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Fig. 27.10a-c Air mode (0, 4, 0) in the rectangular trans-
parent box in Fig. 27.8 [27.60]. (a) View along the shortest
side; (b) view along the next shortest side; (c) phase along
the x—axis in (a) measured by phase-modulated TV holog-
raphy. (Reprint by S. Hirzel Verlag, Stuttgart)

ple product 2k(n — ng)L. If not, the integral equation in
(27.7) remains and tomography has to be used to reveal
the distribution, see for instance Appendix B in [27.23].
Figs. 27.9 and 27.10 show measured standing waves in-
side the transparent box in Fig.27.8 for two different
air modes [27.60]. Fig.27.11 shows standing waves in-
side a guitar body with a transparent top and back plate
measured by phase-modulated TV holography [27.61].

a) b)

If instead a probing laser ray is passing through the
box in Fig.27.8 in the x-direction, it will experience
a time-varying phase change. A small frequency shift is
thus generated by the standing aerial waves inside the
box. This shift can be detected by a laser vibrometer;
compare Sect. 27.2.5.

27.2.3 Reciprocity and TV Holography

An indirect pointwise method to measure the sound dis-
tribution from an instrument is to use reciprocity [27.62]
combined with, for instance, TV holography [27.63].
An advantage of this method is that, even in a quite
large spatial volume, radiativity [27.64] can be recorded.
This is valuable since audible acoustical waves at low
frequencies can have very long wavelengths.

An experiment using reciprocity and TV holography
can be performed as follows. A movable loudspeaker at
constant (unit) driving conditions excites, say a stringed
instrument, from different positions outside it. The
corresponding out-of-plane velocity component at the
bridge foot is measured by TV holography for the spe-
cific excited vibration pattern. Then, it can be argued
using reciprocity that, if a constant (unit) driving force
now instead is acting at the bridge foot, it will create
a sound pressure of the same magnitude as the measured
velocity component at the same place as the loudspeaker
was placed. By moving the loudspeaker around when

(o 7 0 72
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Fig. 27.11a—c Standing aerial waves inside a transparent guitar cavity measured by phase-modulated TV hologra-
phy [27.61]; (a) covered sound hole (1195 Hz); (b) open sound hole (1182 Hz); (c) phase distribution along the y-axis

in (b) . (Reprint from S Hirzel Verlag, Stuttgart).
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measuring the vibration amplitude at the bridge foot,
the radiativity is estimated.

Experiences from the violin experiments in [27.63]
were:

® Radiativity is measured in an ordinary laboratory
both close to and at quite large distances from the
instrument;

® the mode shape is simultaneously recorded,

e the violin radiativity is measured as being almost
spherical up to the 500 Hz,

® complicated radiativity patterns result at higher
modes.

Important conditions for dynamic reciprocity measure-
ments are that the system is linear, passive and that the
vibration system has stable equilibrium positions.

27.2.4 Pulsed TV Holography -
Pulsed Lasers Freeze
Propagating Bending Waves,
Sound Fields
and Other Transient Events

Pulsed lasers, like the traditional Q-switched ruby laser,
emit one, two or more very short pulses (each pulse
only some tenths of a ns long) of coherent laser light
with a very high intensity. Most mechanical or acoustical
events are frozen at such short exposure times. The time
between the pulses can be set from about 10 s to 800 s
with a ruby laser (during the burning time of the laser ex-
citing flash lamps) and over a much broader range with
a twin-cavity Nd: YAG laser. By double exposing a pho-
tographic plate of a transient event with two such pulses,
one pulse of the object in the start position and another
some time after the start, a double-exposed hologram
is obtained. Both fields are reconstructed simultane-
ously with a continuous He-Ne laser. The technique
is called pulsed holographic interferometry [27.12] and
compares two states of an object. The optical setups
used with pulsed lasers are in principle the same as with
continuous ones with an object and a reference beam,
compare Figs. 27.1 and 27.4. Both traditional record-
ing on photographic plates (double-exposed hologram
interferometry) and all-electronic methods (pulsed TV
holography using a CCD chip for the recording as in TV
holography) are available, although there are some dif-
ferences. First, positive lenses are avoided and usually
replaced by negative ones, since gas ions may other-
wise occur at the focal points of positive lenses with
the very strong light irradiances. With negative lenses
light rays can be arranged so they seem to emanate from

Fig. 27.12 Transient bending wave propagation in a violin
body, 125 s after impact start. The top of the bridge is
impacted horizontally by a 5 mm steel ball at the end of a
30 cm-long pendulum (seen in the figure as a thin line). In
the top plate a hill and a valley centered on the two bridge
feet can be seen. In the back plate the fringes are centered at
the soundpost, which rapidly transfers the impact from the
bridge to the back of the violin [27.65]. (Reprint American
Institute of Physics, 10/22/04)

avirtual focal point. Secondly, to use the temporal phase-
stepping technique with a moving mirror, such as PM in
Fig.27.4 is not applicable; there is simply not enough
time to move them to record a sequence. Instead quanti-
tative measuring data are obtained with a Fourier method
where a small angle between the reference light and the
object light is introduced to produce a modulated carrier
wave at the CCD detector [27.66]. By Fourier filtering
it is then possible to extract quantitative data.

In Fig. 27.12 [27.65], the transient bending wave re-
sponse of a violin body to an impact is visualized with
pulsed hologram interferometry. The instrument is im-
pacted at the top of the bridge with a small pendulum.
This is a crude and simple model of one of the pulses
from the pulse train that is produced by the stick—slip
bow-—string interaction when the instrument is played.
It is obvious that energy is effectively transferred to the
back plate by the soundpost of the instrument and that
the back is acting more like a monopole source. The top
plate, on the other hand, is excited by the rocking motion
of the bridge with a hill at one foot and a valley at the
other, more like a dipole source. Interesting information
about the violin is pictured in this way.

The pulsed TV holography setup is quite similar
to ordinary TV holography (Fig.27.4) in that it is all
electronic, it uses fast CCD cameras and is computer op-
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Fig. 27.13 Fig.27.13. Measured traveling bending waves on an impacted steel plate surface 7 s, 32 s, 57 ps and 82 s
after impact start. These were recorded with a four-pulse TV holography technique [27.67]. The pattern at the upper right

side is a shadow in the illumination path and can be ignored

erated. In an experiment [27.67], see Fig. 27.13, a pulsed
TV holography setup using a four-pulse Nd:YAG laser
technique is used that presents four interferograms of the
same transient event. This is in contrast to double-pulse
experiments with, for instance, the double-pulsed ruby
laser, where the experiment must be repeated at increas-

Fig. 27.14 The transient sound field outside an impacted
cantilever steel beam 1 mm x 30 mm x 190 mm, clamped
at the bottom. The 1 mm side is seen in the figure. The
laser light passes outside and parallel to the cantilever sur-
face along the 30 mm side. It is impacted at the fop right
by an air gun bullet. The interferogram is obtained 230 s
after impact start by pulsed hologram interferometry. Su-
personic bending waves travel down the beam and create
sound waves, bow waves, moving faster than the spherical
sound wave, centered at the impact point

ing time delays. With the four pulse technique a short
sequence from one single event is obtained. (Another
way to get a time sequence of the motion but now only
in one point at a time is to use a vibrometer, see the next
section.)

What kind of sound field does an impacted plate or
played violin create? It is difficult to measure that in one
projection since it is a 3-D sound distribution. In princi-
ple however it is possible to create a tomographic picture
from many projections [27.68,69] but such an experi-
ment is quite complicated to perform. A much simpler
and quite informative way is to use a 2-D structure in-
stead. A simple cantilever beam or cantilever plate, much
longer than it is wide and thick is used, as shown from
the thinnest side in Fig. 27.14. The transient sound field
outside the cantilever beam [27.70], which is impacted
at the top end by an air gun bullet at about 100 m/s
is shown. It is obtained by pulsed hologram interfer-
ometry. It is interesting to note that the impact causes
a spherical sound wave to propagate (at about 340 m/s)
around the impact point and also fast bending waves
that move down the cantilever to act as secondary super-
sonic sound sources. They create a pattern that looks like
a bow wave behind a ship. It differs from that however,
since the waves have opposite phases on each side of the
cantilever, as could be expected. Bending waves are dis-
persive, that is, fast waves preceding the slow ones have
shorter wavelength than the slower ones. The figure also
shows that the signal detected by a microphone or the ear
from the impacted plate depends strongly upon the po-
sition of the detector. At some positions the sound from
the supersonic bending waves will reach the ear earlier
than the direct impact sound.

