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Abstract

Evolutionary algorithms (EA) offer good promise for auto-
mated design of analog circuits as well as for adaptation and au-
tomatic reconfiguration of programmable devices. In particular,
EA facilitate the design of analog circuits for very specific require-
ments, such as those related to the implementation of fuzzy oper-
ators, or even of complete fuzzy systems. The paper starts with a
brief overview of the evolutionary design process and of a family
of analog programmable devices that support on-chip evolution,
illustrates evolutionary design with examples of evolved analog
circuits implementing fuzzy parametric t-norms, and focuses on
an evolved circuit with only 7 transistors, which approximates
the control surface of a 2-input fuzzy controller, obtaining thus
a mapping of a complete fuzzy system in a circuit with only a
few transistors. The paper presents evidence that EA can pro-
vide very compact solutions for implementation of fuzzy systems,
and that programmable analog devices are an efficient and rapid
solution for rapid deployment of fuzzy systems.

1 Introduction

Evolutionary algorithms (EA) offer good promise for automated design
of analog circuits as well as for adaptation and automatic reconfigu-
ration of programmable devices. A variety of computational analog
circuits and filters [1], [2], [3], as well as digital circuits [4] have been
synthesized by EA. On the other hand, used with reconfigurable devices
in the loop, EA were able to perform the configuration search directly in
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hardware, e.g. in experiments using Field Programmable Gate Arrays
(FPGAS) [5], [6] or Field Programmable Transistor Arrays (FPTAs) [7],
leading to device configurations (designs) that satisfied the imposed re-
quirements. More details on current work in evolvable hardware can
be found in [8] and [9].

This papers focuses on the application of EA to the design of a
specific category of circuits, i.e. circuits used in the implementation of
fuzzy systems. It presents both circuit solutions that could be fabri-
cated as Application Specific Integrated Circuits (ASICs) and circuit
topologies that can be mapped on programmable devices, such as the
FPTAs. The claim is that EA offer the ability of automatic design
of non-trivial analog circuits, such as those implementing parametric
t-norms, and moreover, the design of very compact circuits that can
approximate complete fuzzy systems.

The paper is organized as follows: Section 2 provides a brief
overview of the main concepts of evolutionary design of electronic cir-
cuits. Section 3 presents a FPTA architecture used as experimental
platform for evolutionary experiments and support for the rapid im-
plementation of evolved fuzzy circuits. Section 4 illustrates how the
FPTA can be used to evolve reconfigurable circuits implementing para-
metric triangular norms that model connectives in fuzzy logics. Section
5 presents a very compact evolved circuit that approximates a complete
fuzzy system.

2 Evolutionary synthesis of analog circuits

The main idea of evolutionary algorithms is inspired by the principle of
natural selection. Biological individuals survive and reproduce passing
along their genetic material to their offspring, who will inherit the char-
acteristics that made the parents successful. Similarly, the evolution
of artificial systems is based on a population of competing designs,
the best ones (i.e. the ones that come closer to meeting the design
specifications) being selected for further investigation. Each candidate
circuit design is associated with a ”genetic code” or chromosome. The
simplest representation of a chromosome is a binary string, a succes-
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sion of Os and 1s that encode a circuit. The first step of evolutionary
synthesis is to generate a random population of chromosomes. The
chromosomes are then converted into a model that gets simulated (e.g.
by a circuit simulator such as SPICE) and produces responses that
are compared against specifications. Or, the chromosomes are trans-
formed into a configuration bitstring downloaded into a programmable
device. The configuration bitstring determines the functionality of the
cells of the programmable device and the interconnection pattern be-
tween cells. Circuit responses are compared against specifications of
a target response and individuals are ranked based on how close they
come to satisfying it. Preparation for a new iteration loop involves the
generation of a new population of individuals from the pool of the best
individuals in the previous generation, with some individuals taken as
they were and some modified by genetic operators, such as crossover
and mutation. The process is repeated for a number of generations, re-
sulting in increasingly better individuals. The process is usually ended
after a given number of generations, or when the closeness to the target
response has been reached. In practice, one or several solutions may
be found among the individuals of the last generation.

