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Abstract:
An important concept in the effective use of computers in engineering design is the understanding that an engineer can build a computer program to design a device that the engineer himself may not be able to design.  Examples of devices to be designed could be truss structures, material distribution systems, or electronic circuits.  This concept can be applied to design any device where the desired performance is known, analysis techniques are known, but optimal structures are unknown.  The experiment presented here designs passive analog electronic filters.  The desired performance is specified as a spectrum graph.  Basic linear circuit analysis is used to evaluate candidate circuits.  This experiment demonstrates that an engineer with no knowledge of filter design can build a computer program that designs very good filters.
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Objective
The objective is to demonstrate, by example, how an engineer can build a computer program that can design devices that the engineer himself cannot design.  

Equipment and Materials
A modern personal computer, Visual Basic compiler.
Introduction
The use of digital computers to aid in the design of analog circuits is well established.  There are computer programs that analyze circuits and that simulate circuits.  These tools are most effective at relieving the circuit designer of the mathematics required in circuit design.  The structure of the circuit to be designed must be supplied by the designer.  

It is important for engineering students to learn that non-traditional methods can also be used to design analog circuits that perform well.  This experiment illustrates a non-traditional approach in three ways.  
First, examination of the program will reveal that no knowledge of filter design was required to build the program.  Basic linear circuit analysis was the only electrical engineering knowledge required to design the program.  

Second, the experiment provides a means for instructors to demonstrate that competent filters are actually designed.  This is most important because students do not always accept assertions by instructors as being true without visible proof.
Third, the experiment is designed to allow more advanced students to design modules that perform different types of circuit evaluation, as well as to explore the use of different metrics as to the fitness of a given circuit to perform the desired function.
Procedure

The experiment implements a rather simple system of evolution, natural selection, and random mutation as a mechanism to design passive analog filters.  It is the continuation of previously reported work by both the author and several students.  (footnote 2 papers).  
For a given demonstration the following steps are followed.  Parameters are specified which include the number of nodes available, maximum and minimum values for resistors, inductors, and capacitors, numbers of circuits in the initial generation, percentage of circuits to survive, number of child circuits for each surviving parent, etc.

Initial generation circuits are created by choosing a random number of components, of random types, and of random values.  Invalid circuits are rejected.  A valid circuit is defined as one that has an input node, an output node, a ground node, and a path from the input node to the output node that does not pass through the ground node. An invalid circuit (figure 1) will not contain this path.  A valid circuit will not contain any dangling components (figure2), or orphan loops (figures 3). 
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Figure 1 


Figure 2 


Figure 3
All of the initial generation circuits are evaluated for “fitness” to the desired performance and the best performers are chosen to survive.  The built in determination of fitness is the minimization of the square-root of the sum of the squares of the differences between the circuit gain and the target gain for all frequencies in the target.  Normalized response gains are used for fitness evaluation, because the circuit output can always be applied to a linear amplifier to achieve any desired circuit gain.  

Each survivor is used to parent some children.  This is done by making copies of the parent and then mutating these copies in several ways.  Minor mutations are simply small changes in the values of some components.  Medium mutations involve changing a component type, adding and/or removing a component.  Large mutations allow the addition or deletion of many components.  Each of the child circuits is evaluated for “fitness” and a few are selected to parent the next generation.  This process is repeated hundreds or thousands of times until a circuit with acceptable performance is realized.
The experiment allows for hundreds of children in each generation, and for hundreds of generations, thus providing the opportunity for a wide variety of circuits to be created and evaluated.  When using the defaults of 10 children per survivor and 3 survivors per generation, it is surprising how few generations are sometimes required to achieve a reasonable final circuit.  
Example #1

The first example shows the design of a band-pass filter.  The schematic of the best of the initial generation of three circuits is shown below (figure 4).  At this stage, the fitness of the best circuit might be quite poor (figure 5).
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Figure 4





Figure 5

By the 51st generation (figure 6) there is significant mutation from the original parent circuit.  The circuit has grown by a significant number of circuit components including the addition of several inductors.  The circuit topography is not recognizable as a common filter type.  The frequency response for the circuit is shown below (figure 7).
[image: image6.png]PR -

]

Lawr

ssopr
L 2
oucpur
33 SkOhm, 142 Onm
w
LY L R cz e
v JuHs I e S33ur
=/ opey
s
12
O satun
0.481uF
R4 cs &s e
RS 136 onm o, oieur Ssaz oma 3o
25. 2k0mm T
L4
s o
" & aun
1 7
0.264uF



 
[image: image7.png]Actual Gain

Nomaized Gain








Figure 6




Figure 7
The filter has a -1 dB bandwidth of 6 kHz  between 1.5 kHz and 7.5 kHz with less than +/- 0.5 dB ripple in the pass-band.  The roll-off outside the pass-band is approximately -43 dB/decade.  The target roll-off is unrealistically steep.  This filter is pretty good. 
The frequency response exhibited by this circuit strongly resembles that of a well designed double-tuned circuit, even though the circuit itself does not.  This is one of the major points to be made to students about randomized systems.  They provide for the examination of circuit topographies that a skilled filter designer would never consider.  
Example #2
In this example the target response has realistic characteristics in terms of pass-band width, center frequency, and roll-off.  The normalized gain of the circuit designed is highly consistent with the target spectrum.  The circuit designed by the experiment (figure 8) was obtained in the 692nd generation.  The circuit topography does not resemble any of the classical filter types, but it performs the desired function quite well (figure 9).
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Figure 8




Figure 9
The filter has a -1 dB bandwidth of 11 kHz between 17 kHz and 28 kHz. The ripple in the pass-band is less than 0.5 dB. The roll-off outside of the pass-band is approximately -50 dB/decade.  This is also a pretty good filter.

Comments

Bringing this experiment to its current stage has yielded substantial educational value to the students involved in the project.  They learned basic concepts important to overall computer program design, modular and layered design, and the development of object-oriented programs.
Concerning the ability of a designer to build a system that creates circuits beyond the abilities of the designer, the examples cited speak for themselves.  These examples are not special cases.  They represent some of the more successful experiments to design band-pass filters.  Given a limit on the number of generations explored in a particular experiment, the final circuits produced by some experiments do not satisfy the desired performance very well.  However, some experiments do produce circuits with very satisfactory performance.
This experiment is available by contacting kohne@loyola.edu.  Also available is the source code for those interested in exploring different mutation rules, fitness metrics, and etc.