Figure 27.15 shows the quite complicated density
fields that are produced when an air gun bullet at 100m/s
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Fig. 27.15 The figure shows the density fields that are pro-
duced by an air-gun bullet traveling to the right. It emerged
from the muzzle, which is situated at the left border. It has
traveled in open air for 305 ps. Both the air that is pushed
out by the bullet in front of the bullet in the barrel and the
compressed air column behind it are seen, as well as the al-
most spherical and faster sound fields produced when the
bullet emerged from the muzzle. Behind the bullet patterns
reminiscent of vortex streets may be seen. The bullet speed
is about 1/3 the speed of sound. Recorded by pulsed TV
holography [27.71] (Reprint SPIE 21/10/04)

leaves the muzzle [27.39,71]. The air column pressed
out from the barrel preceding the bullet as well as the
air column behind it is seen. The almost spherical sound
wave produced when the bullet is leaving the muzzle is
also seen. Behind the bullet another pattern, reminiscent
of vortex streets, is seen. A number of fluid mechan-
ics and acoustical phenomena are thus visualized in the
figure.

27.2.5 Scanning Vibrometry -
for Vibration Analysis
and for the Study of Acoustic Waves

Laser vibrometers are a family of accurate, versatile,
non-contact, optical vibration transducers. They are used
in applications where it is impractical or impossible to
use transducers mounted on the object and they quickly
map the structural response at many measurement points
in sequence. They are easy-to-use, turnkey systems that
include optical and electronic hardware. With optional
software many possibilities exist for advanced modal
analysis, animations etc. Compared to TV holography
scanning laser Doppler vibrometry is more of an off-
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Fig.27.16 Principle of laser vibrometer in a Mach—
Zehnder-type arrangement. BS is the beam splitter, while
M is the mirror. A laser emits light at a frequency f onto an
object and into a reference beam. The target/object to the
top right, is moving with velocity v(¢), causing a Doppler
shift of the reflected light of A f(¢). The photodetector re-
ceives a time-varying signal, the interference between the
object and the reference light, which is processed to give
a measure of the target velocity. The Bragg cell in the refer-
ence beam introduces a known and constant frequency shift
fv to the reference light using which the sign of the target
velocity is determined.

<€

the-shelf instrument, developed for industrial use. One
drawback in that comparison is that it is not a real-time
instrument. It is not as simple as with TV holography to
find settings for unknown, interesting vibration patterns
in a frequency scan. On the other hand it is highly sen-
sitive and operates well not only with harmonic object
motions but also with multi-frequency, repeatable ob-
ject motions. Interesting vibration modes can be found
by exciting the object with, for instance, a band-limited
random signal and then performing modal analysis;
compare Fig.27.17. With scanning it is a full-field
method but it has to be remembered that the measure-
ments of different object points are made sequentially.
In one measuring point, very fast events can be recorded
as a function of time. One manufacturer however, makes
a special unit that takes measurements at a limited
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Fig. 27.17 Two vibration modes of a lightweight aluminium
structure measured by scanning vibrometry, with vibration
amplitude coded in grayscale. The structure was excited
by a pseudo-random signal feeding a mechanical exciter.
The vibration frequencies are 2825 Hz and 4258 Hz, re-
spectively

number of points simultaneously. Informative, animated
visualizations of vibrations and sound fields can be ob-
tained. For more technical information the reader may
visit the home pages of the manufacturers, since a wide
variety of options are available.

Laser light of wavelength A that is scattered back
from a moving surface with velocity v(f) undergoes
a shift in frequency, a Doppler shift A f

AF(H) =2v(t)/A . (27.8)

In an interferometer, often of the Mach—Zehnder type,
the scattered light from a moving object is mixed with
a reference light from the same laser. In Fig.27.16 the
optical unit of such a heterodyne vibrometer is pictured

with the Bragg cell mounted in the reference arm of
the interferometer. This instrument is commonly used
for measuring displacement and velocity fields of vibra-
tions of solid objects. The first beam splitter (BS) splits
the laser beam into measuring and reference beams. The
reference beam reaches the photodetector via a mirror
(M) and a second beam splitter. The measuring beam
hits the moving target/object, gets reflected, frequency
shifted and guided by two beam splitters to the photode-
tector. There, the measuring and the reference beams
interfere to give a signal that varies with time.

A fast photodetector measures the time-dependent
intensity, the beat frequency, of the mixed light,

i(t) = Iy +21mod COSRT A ft + @) . (27.9)

I,y and Ioq are the average and modulating intensities,
respectively, and @ is the difference in optical phase
between the diffuse object surface and the smooth ref-
erence beam. The Doppler frequency shift A f(¢) is
measured with high accuracy. Using (27.8) the target
velocity is calculated. However, a sign ambiguity is
present, that is, it is not obvious from to the sinusoidal
nature of the signal whether the object is mowing to-
wards or away from the detector. This sign problem is
solved by adding a known optical frequency shift fg
(using the Bragg cell in Fig. 27.16) in the reference arm
of the interferometer (the heterodyne technique is de-
scribed in [27.46]) to obtain a virtual frequency offset.
Another way is to add polarization components and one
more detector (a homodyne technique) to get signals in
quadrature.

Modern vibrometers are often equipped with a scan-
ner. These scanning vibrometers scan the surface of
a vibrating object pointwise and can present the re-
sults as animated video movies. In Fig. 27.17 two modes
of vibration of a lightweight aluminium structure are
shown. The structure is excited by a pseudo-random
signal feeding a mechanical exciter and the different
modes of vibration are estimated by Fourier analysis of
the complex measuring signal. A reference signal from
an accelerometer is necessary to ensure that phase at
all measuring points are measured relative to the same
reference.

Not only vibration modes but also sound fields are
measured using vibrometry. In Fig.27.18 the vibration
behavior of the body of a guitar is pictured together
with the emitted sound field from the instrument [27.72].
Vibration patterns of a guitar front plate at harmonic ex-
citation are shown in the left part of the figure. A guitar
string was continuously excited by a shaker at 600 Hz
and 1200 Hz, respectively. To measure and visualize
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Fig. 27.18a-d Measured vibration patterns of a guitar top plate (left) and the projected radiated sound fields from the

guitar (right): (a) and (b) at 600 Hz; (c) and (d) at 1200 Hz. Scanning vibrometry was used for both recordings. Observe
that in (b) and (d) it is the projected sound field across the guitar body that is measured [27.72]. (Reprint S. Hirzel Verlag,

Stuttgart)

Fig. 27.19 The sound field at 1303 Hz inside a saxophone cavity model measured with scanning vibrometry. The model is
a conical transparent model about 54 cm long with a rectangular cross section, excited at the mouthpiece end by a normal
saxophone mouthpiece and it has an artificial mouth

the acoustic waves emitted from the guitar by this vi-
bration, the guitar is rotated 90, so that the probing
laser light rays is passing in front of and in parallel
to the top plate. The probing laser then hits to a heavy,
rigid reflector and is reflected back again into the meas-
uring unit of the vibrometer instrument. The reflector
must be absolutely rigid, as in TV holography and
pulsed TV holography, to record sound fields, compare
Fig.27.8.

The temporal and spatial pressure fluctuations
Ap(x,y,z,t), which are connected with acoustic or
fluidic phenomena, cause changes of the optical re-
fractive index An(x,y,z,t)=n(x,y,z,t)—ng and,
consequently, the rate of change of the measured op-
tical phase. In the simplest case a linear acoustic wave
travels in the x-direction in the measuring volume; com-
pare Fig. 27.8. Then the optical phase varies from point
to point but at each point it also varies sinusoidally with
time. This signal therefore behaves as a virfual displace-
ment of the rigid reflector. In real measurements the
acoustic wave is not ideally shaped in the measuring
volume (i.e. it is usually not two-dimensional) and a vi-
brometer senses, by phase demodulation, a projected

virtual reflector displacement,

s(x,z,1) = / An(x,y, z, t)dy (27.10)
L

or by frequency demodulation, a virtual reflector veloc-
ity

v(x,z,t) = / n(x,y, z,0)dy, (27.11)
L

i.e. the reflector seems to vibrate although it is im-
movable. These virtual vibrations represent the acoustic
wave in the measuring volume. But, according to (27.10)
and (27.11), the integrated sum of all fluctuations of
the refractive index An(x, y, z, t) along the laser beam
contributes to the measured result. An ideal measure-
ment situation is therefore a 2-D acoustic field as in
Fig. 27.8. If not, several projections may be used or, if
possible, enough that a tomographic reconstruction can
be obtained.

To study the sound generation in, and the sound
propagation from, a saxophone or a clarinet cavity, rect-
angular model pipes (two-dimensional structures) with
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one transparent side wall were fabricated. Figure 27.19
shows a standing acoustic wave at 1303 Hz of a model
pipe when it is excited by an artificial mouth at the reed
in a normal saxophone mouthpiece (to the left in the fig-
ure). Different air-column modes inside and at the bell
of the pipe can be observed.