3 Field Programmable Transistor Arrays

Evaluation of a circuit directly on a programmable device may offer a
substantial advantage in circuit evaluation time; in certain cases the
time for hardware evaluation can be seconds instead of days, as often
the case when evaluation is in software. The FPTA is a concept de-
sign for hardware reconfigurable at transistor level introduced in [3].
As both analog and digital CMOS circuits ultimately rely on functions
implemented with transistors, the FPTA appears as a versatile plat-
form for the synthesis of both analog and digital (and mixed-signal)
circuits. The architecture is cellular, and has similarities with other
cellular architectures as encountered in FPGAs (e.g. Xilinx X6200
family) or cellular neural networks. One key distinguishing character-
istic relates to the definition of the elementary cell, an example of cell
being shown in Figure 1. The architecture is largely a ”sea of tran-
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Figure 1. A FPTA cell consisting of 8 transistors and 24 programmable
switches.

sistors” with interconnections implemented by other transistors acting
as signal passing devices (gray-level switches), and with islands of RC
resources in between.

The status of the switches (ON or OFF) determines a circuit topol-
ogy and consequently a specific response. Thus, the topology can be
considered as a function of switch states, and can be represented by a
binary sequence, such as 71011...”, where by convention one can assign
1 to a switch turned ON and 0 to a switch turned OFF. Programming
the switches ON and OFF defines a circuit for which the effects of
non-zero, finite impedance of the switches can be neglected in the first
approximation (for low frequency circuits).

4 Evolving reconfigurable circuits for fuzzy
logics
This section illustrates evolved circuits for fuzzy logics. In such logics,

conjunction and disjunction are usually interpreted by a T-norm and by
its dual T-conorm (S-norm) respectively. Frank’s parametric T-norms
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and T-conorms (also referred to as fundamental T-norms/conorms in
[10]) were selected here for modeling the logical connectives. Their
choice is justified by their special properties (see [10] and references
therein), and because of the complexity of the equation for which no
trivial compact analog circuit solution is apparent. The family of Frank
T-norms and the family of Frank T-conorms are respectively given by:

MIN (z,vy) if (s =0)
Ty(z,y) = .y if (s=1)
Y= log5[1+%] if0<s<oo,s#1
MAX0,z4+y—1) ifs=o00
MAX (z,y) if (s =0)
Su(.1) r+y—zy if (s=1)
WY = 1—logs[1+%] if0<s<oo,s#1

MIN(1,z +vy) if s = o0

Electronic circuits implementing the above equations can be used in
implementations of fuzzy logic computations or in implementing fuzzy
S-T neurons.

A series of experiments, presented in detail in [11] illustrate the
possibility of evolving circuits that implement T-norms for various val-
ues of the parameter s. The circuits were powered at 5V and the signal
excursion was chosen between 1V (for logical level ”0”) and 4V (for
logical level 717). Intermediary values were in linear correspondence,
i.e. 2.5V corresponds to logic level 0.5. etc. The experiments were per-
formed both in software (Spice simulations) and hardware on FPTA
chips. The software experiments used a population size of 128 indi-
viduals, were performed for 400 generations (with uniform crossover,
70% crossover rate, 4% mutation rate, tournament selection) and took
around 15 minutes using 16 processors. Each switch in the FPTA cell
has a control bit associated with it in a direct mapping. Thus there
are 24 bits in the chromosome describing one cell. Interconnections
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Figure 2. Simulated response of a circuit implementing the fundamen-
tal T-norm for s=0 ( ¢ ) (Target characteristic shown with (4). x.,y
axis are for inputs, z (vertical) is the output, T. Axes are in Volts.

experiments were done mostly with 4 bits. Thus a 2 cell experiment
would use 52bits (24*2+4).

Figures 2, 3, and 4 show the response of circuits targeting the im-
plementation of fundamental T-norms for s=0, s=1, and s=100 respec-
tively. The diamond symbol (¢) marks points of simulated/measured
response of evolved circuit, while the cross symbol (+) marks the points
of an ideal/target response for the given inputs. The output (T) is
mapped on the vertical axis; values on axis are in Volts. The circuit
for T-norm with s=100 is shown mapped on two FPTA cells in Figure
5. From these graphs, it can be verified that the errors are observed
mainly at the extremities of the domain.

More details on these results, including circuits for corresponding
S-norm, are presented in [11].

