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This chapter begins with a brief discussion of signals, systems, and the types
of problems encountered in engineering and science. Then, selected applications
are described to begin exploring the potential of signal processing and inverse
problem solving. Exercises at the end of the chapter invite the reader to extend
this preview to other areas of interest, and to gather simple hardware components
to obtain discrete signals in different applications.

1.1 SIGNALS, SYSTEMS, AND PROBLEMS

Listen. . .. Touch. ... See...! Our senses detect signals that convey important
information we use for survival. We hear the variation of pressure with time, our
fingers feel the spatial variation of surface roughness, and we see the time-varying
spatial distribution of color. Clearly, each signal is the variation of a parameter
with respect to one or more independent variables.

We take these stimuli (input signals) and respond accordingly (output signal).
Therefore, each of us is a system that transforms an input signal into an output
signal. In fact, our response to a given stimulus reveals important information
about us. Likewise, a time-varying wind load (input signal) acts on a building
(system) causing it to oscillate (output signal), and these oscillations can be used
to infer the mechanical characteristics of the building.

A system may transform the input energy into another form of energy. For
example, metals dilate (mechanical output) when heated (thermal input). Most
transducers are energy-transforming systems: accelerometers produce an electrical
output from a mechanical input, and photovoltaic cells convert light energy into
electrical energy.

The input signal, the output signal or the system characteristics may be
unknown. Our level of knowledge permits classifying problems in engineering
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Table 1.1 Forward and inverse problems in engineering and science

PROBLEMS IN ENGINEERING AND SCIENCE

Input signal Output signal
System

Forward Problems Inverse Problems
System design® Convolution System identification Deconvolution
Input:  Known Input:  Known Input:  Known Input:  Unknown
System: To be designed System: Known System: Unknown System: Known
Output: Predefined Output: Unknown Output: Known Output: Known
Classical training Chapters 3—7 Chapters 8—11

? The system is designed to satisfy performance criteria: controlled output for estimated input.

and science, as shown in Table 1.1. Typically, engineers are trained to solve
forward problems. Emphasis has been placed on the design of systems to satisfy
predefined performance criteria, based on an estimated design load. Typical exam-
ples include the design of a reactor or a transportation system. The other form of
forward problems is estimating the response of a system of known characteristics
given a known input. This second class of forward problems is a convolution of
the input with the characteristic system response, such as computing the signal
coming out of an amplifier, the flood discharge after a rainfall, or numerical
simulations in general.

A wide range of scientific problems — by definition — and many engineering
tasks are inverse problems whereby the output is known, but either the input or
the system characteristics are unknown (Table 1.1). In system identification the
input and output signals are known, and the task is to determine the characteristics
of the system. For example, a bone specimen is loaded and its deformation is
measured to determine material properties such as Young’s modulus and Poisson
ratio. The other type of inverse problems involves the determination of the input
signal knowing the system characteristics and the output signal. This is called
deconvolution, as opposed to the forward problem of convolution. In all measure-
ments, the true signature is computed by deconvolution with the characteristics of
the transducer: the earthquake signature is obtained by deconvolving the recorded
signal from the characteristics of the seismograph. Inferring the speed of a vehicle
before collision is another example of deconvolution in the context of forensic
engineering.
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Many inverse problems are complex and involve partial knowledge of the
system and signals. Hence, it may not be possible to identify a unique solution.
For example, we are still puzzled by multiple plausible hypotheses related to the
extinction of dinosaurs, the catastrophic failure of Teton dam, and the initiation
of various deadly diseases. Even extensive scrutiny may not render enough infor-
mation to falsify hypotheses, particularly when information may have been lost
in the event itself.

1.2 SIGNALS AND SIGNAL PROCESSING -
APPLICATION EXAMPLES

Signal processing is an integral part of a wide range of devices used in all areas
of science and technology. The following examples introduce common concepts
in signal processing within the contexts of our own daily experiences and lead
us towards the development of devices and procedures that can have important
practical impact. Cases include active and passive systems. Other examples are
listed in Table 1.2.

1.2.1 Nondestructive Testing by Echolocation (Active)

Echolocation consists of emitting a sound and detecting the reflected signal. The
time difference between sound emission and echo detection is proportional to
the distance to the reflecting surface. Differences between the frequency content
in the reflected signal with respect to the emitted signal are used to discern
characteristics of the object such as its size.

Bats and dolphins are able to use echolocation to enhance their ability to
comprehend their surroundings. (People have some echolocation capability, but
it is less developed because of our refined vision.) The sound made by bats varies
among species. Some bats emit a sine sweep signal or chirp like the one shown
in Figure 1.1. This input signal has two important advantages: first, it leads to
improved accuracy in travel time determination, and second, it permits assessing
the size of the potential prey (Chapters 3-7).