A transient pressure pulse in a water-filled cavity,
25 x 25 x 25cm?, is shown in Fig.27.20a. The pres-
sure pulse is recorded through two opposite transparent
walls from one side by pulsed TV holography. The im-
pacted left side wall is made of steel and is hit in the
middle by a pendulum (not seen in the interferogram)
that creates a propagating, almost hemispherical, pres-
sure wave in the water moving to the right at a speed
of about 1500 m/s. The recording is taken 25.4 ps after
the start of the impact. The pendulum is still in contact
with the wall so energy and momentum are still being
transferred to the tank. Figure 27.20b shows a line di-
agram of the same wave but now measured along the

center horizontal line. The circles in the graph are meas-
ured using the vibrometer at different distances from
the wall but at the same time instants, as in pulsed TV
holography recording. The different points are recorded
from different experiments (the scanning facility can-
not be used since the event is not repetitive and is far
too rapid). As seen in the figure, the optical path differ-
ences at coincident time and space values agree quite
well between the methods. The pulsed TV holography
experiment measures and compares the disturbed field
with the undisturbed one at one time instant. To ob-
tain a sequence the experiment has to be repeated or
a multiple-pulsed laser has to be used to record sev-
eral time instants of one event. The vibrometer on the
other hand can take measurements of a single transient
event one point at a time as a function of time, and at
several points as a function of time if the event can be
repeated. The vibrometer thus records a time sequence
of the optical path (or velocity) difference at each point.

b) Optical path length difference (mm)

a) (mm)
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Fig.27.20 (a) A pulsed TV holography recording of the wave propagation 25.4 s after impact start in a water-filled
transparent channel impacted at the left wall by a pendulum. The pendulum is hitting the left wall from the outside, not
seen in the picture, and is still in contact with the wall when this interferogram was recorded, so energy and momentum
are still being transferred to the water from the impact. The bar to the right shows the coding in optical path difference.
(b) The full line shows the optical path difference along the center horizontal line measured in Fig. 27.20a, using pulsed TV
holography. The circles in the graph are measured points using a vibrometer. The measurements are performed at different
distances from the wall but evaluated at 25.4 ps. The different points are, however, obtained from different experiments
(the scanning facility cannot be used since the event is far too rapid). The optical path differences at coincident time and
space point values agree quite well between the two methods
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27.2.6 Digital Speckle Photography (DSP),
Correlation Methods
and Particle Image Velocimetry (PIV)

The equipment needed in the interferometry-based
methods described above is often rather expensive and
some of the techniques can unfortunately be quite diffi-
cult for an untrained user to apply. Simpler and cheaper
methods have therefore been sought. Less expensive,
less sensitive methods are the speckle photography (SP)
and digital speckle photography (DSP) methods [27.73],
which are also called speckle correlation [27.32-34].
Here the motion of the speckles themselves is meas-
ured, rather than the change in intensity of the stationary
speckles as with interferometric methods. As mentioned
before, the speckled random pattern acts as if glued to
the surface of the laser-illuminated object. This pattern
is imaged twice, usually with a CCD camera on indi-
vidual frames, before and after some external or internal
load is applied to the object, which changes the speckle
pattern field. The illumination and the camera are left
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Fig. 27.21 Defocused digital speckle photography (DSP)
recording, of a transparent helium jet entering air, recorded
using a continuous HeNe laser

stationary, so it is the motion of the microstructure of
the object surface that is responsible for the motion of
the speckles. The deformation field of the object may
consist of the sum of rigid-body motions (translation
and rotation) and some strain-induced deformation field
(at crack tips, elastic and plastic deformation fields etc.).
So far this is reminiscent of TV holography [(or digital
speckle pattern interferometry (DSPI)] but no reference
wave is added here. The experiments are not as sensitive
to disturbances as interferometric measurements and can
usually be performed in a workshop without vibration
isolation of the quite simple optical setup. It is the posi-
tion of each speckle in the speckled object wave that is
recorded and the motion of small sub-images containing
this pattern that is determined.

Two main types of random patterns are in use:
(1) laser speckle, which is the random pattern gener-
ated by the surface microstructure of a laser-illuminated
diffuse object (laser speckles in DSP) together with
the specific illumination and recording geometry; and
(2) white-light speckle in DSP, where there may al-
ready exist a random pattern at the object surface, such
as random fibers in a paper or wood sample, which
is imaged using an ordinary, broadband incandescent
lamp. A random dot pattern may also be painted or
sprayed onto the surface and imaged. White-light illu-
mination can be used so that lasers can be avoided in
these cases.

Two main imaging techniques are in use, one where
the object surface is focused by the recording CCD cam-
era and one where the camera is defocused behind or in
front of the object surface. The focused case, which is
the simplest and most commonly used, gives a measure
of the in-plane motion field of the surface. However, it
is important that the object is in focus, otherwise, using
laser speckles, strain fields and rotations may disturb
the result. It must be understood that laser speckles ex-
ist in all space, not only when focused at the object
surface. Therefore, if the camera is defocused, other
components of the strain tensor that affect the speckle
motion will eventually become important. Using this
defocused technique it has been possible to measure
the strain field directly, i. e. without first measuring the
deformation field and then differentiating the result to
obtain the strain field [27.74].

A digital correlation technique is then used to de-
termine how far small sub-areas in the first recording
have to be moved to correlate as exactly as possible
with those in the second recording. Performing this for
all sub-areas, an in-plane deformation map (for the fo-
cused case) is formed. As well as yielding information
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Fig.27.22 The principle of particle image velocimetry
(PIV). Pulsed laser light is sent through a cylinder lens
system to form a sheet of light in the measuring volume.
A CCD camera captures the seeded flow in this light sheet
from above at two time instances

on the in-plane motion, the value of the correlation peak
height is measured for each sub-area. This peak value
gives a measure of how similar the sub-images are, even
if they have not moved. If the correlation is high (al-
most 1) then the speckles in the two sub-surfaces are
identical; if not, the correlation value will drop. Rea-
sons for this drop include different kinds of noise and
limitations in the recording system (limited and varying
optical resolution and the digitalization of the intensity
etc.); but it may also be that the microstructure itself has
changed between the two exposures, for instance due to
plastic deformation of parts of the object surface. Fig-
ure 27.21 shows an example of a defocused laser DSP
recording of a transparent helium jet entering air. From
similar recordings [27.75,76] where pulsed lasers were
used, it is possible to calculate where the gas jet is sit-
uated and how strong the refractive-index field of the
gas is.

Particle image velocimetry (PIV) [27.77, 78] is
highly reminiscent of the focused version of the speckle
photography technique. However, the measurements are
now made of a flow in a transparent medium, usually wa-
ter or air. It is a nonintrusive optical measuring method.
Tracer particles are illuminated with pulsed laser light
in a light sheet, for instance smoke in air that follows the
fluid motion. The displacements of the particles between
two exposures are determined with a cross-correlation
technique, as in digital speckle photography or speckle
correlation. Figure 27.22 shows a PIV setup. Since the
time between the exposures is known (often the time
between repetitive pulses from a pulsed laser) and the
motion of the small sub-areas between exposures of the
imaged flow can be calculated, the velocity fields in the
flow are determined.
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Fig. 27.23 Particle image velocimetry (PIV) measurements
of the flow field at the labium (the opening to the left) of
an organ pipe. A pulsed laser was used as an illumina-
tion source as the flow is quite fast at the labium; see the
reference arrow in the top left

With two cameras viewing the illuminated plane
from two directions and/or illuminating two different
and crossing planes, not only the in-plane components
but also out-of-plane velocity components can be esti-
mated, so both 2-D and 3-D stereoscopic PIV techniques
are available. With fast repetitive pulsed lasers, so called
time-resolved PIV (TR-PIV), even fast turbulent flows
can be measured. Microflow systems have been devel-
oped for flow studies at the microscopic scale [27.79].
By adding fluorescent particles to the flow and illumi-
nating in a plane with a laser at a shorter wavelength
and observing it at a longer (fluorescent) wavelength,
concentration and temperatures can also be measured.
This is called planar laser-induced fluorescent (PLIF).
Sophisticated PIV systems, including hardware and soft-
ware for industrial or research use, are sold by several
manufacturers.

Figure 27.23 shows the flow field at the labium
of a blown organ pipe, measured using PIV with
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a pulsed laser as the illuminating source [27.80]. The
number of papers using PIV and LDA presented at

27.3 Summary

Several new optical, all-electronic measuring techniques
and systems have entered the market in recent decades.
The rapid technical development of new lasers, new op-
tical sensors such as the CCD camera, optical fibers and
powerful and cheap PCs has made this possible. The
demands for optical techniques have increased because
validation of large numerical calculations is becoming
more important. Optical methods have the advantage
over traditional vibration detectors that they are fast and
do not disturb what is being measured, and they also of-
ten yield an image field — for instance a flow velocity
field — rather than just measuring values at one single
point.

Equipment can be purchased from many manufac-
turers and in many cases you do not have to be a specialist
in optics to use them. It is also possible to make, for
instance, a speckle interferometer or a shearing interfer-
ometer in most laboratories [27.83]. Methods exist today
that have the sensitivity and spatial resolution needed to
visualize and measure sound fields in musical acoustics.

acoustical conferences is rapidly increasing [27.81,
82].