The approximation error on FPTA architecture ranges from 3.6%
to a maximum of 9% MAPE (Mean Absolute Percent Error) in software
and to a peak of 11.6% in hardware.
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Figure 3. Response of a circuit implementing the fundamental T-norm
for s=1(¢). Target characteristic shown with (+).
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Figure 4. Response of a circuit implementing the fundamental T-norm
for s=100 (o). Target characteristic shown with ().
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Figure 5. Example of evolved circuit implementing a fundamental T-

norm circuit.
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5 Evolution of analog circuits approximations
of complete fuzzy systems

The results above, related to analog circuit of implementations for fuzzy
operators are particularly relevant from the point of view of building
fuzzy computation engines, especially those of programmable nature,
meaning that some software code would change the function of the
system. Most of the traditional fuzzy systems in use however, are quite
simple in nature and the computation can be expressed in terms of a
simple surface. An example is the control surface of a two-input fuzzy
controller. A fuzzy circuit could be synthesized to approximate this
surface. If the circuit is synthesized on a programmable cell structure,
such as the FPTA cell, it can in fact be ”programmed” to change
function by a new encoding bitstring found through the evolutionary
search; in this case the search replaces a conventional compiler taking
inputs from specifications and mapping to a configuration based on
the very clear architecture of the device. If a fixed solution suffices,
then a very compact circuit that could be implemented in an ASIC,
integrated with other silicon components is possible. Since the previous
examples illustrated evolution on a programmable architecture, the
following example illustrates evolution of a circuit with fixed topology.

The example chosen is that of a fuzzy controller provided as a demo
for the popular MATLAB software [12]. The "ball juggler” is one of
the demos of the MATLAB Fuzzy Logic Toolbox. The fuzzy controller
for the ball juggler has two inputs and one control output. A screen
capture illustrating the membership functions is shown in Figure 6.
The controller is a simple Sugeno-type with 9 rules. A screen capture
of the control surface is shown in Figure 7.

A circuit approximating the control surface was evolved and is pre-
sented in Figure 8. The response, presented together with the target
surface for comparison are shown in Figure 9. The average error
achieved was of 1.93%, and the maximum error to the target surface
was 6.7%.

The circuit is rather robust, and was tested at variations in transis-
tor sizes, supply voltage and temperature, with the following results:
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Figure 6. Membership functions for the ball juggler fuzzy controller as
seen on screen capture from Matlab Demo.
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Figure 7. Surface of the ball juggler fuzzy controller.
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Figure 8. Evolved circuit realizing the ball juggler fuzzy controller.
Transistors substrate connections at 5V for PMOS and ground for
NMOS.
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Figure 9. Comparison between response and target for the evolved
fuzzy controller
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decreasing the transistor sizes by a factor of 10 did not change the cir-
cuit response and the deviation from the target; average error of 1.98%
and maximum error of 6.96% when decreasing the power supply voltage
to 4.75V; average error of 1.94% and maximum error of 6.65% when
increasing the power supply voltage to 5.25V; average error of 1.89%
and maximum error of 6.3% when decreasing the temperature to 0C;
average error of 1.98% and maximum error of 7.2% when increasing
the temperature to 55C.

Finally, a different model, (specific for a HP 0.5 MOS fabrication
process) led to qualitatively the same result, with slight increase in the
error. That error became small again when evolution targeted a circuit
in that specific process.

6 Discussion

The results presented here were obtained at the first attempt, with no
prior knowledge of the circuit solution, with no optimization in terms of
Width and Length of transistor channels, with limited resources (only
transistors found in two FPTA cells in FPTA case and imposing a limit
of 10 transistors in approximating the fuzzy system). Several methods
can be used to reduce the approximation error. One of them is to
allow more flexibility in the selection of the points where the signals
are applied, and where the output is collected. In this experiment these
were considered predetermined, however it is possible to let evolution
decide where to interface the circuit with the input/output. Another
way to increase the approximation power is to allow more resources, e.g.
allow resources from more than 2 cells. This is similar to increasing the
approximation power of neural networks when extra neurons are added.
The described experiments do not have any parametric adjustment.
The width and length of the transistor channel were considered fixed.
However, previous results indicate that parametric optimization can
produce good adjustments after the topology has been determined [13].

Finally, these results are preliminary and are presented mainly to
illustrate some aspects of the application of EHW to synthesis of elec-
tronic circuits implementing fuzzy systems. No comparison with any

42



Evolutionary Design of Very Compact ...

state-of-the-art design tools is made. Although the performance of
(computer-assisted) human solutions could exceed the performance of
the totally automated solutions illustrated here, there are no tools at
present that would allow the complete automated design of the type
presented here.

7 Conclusion

One can look at circuits with transistors as functional approximators
-how many transistors are needed is only a question of how accurate
a function needs to be. Two main results are suggested by the ex-
periments in this paper: that very compact solutions for complete
fuzzy systems can be custom designed by evolutionary algorithms, and
that specific programmable analog devices could be used as a general
purpose platform to rapidly prototype and deploy any fuzzy system.
Thus, the programmable analog device solution comes between the
high-performance (in speed and power) but very expensive and inflexi-
ble full ASIC solution and the less-performance but cheaper and flexible
microprocessor solution.
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