
CHAPTER 1

INTRODUCTION

The term "Biomedical Engineering" can refer to any endeavor in which techniques from
engineering disciplines are used to solve problems in the life sciences. One such under-
taking is the construction of mathematical models of physiological systems and their
subsequent analysis. Ideally the insights gained from analyzing these models will lead to
a better understanding of the physiological systems they represent.

System identification is a discipline that originated in control engineering; it deals with
the construction of mathematical models of dynamic systems using measurements of their
inputs and outputs. In control engineering, system identification is used to build a model
of the process to be controlled; the process model is then used to construct a controller.

In biomedical engineering, the goal is more often to construct a model that is detailed
enough to provide insight into how the system operates. This text deals with system
identification methods that are commonly used in biomedical engineering. Since many
physiological systems are highly nonlinear, the text will focus on methods for nonlinear
systems and their application to physiological systems. This chapter will introduce the
concepts of signals, systems, system modeling, and identification. It also provides a brief
overview of the system identification problem and introduces some of the notation and
terminology to be used in the book. The reader should be acquainted with most of the
material covered in this chapter. If not, pedagogical treatments can be found in most
undergraduate level signals and systems texts, such as that by Kamen (1990).

1.1 SIGNALS

The concept of a signal seems intuitively clear. Examples would include speech, a televi-
sion picture, an electrocardiogram, the price of the NASDAQ index, and so on. However,
formulating a concise, mathematical description of what constitutes a signal is somewhat
involved.
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2 INTRODUCTION

1.1.1 Domain and Range

In the examples above, two sets of values were required to describe each "signal"; these
will be termed the domain and range variables of the signal. Simply put, a signal may be
viewed as a function that assigns a value in the range set for each value in the domain
set; that is, it represents a mapping from the domain to the range. For example, with
speech, the domain is time while the range could be one of a variety of variables: the air
pressure near the speaker's mouth, the deflection of the listener's ear drum, or perhaps
the voltage produced by a microphone.

This concept can be defined formally by describing a signal, s(t), as a mapping from
a domain set, T, which is usually time, to a range set, Y. Thus,

s : T -> Y

where t e T is a member of the domain set, usually time. In continuous time, T is the
real line; in discrete time, it is the set of integers. In either case, the value of the signal
is in the range set, Y. The range of the signal is given by applying the mapping to the
domain set, and is therefore s(T).

The above definition really describes a function. A key point regarding the domain
set of a signal is the notion that it is ordered and thus has a direction. Thus, if x\ and X2
are members of the domain set, there is some way of stating x\ > X2, or the reverse. If
time is the domain, t\ > ti is usually taken to mean that t\ is later than ^.

The analysis in this book will focus on signals with one-dimensional domains—usually
time. However, most of the ideas can be extended to signals with domains having
two dimensions (e.g., X-ray images), three dimensions (e.g., MRI images), or more
(e.g., time-varying EEG signals throughout the brain).

1.1.2 Deterministic and Stochastic Signals

A signal is deterministic if its future values can be generated based on a set of known
rules and parameters, perhaps expressed as a mathematical equation. For example, the
sinusoid

yd(t) = cos(2n ft + 0)

can be predicted exactly, provided that its frequency / and phase 0 are known. In
contrast, if yr(k) is generated by repeatedly tossing a fair, six-sided die, there is no way
to predict the /cth value of the output, even if all other output values are known. These
represent two extreme cases: yj(t) is purely deterministic while yr(k) is completely
random, or stochastic.

The die throwing example is an experiment where each repetition of the experiment
produces a single random variable: the value of the die throw. On the other hand, for
a stochastic process the result of each experiment will be a signal whose value at each
time is a random variable. Just as a single throw of a die produces a single realization of
a random variable, a random signal is a single realization of a stochastic process. Each
experiment produces a different time signal or realization of the process. Conceptually,
the stochastic process is the ensemble of all possible realizations.

In reality, most signals fall between these two extremes. Often, a signal may be
deterministic but there may not be enough information to predict it. In these cases, it