In Table 27.1 some modern optical measuring methods
and their temporal application areas are indicated.

Optical metrology on the whole is growing in
importance and applicability to scientists and engi-
neers in solid mechanics, fluid mechanics and in
acoustics. Techniques such as phase-modulated TV
holography, pulsed TV holography and scanning vi-
brometry are commonly used for modal analysis and
increasingly to measure phase shifts in transparent
phase objects such as sound fields. Flow fields in
air and water can be measured with speckle photog-
raphy or correlation methods such as digital speckle
photography (DSP) and particle image velocimetry
(PIV); these methods provide both illustrative images
as well as quantitative measures. Reciprocity methods
can also be of great help in such experiments. Opti-
cal measuring methods have the advantage of being
contact-less, non-disturbing and whole-field methods.
The future for optical metrology in acoustics looks
bright.

Table 27.1 Some modern optical measuring methods and their temporal application areas

Static or (slow)
quasistatic events

Optical measuring methods
and their temporal application
areas. Int.=Interferometry
Real-time holographic int. X X
with continuous lasers

Double-exposure holographic int. ~ x
with continuous lasers

Time-average holographic int. X
with continuous lasers

TV holography, DSPI, ESPI X X
with continuous lasers

Pulsed TV holography and pulsed  (X) (x)
DSPI and ESPI with pulsed lasers

Scanning laser vibrometry X

Speckle correlation/photography X
(DSP)

Particle image velocimetry, PIV X (x)

Harmonic motions,
single frequency

Transients, fast,
dynamic events

Repetitive motions,
multi-frequencies

X X

X X (one point,

no scanning)

X

(with pulsed lasers)
() X

(with pulsed lasers)
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Modal analysis is widely used to describe the
dynamic properties of a structure in terms

of the modal parameters: natural frequency,
damping factor, modal mass and mode shape.
The analysis may be done either experimentally or
mathematically. In mathematical modal analysis,
one attempts to uncouple the structural equations
of motion so that each uncoupled equation can
be solved separately. When exact solutions are
not possible, numerical approximations such as
finite-element and boundary-element methods
are used.

In experimental modal testing, a measured
force at one or more points excites the structure
and the response is measured at one or more
points to construct frequency response functions.
The modal parameters can be determined from
these functions by curve fitting with a computer.
Various curve-fitting methods are used. Several
convenient ways have developed for representing
these modes graphically, either statically or
dynamically. By substituting microphones or
intensity probes for the accelerometers, modal

28.1 Modes of Vibration

The complex vibrations of a complex structure can be
described in terms of normal modes of vibration.

A normal mode of vibration represents the motion of
a linear system at a normal frequency (eigenfrequency).
Each mode is characterized by a natural frequency,
a damping factor, and a mode shape. Normal implies
that each shape is independent of, and orthogonal to, all
other mode shapes of vibration for the system. Any de-
formation pattern the structure can exhibit can thus be
expressed as a linear combination of the mode shapes.

In a stricter mathematical sense, normal modes pro-
vide a solution for an undamped system. Each mode
shape is a list of displacements at various places and in
various directions. These normal-mode vectors contain
one real number for each motional degree of free-
dom (DOF) studied. Since real structures are invariably

28. Modal Analysis
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analysis methods can be used to explore sound
fields. In this chapter we mention some theoretical
methods but we emphasize experimental modal
testing applied to structural vibrations and also to
acoustic fields.

damped, normal modes represent an approximation that
may prove imprecise when the damping level is signifi-
cant. In instances where the energy absorbing damping
mechanisms are distributed in a manner proportional to
the structural stiffness, normal modes provide an exact
solution. In this case, the damping factor of each mode
is proportional to its associated natural frequency. The
normal modes also provide an exact solution when the
damping is proportional to the mass distribution, but in
this case each damping factor is inversely proportional
to its associated natural frequency.

A structure is said to be proportionally damped when
the matrix describing its damping can be written as a lin-
ear combination of the corresponding mass and stiffness
matrices. Normal-mode shapes provide the exact solu-
tion to such equations, and the damping factors may
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be expressed as a linear combination of the natural fre-
quencies and their reciprocals. When these restrictive
proportionality conditions do not exist, the structure may
be better modeled by complex mode shapes.

Complex modes result when the instantaneous ve-
locity at each DOF is treated as being independent of
the displacement. This doubles the number of system
differential equations, but simplifies them from sec-
ond order to first order. The solution vectors are most
commonly written in terms of complex displacements,
one for each DOF. Expressing the modal displacements
in this manner eliminates any constraints between the
damping factors and the natural frequencies. All but
the simplest experimental curve-fitting algorithms can
identify complex modes. Most finite-element codes are
restricted to the undamped analysis of structures and can
therefore only identify the approximating real or normal
modes.

Each modal vector represents a displacement pat-
tern. A zero in the vector denotes a node, a point and
direction on the structure that does not move in that
mode. The element in a modal vector that is largest
in displacement value is termed an anti-node. A given
mode shape can be readily excited by a sinusoidal force
at or near its natural frequency applied to an anti-node.
The same force applied at a node will impart no motion
in that shape.

It should be noted that the real or complex displace-
ment values in each modal vector are relative numbers.
The mode shape is inferred by the ratio between the
vector elements, not their specific values. The elements
within each modal vector may be scaled by any of var-
ious methods, the simplest of which is division by the
anti-node value. This is useful for display or plotting

28.2 Experimental Modal Testing

Modal testing is a systematic method for identification
of the modal parameters of a structure. Generally these
include natural frequencies, modal damping, and UMM
mode shapes. In experimental modal testing the struc-
ture is excited with a measured force at one or more
points and the response is determined at one or more
points. From these sets of data, the modal parameters
are determined, often by the use of multidimensional
curve-fitting routines on a digital computer.

Modal testing may use sinusoidal, random, pseudo-
random, or impulsive excitation. The response may be
measured mechanically, optically, or indirectly (by ob-

so that all modes have a common maximum value.
However, the inner product or length of each vector is
related to the modal mass of the mode. For many analyti-
cal purposes, including structural dynamic modification,
itis necessary to choose the length of each vector so that
the corresponding modal mass is equal to 1. When the
shape vectors are scaled in this manner, they are said
to be orthonormal or unit modal mass (UMM) modal
vectors.

It is normally possible to excite a mode of vibra-
tion from any point on a structure that is not a node
and to observe motion at all points that are not nodes.
A mode shape is a characteristic only of the structure it-
self, independent of the way it is excited or observed.
In practical terms, however, instrumentation associated
with both excitation and observation may modify the
structure slightly by adding mass or stiffness (or both).
This results in small shifts in frequency and mode shape,
which in most cases are negligible. Acoustic excitation
and optical monitoring are the least intrusive, but me-
chanical means of driving and observing are frequently
more convenient and less costly.

Mode shapes are unique for a structure, whereas the
deflection of a structure at a particular frequency, called
an operating deflection shape (ODS), may result from
the excitation of more than one normal mode. When ex-
citing a structure at a resonance frequency, the ODS will
be determined mainly by one mode, although if several
modes have nearly the same frequency, special tech-
niques may be required to determine their contributions
to the observed ODS. Modes of a structure are functions
of the entire structure. A mode shape describes how ev-
ery point on the structure moves when it is excited at
any point.

serving the radiated sound field, for example). The first
step in experimental modal testing is generally to obtain
a set of frequency response functions.

There is a vast amount of good literature describ-
ing experimental modal testing. Ewins [28.1] provides
a good overall introduction. The proceedings of the an-
nual International Modal Analysis Conference (IMAC),
held every year since 1982, is a gold mine of papers on
the subject [28.2]. The Structural Dynamics Research
Laboratory at the University of Cincinnati has published
many scientific papers and reports on the subject, and
has included several tutorials on their website [28.3].
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28.2.1 Frequency Response Function

The frequency response function (FRF) is a fundamental
measurement that isolates the inherent dynamic proper-
ties of a mechanical structure. The FRF describes the
motion-per-force input—output relationship between two
points on a structure as a function of frequency. Since
both force and motion are vector quantities, they have
directions associated with them. An FRF is actually de-
fined between a single-input DOF (point and direction)
and a single-output DOF.

In practice, the force and response are usually
measured as functions of time, and transformed into
the frequency domain using a fast Fourier transform
(FFT) analyzer. Due to this transformation, the func-
tions end up as complex numbers; the functions contain
real and imaginary components (or magnitude and
phase components). Depending on whether the re-
sponse motion is measured as displacement, velocity,
or acceleration, the FRF can be expressed as com-
pliance (displacement/force), mobility (velocity/force),
accelerance or inertance (acceleration/force), dynamic
stiffness (1/compliance), impedance (1/mobility), or dy-
namic mass (1/accelerance). Force can be measured with
a piezoelectric force transducer or load cell; acceleration
can be measured with an accelerometer; velocity can be
measured with a laser velocimeter or obtained by inte-
grating acceleration; displacement can be determined by
holographic interferometry or by integrating velocity.

