bits. Not to complicate the EHW2, a 4-bit
chromosome that stands for a 2 input/1 output combinational circuit (Figure 1)
is supposed. A co-evolutionary process forms up, when EHW1 evolves to encode
and EHW2 evolves to decode the signals, and they apparently affect each other
when trying to hit the best fitness.

4 Simulation Results

4.1 Results

Each of the EHWs is equipped with an evolutionary search engine. In the genetic
algorithm used in this experiment, a 30 individual population with two-point
crossover and Gaussian function mutation operators, roulette selection mech-
anism and forward migration, met the lowest fitness (zero) in 11 generations.
Figure 3 illustrates the evolution of generations in this simulation. After the
evolution time (approximately 100 seconds), the system showed to work as well
as a designed serial adder. Figure 4 shows how the system works. To ease the
test, permanent signals of 1 and 0 are applied to a, b inputs respectively. 8 clocks
(in the 9th rising edge) after the start signal, result output becomes 11111111, to
show the sum of 11111111+00000000. Ready signal rise exactly after the output
is valid.

From the EHW point of view we are interested in what has happened between
the two agents. This would be well presented by tracking the signals in the I/0O
ports between the two EHWs. These signals (I1,I12) are depicted in comparison
with clock and ready signals in Figure 5. I1, I2 signals are made by the sender



Damavandi Y.B., Mohammadi K.: Co-evolution for Communication: An EHW Approach 1305

=+ wave - default gﬁgl

File Edit View Insert Format Tools  Window

EHES Y REA LK INAiQ QR EL B k383

100ns |
ns
« v o« » | 1 _
| Onsto39ns |

> -

Figure 4: The evolved serial adder, put to test

(EHW1) (see Figure 6) sequential circuit, where EHW2 (see Figure 6) made
ready-out from the mentioned signals. Considering EHW2 4-bit chromosome
chain [0 0 0 1], which is simultaneously its truth table, an AND gate seems to
be evolved for the receiver circuit. Figure 5 clearly shows that: Ready-out = I1
AND I2.

4.2 Simulation Platform

EHW simulation, when using VHDL code to describe the agents, needs cooper-
ation of a VHDL simulator with an evaluator and genetic software to determine
the fitness and new chromosome, iteratively. For this purpose the Simulink, Ge-
netic Algorithm and direct search and Link for ModelSim toolboxes of Matlab7.1
are utilized in cooperation with the Modelsim software in this experiment. The
Simulink architecture of the EHWs is shown in Figure 7. The codes are then
automatically generated for VHDL simulation in Modelsim.

5 Conclusion and Future Work

EHW as a new approach, instead of hardware design is considered as communi-
cating agent. The performed simulation shows good results on capability of the
sample EHW to recognize the need for communication in this case and make
a simple protocol. Though solving the simple problem does not guarantee the
generalization, it is an encouraging start. The next step is to analyze the evolved
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Figure 5: The interface signals between the agents
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Figure 6: The chromosome chain of evolved EHW1 and EHW?2

protocol, even though it is usually harder than the hardware evolution process
itself (like analyzing weights in a neural network). Another step from the fu-
ture work list is the evolution of two-way communications for complicated tasks.
We are hopeful that these researches pave the way for future adaptive hard-
ware agents that no more need a common protocol, and can be leaved to make
improvements, modifications and tolerate faults.
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Figure 7: Simulink blocks of EHWSs architecture
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