The same technique is used in nondestructive evaluation methods, from medical
diagnosis to geophysical prospecting for resource identification (Figure 1.2a;
see suggested exercises at the end of this chapter). While the input signal can
resemble the signal emitted by bats, the frequency content is selected to optimize
the trade-off between penetration depth and resolution (Figure 1.2b).
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Table 1.2 Examples of signals

Time and spatial variations in one dimension (1D)

e Acoustics: sonar signals; echolocation by bats and dolphins

e Electrical engineering: signal emitted by a transmission antenna

e Chemistry — material science: temperature history in a chemical reaction
e Finance: the stock market historical record

e Medicine: electrocardiogram and electroencephalogram

Two-dimensional (2D) spatial variations

Agricultural engineering: vegetation, evaporation and infiltration in a watershed
Geography — climatology: surface temperature and pressure maps; GIS maps
Socioeconomics: world distribution of population density and income
Mechanics — tribology: surface roughness; contact pressure distribution
Physics: AFM image of a polymer surface

Traffic engineering: accident rate at intersections across the city

Three-dimensional (3D) volumetric variations

e Physics: porous network in a particulate medium

e Fluid mechanics: flow—velocity profile around airplane wing
e Geotechnology: pore fluid pressure underneath a dam

e Biology: CO, distribution in a bioreactor

Note:

The graphical representation of a signal can be simplified if a plane or axis of symmetry is identified.
For example, the 4D variation of subsurface temperature in space and time can be captured as a 2D
signal in depth—time coordinates if the subsurface is horizontally homogeneous.

Amplitude

| | | | |
0 0.0002 0.0004 0.0006 0.0008 0.001

Time [s]

Figure 1.1 A sine sweep signal. The frequency increases with time

1.2.2 Listening and Understanding Emissions (Passive)

Many signals are generated without our direct or explicit involvement. In most
cases, “passive” signals are unwanted and treated as noise. However, passive sig-
nals when carefully analyzed may provide valuable information about the system.
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Figure 1.2 The frequency sweep signal is used in geophysical and nondestructive appli-
cations. Low frequencies are not reflected by small objects, whereas large objects reflect
both low and high frequencies

A stethoscope used by a trained physician to listen to the passive emissions
generated by the heart and the lungs remains a valuable diagnostic technique
200 years after its development. Forensic investigators can analyze the sound track
recorded when a gun was fired, extract time delays and intensities corresponding
to the various sound reflections and constrain the location of the sniper. Likewise,
there is information encoded in earthquakes, in changes exhibited by bacterial
communities, in economic indicators, and in the distribution of air pollution above
a city. We just need to observe and learn how to decode the message.

1.2.3 Feedback and Self-calibration

Organisms are particularly adept at accommodating to changes. Likewise, adap-
tive systems are engineered to attain optimal vibration control of airplane wings
or to minimize traffic congestion by means of intelligent traffic signals.
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Natural or computerized adaptive/learning systems include feedback, and when
the feedback loop is interrupted, adaptation stops. For example, deaf individuals
(the adaptive system in this example) can learn to speak only when alternative
feedback is provided to counteract their inability to hear themselves or others.
Imagine a visual feedback device that permits trainer and trainee to speak into
a microphone and displays their signals on the screen of an oscilloscope as a
variation of sound pressure versus time: this is the fime domain representation
(Chapters 3 and 4). This device may also analyze their signals and show the
amount of energy in different frequencies: this is the frequency domain repre-
sentation (Chapters 5 and 6). Figure 1.3 presents simple sounds in the time and
frequency domains. The trainee’s goal is to learn how to emit sounds that match
the time domain traces, using frequency domain information to identify needed
emphasis on either high-pitch notes or low-pitch sounds.

1.2.4 Digital Image Processing

We seldom pause to assess the extent of our natural abilities to process signals.
However, when researchers in artificial intelligence began studying vision, they
were confronted with a highly sophisticated process. Only the fact that we do see
stopped researchers from concluding that vision as we know it is impossible.

The advent of digital photography has opened important possibilities for a wide
range of techniques that were not envisioned a generation ago. A digital image
is a matrix of numbers. For example, the pixel value p;; at location (i, j) in a
black-and-white image is a number in a matrix (Figure 1.4). The resolution of
digital images is selected to optimize application needs and storage considerations.
Resolution is restricted by the pixel size in the computer screen — the grain size
in conventional photographic prints is much smaller.

Captured images are displayed on a screen, processed, analyzed, and stored.
Image processing includes operations such as smoothing and contrasting, edge
detection, and recoloring. Image analysis and data extraction can range from
measuring areas and perimeters of objects to the more advanced task of pattern
recognition. Digital image analyzers are complementary components to a wide
range of devices, such as microscopes, tomographers, and video cameras. These
systems are increasingly being used in engineering and science, from materials
research to automated quality control in manufacturing processes.

1.2.5 Signals and Noise

Noise is an unwanted signal superimposed on the signal of interest. Eventually,
the signal of interest may become indistinguishable when the signal-to-noise ratio
is low; yet its presence may still have important consequences on the system

