Because it is a complex quantity, the FRF cannot be
fully displayed on a single two-dimensional plot. One
way to present an FRF is to plot the magnitude and
the phase as in Fig.28.1a. At resonance, the magni-
tude is a maximum and is limited only by the damping
in the system. The phase ranges from 0 to 180° and
the response lags the input by 90° at resonance. The
3dB width of each resonance peak (bounding loca-
tions of 0.707 resonance amplitude) is determined by
the damping. At these half-power points the phase angle
is £45°.

Another way of presenting the FRF is to plot the
real and imaginary parts as in Fig. 28.1b. The imaginary
part has a peak at resonance, while the real part goes
through zero at resonance. The real component exhibits
peaks of opposite sign at the extremes of the half-power
bandwidth.

A third method of presenting the FRF is to plot
the real part versus the imaginary part as shown
in Fig. 28.1c. This is called a Nyquist or vector response
plot. Each mode produces a circular pattern. The diam-
eter of the circle is proportional to the product of the

UMM vector elements for the force and response DOFs.
Maximum change in arc length with frequency occurs
at the natural frequency.

If measurements are made at n points, the FRFs can
be arranged in an n x n matrix with elements designated

Real
b) A
I ] Frequenc}
maginary
A
Frequenc}
c) A
O(w)

Fig. 28.1a—c Three methods for presenting the frequency
response function (FRF) of a vibrating system graphi-
cally. (a) Magnitude and phase versus frequency; (b) Real
and imaginary parts versus frequency; (c) Real part versus
imaginary part (a Nyquist plot)
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hj;j. The diagonal elements denote that the excitation and
observation occurred at the same point. Such measure-
ments are termed driving-point FRFs and they are of
particular importance as at least one driving-point mea-
surement is required to scale the mode shapes to UMM
form. In a linear system the FRF matrix is symmetric:
hij = h ji. We do not have to measure all the terms of the
FRF matrix. In practice, it is (generally) possible to ob-
tain mode shapes from only one row or column of the
FRF matrix.

Theoretically, it does not matter whether the meas-
ured frequency response comes from a shaker test or
an impact test. If the structure is impacted at n points
while the response is measured at one point, one row
of the FRF is obtained. If a shaker is used to excite
it at one point while an accelerometer (or other sen-
sor) is moved from one point to another, one column
of the FRF is obtained. In practice, there may be differ-
ences between the results of the roving hammer and the
roving accelerometer methods, but these are the result
of experimental compromises, not structural properties.
Roving impact and roving response techniques provide
essentially the same answers because a linear structure
exhibits reciprocity. The motion produced at DOF a by
a force applied at DOF b is identical to the motion at b
due to a force at a.

The analog signals obtained from the measuring
devices are generally digitized in an FFT analyzer. Sam-
pling and quantization errors can occur in the process,
but the most worrisome of signal-processing errors is
probably leakage, which will be discussed later.

Serious consideration must be given to the way the
structure is mounted and supported. Boundary condi-
tions can be specified exactly in a completely free or
completely constrained situation. In practice it is gen-
erally not possible to fully achieve these conditions. In
order to approximate a free system, the structure can
be suspended from very soft elastic cords or placed on
a very soft cushion. The structure will be constrained to
a degree and the rigid-body modes will not have zero
frequency. However, they will generally be much lower
than the frequencies of the flexible modes and will there-
fore have negligible effect. Some support fixtures affect
damping as well.

28.2.2 Impact Testing

A roving hammer test is the most common type of impact
test. An accelerometer is fixed at a single DOF, and the
structure is impacted at as many DOFs as desired to
define the mode shapes of the structure. Using a two-

channel FFT analyzer, FRFs are computed, one at a time,
between each impact DOF and the fixed response DOF.
A suitable grid is usually marked on the structure to
define the impact points.

Piezoelectric transducers are generally used to sense
both force and acceleration. They generate an electri-
cal charge when mechanically strained. Because of their
high impedance, charge amplifiers are generally used to
amplify the signals. More-modern sensors incorporate
an amplifier within the transducer and power it from
a constant-current source using the same two-conductor
cable that transmits the signal (at low impedance). The
resonant frequencies of the transducers must be well
above the highest frequency that will be measured. The
mass of the accelerometer should be small enough that
the effect of mass loading is small. One way to determine
if mass loading is significant is to measure an FRF with
the accelerometer and compare it to a second measure-
ment with an additional accelerometer (or equivalent
mass) attached to it. An obvious advantage of this test-
ing setup is that the response transducer is never moved;
the structure is subjected to a consistent mass loading.

In some circumstances, the symmetry of the test
object may produce repeated roots. These are modes
with differensr mode shapes that have the same natu-
ral frequency. When such modes are encountered, they
may be separated by using two or more fixed refer-
ence accelerometers and multi-reference curve-fitting
techniques. Of course, an analyzer with three or more
channels is required if the data is to be acquired in
a single measurement set.

It is generally impossible to impact a structure in
all three directions at all points, so three-dimensional
(3-D) motion cannot be measured at all points. When
3-D motion at all points is desired, a roving triax-
ial accelerometer may be used and the structure is
impacted at a fixed DOF with the hammer. Triaxial ac-
celerometers are usually more massive, however. Since
the triaxial accelerometer must be simultaneously sam-
pled together with the force data, a four-channel FFT
analyzer is required. [28.4] Note, however, that the rov-
ing accelerometer presents a different mass-load to the
structure at each response site. This can lead to inconsis-
tencies in the data that make an accurate curve fit more
difficult.

Because the impulse signal exists for such a short
period, it is important to capture all of it in the sampling
window of the FFT analyzer. To insure that the entire
signal is captured, the analyzer must be able to capture
the impulse and response signals prior to the occurrence
of the impulse. The analyzer must begin sampling data
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before the trigger point occurs. This is called a pre-
trigger delay.

Modern FFT analyzers provide very high-resolution
(24 bit) analog-to-digital converters (ADCs) and large
capture block sizes (64 kpoint typical). These charac-
teristics nullify the need to use weighting functions or
windows when performing an impact test. The preferred
analysis is conducted without weighting, also termed
using a rectangular window.

Two common time-domain windows that are used
in impact testing with older equipment are the force
and exponential windows. These windows are applied
to the signals after they are sampled but before the FFT is
applied to them in the analyzer. The force window is used
to remove noise from the force signal. Any nonzero data
following the impulse signal in the sampling window is
assumed to be measurement noise. The force window
preserves the samples in the vicinity of the impulse but
removes the noise from all other samples in the force
signal.

The exponential window is used to reduce leakage in
the spectrum of the response. The FFT analyzer assumes
that the signal is periodic in the transform window. This
is true of signals that are completely contained within
the transform window or cyclic signals that complete
an integer number of cycles within the transform win-
dow. If a time signal is not periodic in the transform
window a smearing of its spectrum will occur when it
is transformed to the frequency domain. This is called
leakage. Leakage distorts the spectrum and makes it in-
accurate. If the response does not decay to zero before
the end of the sampling window, an exponential window
can add artificial damping to all modes of the structure.
This artificial damping must be removed by the subse-
quent curve-fitting algorithm to obtain proper damping
factors.

It is important that the impact hammer provides
a pulse that is well matched to the frequency span of
the analysis. This is accomplished by fitting a strik-
ing tip of appropriate stiffness to the hammer’s force
gauge. A soft tip produces a broad pulse time-history
with a narrow spectrum. A hard tip increases the force
spectrum bandwidth by applying a narrow pulse. The
spectrum of the force pulse has a lobed structure and
all tests are done using the spectral content of the first
lobe. Trial measurements are made to select a tip that
provides a force spectrum that falls off no more than
25 dB from the direct-current (DC) point to the selected
analysis bandwidth.

It is often difficult to strike at exactly the same place
and angle multiple times. For this reason, averaging is

less useful in an impact test than in other types of exper-
imental modal analysis. Many experienced practitioners
favor conducting tests with a single strike at each target
DOF. This precludes calculating a coherence function,
but that very useful causality measurement often tells
you more about your ability to hit the same place twice
than it does about structural nonlinearities or noise in
measurement. For this reason, it is imperative to inspect
every measurement set in the time domain before accept-
ing it. Most analyzers automate this type of acquisition,
giving you an accept/reject control.

28.2.3 Shaker Testing

Not all structures can be impact tested. Sometimes the
surface is too delicate. Sometimes the impact force has
too low an energy density over the entire frequency range
of interest. In this case, FRF measurements must be
made by attaching one or more shakers to the structure.

Since the FRF is a single input function, the shaker
should transmit only one component of force in line
with the main axis of the load cell. Often a structure
tends to rotate slightly when it is displaced along an
axis. To minimize the problem of forces being applied
in other directions, the shaker is generally connected
to the load cell through a slender rod called a stinger to
allow the structure to move freely in the other directions.
The stinger should have a strong axial stiffness but weak
bending and shear stiffnesses.

