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Abstract

Many physical processes exhibit chaotic behavior. Since it is impossible to express the
constitutive relations of these systems in closed form, we model chaotic systems by numerical
methods. In order to validate such models, we need to compare the predictions of the models
with accurate measurements of the chaotic process. The Chaos Monitor was designed and
constructed expressly for the purpose of ‘making high-precision measurements of chaotic
electronic circuits. Together with the Chaos DIO interface card, we have used the Chaos
Monitor to obtain accurate measurements of the Double Scroll chaotic oscillator. These
measurements can now be compared against the results of numerical integrations to perform
model verification, circuit parameter calculations, and model reference control. This thesis
details the design, construction, and use of the Chaos Monitor system.
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Chapter 1

Introduction

The world around us is filled with complex physical systems. When we wish to study
a physical system, we often begin by building a mathematical model of the system and
sfudying how the model reacts. Models allow us to predict how physical systems will behave,
as well as determine underlying characteristics of the processes from observed behavior.

Of course, the usefulness of any model depends on how well the model simulates the
actual behavior of the source physical system. The more accurate our model is, the greater
the correlation between our predictions and the motion of the modelled system will be. No
matter how hard we work on developing a model, we cannot accept the conclusions of the
model unless we believe that the model accurately represents the physical system under
study.

Clearly, we need to be able to validate our models and reconcile them with the physical
processes they represent. What good is a model of weather patterns in New England if the
model predicts sun and it actually snows? In many cases, model validation is easy; we can
compare the model’s mechanism with the equations which describe the physical system.
However, though many physical systems readily suggest models which accurately describe
their behavior, there exist physical systems which exhibit seemingly random motion. These
systems exhibit chaos, which means it is impossible to completely describe their operation

in closed form. Chaotic systems exist throughout nature: the double pendulum [?], various
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electrical circuits [?], and the motion of the planets [Sussman] are all examples of chaotic
systems.

How can we hope to model a process by discrete mathematics if the process is known
to be chaotic? Chaotic systems are very sensitive to initial conditions; any error introduced
by our model will grow as we try to run the model forward through time. Eventually, the
error will grow so large as to make the prediction worthless. Clearly we cannot hope to
model a chaotic process in its entirety. What we can work towards, though, is being able
to model chaotic processes a,écurately for some finite amount of time in the future.

Now our problem is readily apparent. Suppose we wish to study a chaotic system in
detail, such as a chaotic electronic circuit. We can develop a mathematical model of the
circuit, but we must also be able to measure the actual circuit itself in order to validate the
model. Of course, we want our measurements to be as precise as possible; the more accurate
our measurements, the better we can determine how our model is working. However, no
system currently exists which could be used to measure the chaotic circuits in which we
are interested to the tolerances we desired. Thus, in order to validate our models, it was
necessary to build a tool we could use to measure our circuit. We call our measurement
device the Chaos Monitor.

The Chaos Monitor system was designed éﬁnd constructed expressly for the purpose
of monitoring and measuring chaotic circuits. With its four high-speed 16-bit channels,
the Chaos Monitor is capable of sampling four independent state variables in a chaotic
process at 50KHz. If fewer state variables need to be monitored, the Chaos Monitor can be
dynamically reconfigured to provide higher sampling rates by interleaving multiple channels
watching the same analog signal. If all four channels are trained on the same signal, the
Chaos Monitor can sample the signal at 200KHz. When connected to a host computer of
sufficient memory, the Chaos Monitor is a powerful real-time data acquisition system. Data
analysis may be performed by the host computer during and after the acquisition period.

The Chaos Monitor is more than a bunch of analog-to-digital converters, though. Since
we cannot guarantee that the host computer will always be able to download sample values

from the Chaos Monitor immediately, some form of data buffering must be provided. The
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Chaos Monitor includes two independent memory banks for this purpose; each bank of
memory is capable of storing 217 = 128K 16-bit data samples. At any time, one bank is
dedicated to receiving new digital samples, and the other bank is available to be read by
the host computer. The buffering architecture allows us to reliably receive megabytes of
conversion data at the host without needing to worry about interrupts, process swaps, and
other adversaries of real-time systems.

In addition to the Chaos Monitor, we also built the Chaos DIO interface card, which
connects the Chaos Monitor directly to a Hewlett-Packard 9000 Series 350 work;tation.
Using the Chaos Monitor together with the Chaos DIO card, we have monitored and tracked
various analog signals. The Double Scroll circuit, an electrical circuit which exhibits chaotic
behavior, was measured as an example of the use of the Chaos Monitor. The data obtained
from the Double Scroll will allow us to valiaé;:c\é(gﬁf models, calculate circuit parameters,
and p.érform model reference control.

The following chapters detail the Chaos Monitor systems and its application to the
Double Scroll circuit. Chapter 2 discusses the architecture of the Chaos Monitor board
itself. In Chapter 3 we detail the design of the Chaos DIO card, which interfaces the
Chaos Monitor to a host workstation. Chapter 4 presents the Double Scroll circuit, the first
chaotic circuit we have measured with the Chaos Monitor. Chapter 5 provides some of the
possible directions the Chaos Monitor project could take, and Chapter 6 summarizes our

conclusions.
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Chapter 2

The Chaos Monitor board

In order to validate a model, it is necessary to compare the predictions of the model to . .

actual measurements taken from the modelled process. Even if our model should work “in
theory,” it is useless to us if its behavior does not correlate with that of the physical system.
Thus, to validate our models of chaotic circuits, we must make accurate measurements of
the behavior of the circuits, and compare these measurements to the model. The Chaos
Monitor board was designed to facilitate measuring chaotic circuits.

The Chaos Monitor is a high-speed, high-precision, multi-channel data acquisition device
well suited for measuring chaotic circuits. The Chaos Monitor includes four independent
16-bit analog-to-digital conversion channels, each with a maximum sampling rate of 50 KHz.
These channels may be synchronized to watch four separate signals, or combined to provide
one 200 KHz sampling channel, all under software control.

This chapter describes in detail the operation of the Chaos Monitor board. We first
examine the Chaos Monitor data paths and then proceed to look at the control system.
Figure 2-1 shows a block diagram of the interconnections between the various Chaos Monitor
subsystems; complete schematics for the Chaos Monitor are contained in Appendix A. The
reader is encouraged to consult both the block diagram and the schematics while reading

this chapter.
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Block Diagram of the Chaos Monitor(data paths only)

The Chaos Monitor is physically split into two pieces: the “analog acquisition channels”
P g acq

and the “digital world”. The analog channels connect to the input signals and convert the

voltage across the input into a 16-bit number. These data values are then sent to the digital

world, where they are stored in the SRAM subsystem until they are downloaded by the host

computer. A minimal number of signals cross the division between the analog channels and

the digital world, thus allowing us to optically isolate the two pieces from each other. No

physical or electrical connections, save the optoisolators, exist between the the two halves
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