A variety of broadband excitation signals have been
developed for making shaker measurements with FFT
analyzers: transient, random, pseudo-random, burst ran-
dom, sine sweep (chirp). A true random signal is
synthesized with a random number generator. Since it is
nonperiodic in the sampling window, a Hanning window
must always be used to minimize leakage.

A pseudo-random signal is specially synthesized
by an FFT analyzer to coincide with the window pa-
rameters. It is synthesized over the desired frequency
range and then passed through an inverse FFT algo-
rithm to obtain a random time-domain signal, converted
to an analog signal and used as the shaker excitation
signal. Since the excitation signal is periodic in the
sampling window, the acquired signals are leakage-free.
However pseudo-random excitation does not excite non-
linearities differently between spectrum averages and
will not, therefore, remove nonlinearities from FRF
measurements.

Burst random excitation combines some advantages
of both random and pseudo random testing. Its signals
are leakage free and when used with spectrum averag-
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ing, will remove nonlinearities from the FRFs. In burst
random testing, either a true random or time-varying
pseudo-random signal can be used, but it is turned
off prior to the end of the sampling window time pe-
riod so that the response decays within the sampling
window. Hence, they are periodic in the window and
leakage-free [28.1].

In large structures more than one shaker may be
needed to obtain sufficient excitation. These are driven
simultaneously so that the structure is subjected to mul-
tiple inputs. The FRFs between each of the inputs and
each of the multiple outputs are calculated by using
a matrix inversion process. This type of measurement is
called multiple-input multiple-output (MIMO) testing.
It provides FRFs from multiple columns of the FRF ma-
trix and two special types of coherence functions. One
multiple coherence function is generated for each shaker
used. This function may be thought of as a generaliza-
tion of ordinary coherence; it asserts what fraction of all
the response output power spectra may be attributed to
the single measured force power spectrum and the FRFs
in one column of the FRF matrix. One partial coher-
ence function is generated for each FRF; it asserts what
fraction of a single response power spectrum can be at-
tributed to one force power spectrum and a single FRF.
MIMO data is analyzed using a multi-reference curve
fitter.

28.2.4 Obtaining Modal Parameters

Most experimental modal analysis relies on a modal pa-
rameter estimation (curve-fitting) technique to obtain
modal parameters from the FRFs. Curve fitting is a pro-
cess of matching a mathematical expression to a set of
experimental points by minimizing the squared error
between the analytical function and the measured data.
Curve-fitting methods used for modal analysis fall into
one of the following categories: local single degree of
freedom, local multiple degree of freedom, global, or
multi-reference.

Single-degree-of-freedom (SDOF) methods esti-
mate modal parameters one mode at a time. Mul-
tiple-degree-of-freedom (MDOF), global, and multi-
reference methods can estimate modal parameters for
two or more modes at a time. Local methods are ap-
plied to one FRF at a time. Global and multi-reference
methods are applied to an entire set of FRFs at once.

SDOF methods can be applied to most FRF data
sets with low modal density, but MDOF methods must
be used in cases of high modal density. Global methods
work better than MDOF methods for cases with local

modes. Multi-reference methods can find repeated roots
(very closely coupled modes) where the other methods
cannot [28.4].

Perhaps the simplest of the SDOF methods is the
quadrature or peak picking method. Modal coefficients
are estimated from the real and imaginary parts of the
frequency response, so the method is really not a curve
fit in the strict sense of the term. First the resonance
peaks are detected on the imaginary plot and the fre-
quencies of maximum response taken as the natural
frequencies of these modes. Then the line width be-
tween the half-power points is determined from the real
plot, from which damping can be estimated. The magni-
tude of the modal coefficient is taken as the value of the
imaginary part at resonance. This method is adequate
for structures whose modes are well separated and have
modest damping [28.5].

Another SDOF method is the circle-fit method. This
is based on the fact that a Nyquist plot of frequency
response of a SDOF system near a resonance is a cir-
cle. Thus the circle that best fits the data points is
determined. Half-power points are those frequencies for
which 6 = £90. The modal coefficient is determined
from the diameter of the circle.

Two of the most popular MDOF methods are the
complex exponential and rational fraction polynomial
methods. The complex exponential method (or Prony al-
gorithm) fits the impulse response function (IRF), which
is the inverse Fourier transform of the FRF rather than
the FRF itself. A potentially serious error, called wrap-
around error or time-domain leakage, can occur but can
be mitigated by using an exponential window on the IRF
This error is caused by the limited frequency range of
the FRF measurement, and distorts the impulse response.
The complex exponential algorithm works very well for
FRFs with high modal density. In most applications,
the algorithm is allowed to fit far more modes than the
FRF form suggests are present. The resulting extrane-
ous computational modes are then discarded, normally
by using a stability diagram.

The rational fraction polynomial method fits a ra-
tional fraction of polynomials expression directly to an
FRF measurement. Its advantage is that it can be applied
over a user-selected frequency range of data, focusing its
findings upon that frequency interval. It does not gener-
ate computational modes and therefore does not require
the use of a stability diagram or other methods to filter
its outputs.

Global curve fitting divides the curve-fitting process
into two steps: estimating the frequency and damping
parameters, and using these to obtain mode shape es-
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Fig. 28.2a,b Two ways of representing a vibrational mode
in a Korean pyeongyeong: (a) The shape at maximum
bending; (b) The neutral shape with vectors

timates by a second estimation process. The advantage
of global curve fitting is that more-accurate frequency
and damping estimates can potentially be obtained by
processing all of the measurements rather than relying
on a single measurement. Another advantage is that, be-
cause damping is already known and fixed as a result of
the first step, the modal coefficients are more accurately
estimated during the second step. Both the complex ex-
ponential and rational fraction polynomial methods can
be formulated to obtain global estimates from a set of
measurements [28.6].

28.2.5 Real and Complex Modes

The assumption of proportional viscous damping
implies the existence of real, or normal modes. Math-
ematically, this implies that the damping matrix can
be defined as a linear combination of the physi-
cal mass and stiffness matrices. Physically, all the
points in a structure reach their maximum excursion,
in one or the other direction, at the same time. The
imaginary part of the FRF reaches a maximum at reso-

28.3 Mathematical Modal Analysis

In mathematical modal analysis, one attempts to un-
couple the structural equation of motion by means
of some suitable transformation, so that the un-

=500 0 500

Fig. 28.3 Gray-scale representation of a vibration mode in
a violin (courtesy of George Bissinger)

nance, and the Nyquist circle lies along the imaginary
axis.

Some structures exhibit a more complicated form of
damping, and the mode shapes are complex, meaning
the phase angles can have values other than 0 or 180°.
Different points on the structure reach their maxima at
various times as in a traveling wave pattern. The imag-
inary part of the FRF no longer reaches a maximum at
resonance nor is the real part zero. The Nyquist circle is
rotated at an angle in the complex plane. When damping
is light, the proportional damping assumption is gener-
ally an accurate approximation, [28.5] although it can
be argued that a complex-mode formulation is essential
to preserve accuracy in damping evaluation [28.7].

28.2.6 Graphical Representation

One of the nice features of experimental modal testing
is the way that the modes can be represented graphi-
cally. Animations of the vibration can be viewed from
any angle to comprehend complex mode shapes. Static
representations include the shape at maximum bending,
and the neutral shape with vectors, as shown in Fig. 28.2.
Another representation is shown in Fig. 28.3.

coupled equations can be solved. The frequency
response of the structure can then be found by sum-
ming the respective modal responses in accordance
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with their degree of participation in the structural
motion.

Sometimes it is not possible to obtain exact so-
lutions to the equation of motion. Computers have
popularized the use of numerical approximations such
as finite-element and boundary-element methods.

28.3.1 Finite-Element Analysis

The finite-element method of analysis (FEA or FEM)
started in the late 1940s as a structural analysis tool
useful in helping aerospace engineers design better air-
craft structures. Aided by the rapid increase in computer
power since then, it has become a very sophisticated tool
for a wide array of engineering tasks. It can be used to
predict how a system will react to environmental factors
such as forces, heat, and vibration.

The technique is based on the premise that an ap-
proximate solution to any complex engineering problem
can be reached by subdividing the problem into smaller
more manageable (finite) elements. Using finite ele-
ments, solving complex equations that describe the
behavior of a structure can often be reduced to a set
of linear equations that can be solved using the standard
techniques of matrix algebra.

The finite-element method works by breaking a real
object down into a large number of elements, which are
regular in shape and whose behavior can be predicted
by a set of mathematical equations. The summation of
the behavior of each individual element produces the
expected behavior of the actual object. Finite-element
analysis (FEA) uses a complex system of points called
nodes, which make a grid called a mesh. The mesh is
programmed to include the material and structural prop-
erties that define how the structure will react to certain
loading conditions.

General-purpose finite-element codes, such as
NASTRAN and ANSYS, are programmed to solve the
matrix equation of motion for the structure of the form:

[M]{ii}+ [CH{a} + [K]{u} = {F cos (wt + @)} ,
(28.1)

where [ M]is the mass matrix, [C] is the damping matrix,
[K] is the stiffness matrix, {u} is displacement, and { F'}
is force.

The model details are entered in a standard format,
and the computer assembles the matrix equation of the
structure. The first step is to solve the matrix equa-
tion [M]{ii}+[K]{u} = {0} for free vibrations of the
structure. The solution to this equation gives the natu-
ral frequencies (eigenvalues) and the undamped mode

shapes (eigenvectors). These parameters are the basic
dynamical properties of the structure, and they are used
in subsequent analysis for dynamic displacements and
stresses. For harmonic motions, {ii}= -w?{u}, so that
[K]1~! [M] {u} = [I] {u}, where [I] is the unity ma-
trix. Typically the matrix equations of motion for the
structure contain off-diagonal terms, but they may be
decoupled by introducing a suitable transformation. The
damping matrix may also be uncoupled on the condition
that the damping terms are proportional to either the cor-
responding stiffness matrix terms or the corresponding
mass matrix terms [28.8].

Finite-element analysis in conjunction with high-
speed digital computers permits the efficient solution
of large, complex structural dynamics problems. Struc-
tural dynamics problems that are linear can generally be
solved in the frequency domain. There are other applica-
tions of finite-element analysis in acoustics. The sound
field produced in an enclosure or by a radiating surface
vibrating at a single frequency can be described by the
Helmholtz equation

Vip+kip=0, (28.2)
where p is the acoustic pressure, k is the wave number
(k =w/c) and V is the Hamiltonian nabla operator.

The most common boundary conditions are fixed
pressure and fixed velocity on the surface of the enclosed
or radiating body. Other types of boundary conditions
are normal and transfer impedances [28.9].

Exact analytical solutions of the Helmholtz equation
exist for a very limited number of idealized geometries
corresponding to situations where the geometry of the
radiating surface can be described by orthogonal co-
ordinate systems that are separable. In order to solve
the Helmholtz equation for more general applications,
numerical schemes are necessary.

28.3.2 Boundary-Element Methods

The boundary-element method (BEM) is also a powerful
computational technique, providing numerical solutions
to a wide range of scientific and engineering problems.
Since only a mesh of the boundary of the domain is re-
quired, the method is generally easier to apply than the
finite-element method. The boundary-element method
has found application in stress analysis, structural vibra-
tions, acoustic fields, heat transfer, and potential flow.
The advantage in the boundary-element method is that
only the boundaries of the domain of the partial differ-
ential equation require subdivision, compared to FEA
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in which the whole domain of the equation requires
discretization.

The boundary-element method is especially effec-
tive for calculating the sound radiated by a vibrating
body or for predicting the sound field inside a cavity.
A typical BEM input file consists of a surface mesh,
anormal velocity profile on the surface, the fluid density,
speed of sound, and frequency. The output of the BEM
includes the sound pressure distribution on the surface
of the body and at other points in the field, the sound in-
tensity, and the sound power. BEM may be formulated in
either the time domain or the frequency domain [28.10].

In cases where the domain is exterior to the bound-
ary, as in acoustic radiation, the extent of the domain
may be infinite and hence the advantages of BEM
are even more striking. [28.11] The boundary-element
mesh, which consists of a series of points called nodes
connected together to form triangular or quadrilateral el-
ements, covers the entire surface of the radiating body.
The magnitude and phase of the vibration velocity must
be known at every point. BEM calculates the sound pres-
sure distribution on the surface of the body from which
the sound pressure and sound intensity at field points in
the acoustic domain can be calculated. BEM will even
calculate the sound pressure in the shadow zone behind
a body due to radiation from the other side [28.10].

Another class of problems to which the BEM may
be applied is the so-called interior problem, such as the
prediction of the sound field inside an enclosure. The
procedure is similar to the solution of exterior problems.

There are two different formulations for BEM: direct
and indirect methods. The primary variables in the direct
BEM are the acoustic pressure and acoustic velocity,
while the indirect method uses the difference in acoustic
pressure and the difference in the normal gradient of
acoustic pressure across the boundary [28.12]. There
is no distinction between an interior and an exterior
problem when using indirect BEM, since it considers
both sides of the boundary simultaneously.

Yet another class of problems is that in which an in-
terior acoustic space is connected to an exterior space
through one or more openings. The radiation of sound
from a source within a partial enclosure is one example
of such a problem. In one approach, the integral equa-
tions for the interior and exterior domains are coupled
using continuity conditions at the interface surface be-
tween the two domains. The integral equations are then
reduced to numerical form using second-order boundary
elements [28.13].

To apply BEM to the Helmholtz equation, it must
essentially be reduced to a two-dimensional integral

equation by use of Green’s theorem. This means that
only a description of the radiating surface is necessary
rather than a complete discretization of the surrounding
medium. The technique is suited to both interior- and
exterior-domain problems.

Some methods couple a finite element of the struc-
ture with a boundary-element model of the surrounding
fluid. The surface fluid pressures and normal veloci-
ties are first calculated by coupling the finite-element
model of the structure with a discretized form of the
Helmholtz surface integral equation for the exterior
fluid [28.14].

Both BEM and FEM can be computationally in-
tensive if the model has a large number of nodes. The
solution time is roughly proportional to the number of
nodes squared for an FEM analysis and to the number
of nodes cubed for a BEM analysis. The accuracy of
both methods depends on having a sufficient number
of nodes in the model, so engineers try to straddle the
line between having a mesh that is accurate yet can be
solved in a reasonable time. The general rule of thumb
is that six linear or three parabolic elements are needed
per wavelength [28.10].

28.3.3 Finite-Element Correlation

It is often desirable to validate the results of a finite-
element analysis with measured data from a modal test.
This correlation is generally an iterative process incorpo-
rating two major steps. First the modal frequencies and
mode shapes are compared and the differences quanti-
fied. Then, adjustments and modifications are made to
the finite-element model to achieve more-comparable
results.

It is useful to graphically compare the sets of
frequencies by plotting predicted versus measured fre-
quencies. This shows the global trends and suggests
possible causes of these differences. If the random scat-
ter is too great, then the finite-element model may not
be an accurate representation of the structure. If the
points lie on a straight line, but with a slope other than
1, then the problem may be a mass loading problem in
the modal test or an incorrect material property such as
elastic modulus or material density in the finite-element
model.

Numerical techniques have been developed to per-
form statistical comparisons between mode shapes. The
modal assurance criterion (MAC) is a correlation co-
efficient between the measured and calculated mode
shapes. Another technique, called direct system pa-
rameter identification, is the derivation of a physical
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model of a structure from measured force and response
data [28.5]. Various forms of cross-orthogonality tests
have also been employed. In general these methods see
how well the experimental shapes can uncouple the

28.4 Sound-Field Analysis

Although modal analysis developed primarily as a way
of analyzing mechanical vibrations, by substituting
microphones or acoustic intensity probes for accelerom-
eters, experimental modal testing techniques can be used
to explore sound fields. Modal testing has been used to
explore standing acoustic waves inside air columns and
to explore radiated sound fields from a vibrating struc-
ture. It could also be used to explore acoustical modes
in rooms.

mathematical model. As with many comparison meth-
ods, difficulty is often encountered in reducing the FEA
degrees of freedom to a set of DOFs consistent with the
experiment.

Figure 28.4 shows an arrangement for measuring the
sound field inside a flute. The exciter is a loudspeaker
coupled to the flute by a capillary tube. A pres-
sure microphone probes the sound field at successive
points, and the input and output signals are fed to
a 2-channel FFT analyzer in the usual manner. The
sound pressure amplitudes and phases for four modes
in the flute (D5 fingering) are shown in Fig.28.5
[28.15].
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Fig. 28.4 Experimental arrangement for measuring the sound field inside a flute using modal analysis. (After[28.15])
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Fig.28.5 The sound pressure amplitudes and phases for four modes in the flute (D5 fingering) (After [28.15])
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Fig.28.6 Sound pressure in the radiated sound field of a piano at 162 Hz (left) and 107 Hz (right). Note the 180° phase
difference above and below the plane of the soundboard (After [28.15])

The sound field radiated by a piano soundboard
has been similarly explored by driving the soundboard
with a shaker and probing the radiated field at 200
points with a pressure microphone. Figure 28.6 shows

28.5 Holographic Modal Analysis

Fig. 28.7 Holographic interferograms of several vibrational modes in a Chinese gong. Note that some modes are mainly

the sound pressure in the radiated sound field at two
frequencies. The sound field shows a 180° phase differ-
ence above and below the plane of the soundboard as
expected [28.15].

Z0e8 PDu

in the center of the gong, some in the outer portion, and some are global. (After [28.16])
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Holographic interferometry offers the best spatial
resolution of operating deflection shapes. In cases where
the damping is small and the modes are well separated
in frequency, the operating deflection shapes correspond
closely to the normal mode shapes. Modal damping can
be estimated with a fair degree of accuracy from half-
power points determined by counting fringes [28.17].
Phase modulation allows analysis to be done at ex-
ceedingly small amplitudes and also offers a means to

separate modes that overlap in frequency [28.18]. TV
holography allows the observation of vibrational motion
in real time, and it is a fast, convenient way to record de-
flection shapes. Holographic interferograms of several
vibrational modes of a Chinese opera gong appear in
Fig.28.7.

An excellent discussion of holographic and other op-
tical techniques for acoustic and vibration measurements
appears in Chap. 27.
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beams

— flexural vibrations 920

— free—free 921

— nonlinear vibrations 956

— prestressed 922

— with variable cross section 922

beats 214

Bell, Alexander Graham 14

bells 658

- FEA 659

— holograms 659

— mode degeneracy 661

— mode nomenclature 659

— modes 659

— non-axial symmetry 661

— tuning 659

BEM (boundary-element method)
1134

BER (bit error rate) 193

Bernoulli pressure 621

Bessel functions 919, 925

— modified 925

best frequency (BF) 438

BF (best frequency) 438

bias error index 1062

binaural cues for localization 484

binaural impulse response 378

binaural interaction 452

binaural listening level (LL) 351

bioacoustics 785

Biot theory for dynamic
poroelasticity 126

bird

— auditory system 793

Amazon

— sound power 787

— vocal anatomy 795

birdsong 795, 796

— formant 795, 796

— pure tone 796

bit error rate (BER) 193

bite block (BB) 704

BMUS (British Medical Ultrasound
Society) 895

body modes 581

— admittance measurement 581

— collective motions 581

Boehm key system 638

BoSSA (bowed sensor speaker array)
737

bottom loss 157

boundary conditions 723

boundary-element method (BEM)
1134

boundary-layer limit 243, 250

bowed sensor speaker array (BoSSA)
737

bowed string 732

— bow position 566

— bow pressure 566

— bow speed 566

— bowing machine 570

— computer modelling 568

— flattening 569

— Green’s function 568

— Helmholtz waves 566, 567

— playing regimes 567

— pressure broadening 569

— slip—stick friction 567

— transients 569

— viscoelastic friction 570

Brain Opera 738

breathing

— diaphragm 672

— in speech and singing 669, 671

— internal intercostals 670

—mode 589, 598, 658

bridge

— admittance 572, 573, 577

— bouncing mode 571

— bridge-hill (BH) feature 572

— coupling to body 571

—design 574

— dynamics 573

— mechanical models 571

—muting 574

— resonant frequency 572

— rocking motion 573

— rotational mode 571

—timbre 574

— vibrational modes 570
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British Medical Ultrasound Society
(BMUS) 895

bubble collapse 287

bubble oscillation 287

bubbles

— compressible liquid 278

— incompressible liquid 276

— Minnaert frequency 277

— Rayleigh—Plesset equation 276

bubbles and bubbly media 162

bubbly liquid 275

— Burgers—Korteweg—de Vries
equation 281

— Korteweg—de Vries equation 279

Burgers equation 268

C

CAATI (computed angle-of-arrival
transient imaging) 17
CAC (ceiling attenuation class) 422

calibration 1064, 1068
— condenser microphone 1028
caterpillar

— sound detection 786

Catgut Acoustical Society 554, 600

causality requirement 517

cavitation 6

cavity modes 593

CCD (charge-coupled device)

CDF (cumulative distribution
function) 512

ceiling attenuation class (CAC) 422

celeste 649

cello 560

central limit theorem 513

central moment 513

— kurtosis 513

— skewness 513

cepstrum 517

cerebral hemispheres 361

CFD (computational fluid dynamics)
142

change sensitivity 488

channel vocoder 724

chaotic sound waves 292

— in musical instruments 293

— in speech production 293

charge-coupled device (CCD)

1103

1103

Chinese gongs 654
Chinese Opera Gongs 656
chirping

— animal sonar 797
Chladni pattern 1101

— guitar 586

— holography 586

— rectangular plate 585

— violin plates 586

Chladni’s Law 10, 653

cicada sound production 789

circular membranes 919

circulation of sound energy

clarinet 550, 602, 622, 637

clarinet model 733

clavichord 560, 561

closure, perceptual 494

CMU (concrete masonry unit) 407

CN (cochlear nucleus) 435, 436,
452

CND (cumulative normal
distribution) 512

cochlea 4,429,430, 434, 437

cochlear

— amplification 439, 440, 448

—amplifier 439, 446

— frequency map 437

—nucleus (CN) 435,436, 452

— transduction 436, 437

coherence 215

coherence of changes, role in
perceptual grouping 488

col legno 562

coloratura singing 674

1070

comb filter 732

combination of structures 926
combination tones 449, 553
combustion

—pulsed 248

common fate, principle of 493

communication

— vibrational 788

communication with sound 2

commuted synthesis 732

complex exponential representation
1066

complex instantaneous intensity
1056

complex notation 240

complex representation

complex sound intensity

complex wave 504

compliance 241

compression 439, 442, 449, 452

computational fluid dynamics (CFD)
142

computed angle-of-arrival transient
imaging (CAATI) 17

computer music language 737

computer speech recognition 3

concatenative synthesis 717

CONCAWE (CONservation of Clean
Air and Water in Europe) 134

1054
1056

Amazon

concert halls 4

concrete masonry unit (CMU) 407
condenser microphone

— calibration 1027

— functional implementation
— mechanical response 1025
— open-circuit sensitivity 1028
— practical considerations 1027
— reciprocity pressure calibration

1024

1026
— theoretical considerations 1026
— theory 1024
conditional probability density 513
conducting jacket 738

conical tube 606

— input impedance 607

— Q-values 606

— truncation 607

CONservation of Clean Air and Water
in Europe (CONCAWE) 134

conservation of sound energy 1054

conservative system 905

consonants 687

context dependence of acoustic
properties of vowels and
consonants

— vowel quality 693

continuity equation

— lossless 240

— thermoacoustic 242

control of intonation (speech melody)
699

convolution 509, 521

— of the Fourier transforms

cornet 640

correlation matrix

cost function 934

coupling

— air-jet to air column 633

— air-membrane 643

— body-air cavity 592

— instrument-room acoustic
600

— string—body 575

— string—string 580

— vocal tract 627

CPT (current procedural
terminology) 847

cricket 789

— sound production 790

critical angle of shadow zone
formation 133

critical distance-reverberation
distance 347

critical frequency 396, 938

cross synthesis 721

509

1078
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cross-correlation 511

cross-fingering 617

cross-synthesizing vocoder 724

crustacean 797

crystalline elastic constant 219

CSDM (cross-spectral-density
matrix) 182

cubic nonlinearity 949

cumulative distribution function
(CDF) 512

cumulative normal distribution
(CND) 512

current procedural terminology
(CPT) 847

cut-off-frequency 616

cylindric spreading 115

cylindrical coupler 1034

cylindrical pipe

— closed resonance 602

— tube impedance 602

cymbals 655

D

D’Alembert’s solution 916

DAC (digital-to-analog converter)
714,769

damped sounds 483

damping

— Coulomb 945

— hysteretic 947

— localized 941

—matrix 908

— modal projection 940

— proportional 941

—weak 941

deep scattering layer (DSL) 160

deep sound channel (DSC) 149

deep venous thrombosis (DVT)
878

degree of freedom (DOF) 902

Deiter’s cell 447, 448

density

— Gaussian 512

deterministic (sines) components
720

detuning parameter 952

DF (directivity factor) 115

DFT 729

DFT (discrete Fourier transform)
719

DI (directivity index) 115, 347

diaphragm

— impedance 800

difference limen 478

diffraction 215

diffuse sound field 1057

digital recording 548

— aliasing 548

— dynamic range 548

—files 549

— Nyquist frequency 548

—resolution 548

— sampling rate 548

— sampling system 550

—sound 549

—sound file 548

— windowing functions 549

digital signal processing (DSP) 724,
752

digital speckle photography (DSP)
1104

digital speckle-pattern interferometry
(DSPI) 1103

DigitalDoo 737

digital-to-analog converter (DAC)
714,769

digitized data 520

diphones 717

Dirac delta function 507, 904, 916

directed reflection sequence (DRS)
340

directional sensitivity 429, 431

directional tone colour 599

directionality

—violin 598

directivity factor (DF) 115

directivity index (DI) 115, 347

discharge rate 441, 442

discrete Fourier transform (DFT)
719

discrete systems 907

disjoint allocation, principle of 493

dispersion equation 921, 922, 936

dispersion relation 279, 282, 517

dispersive system 516

dissipation 249

distortion tones 449

DLS (downloadable sounds) 714,
736

DOF (degree of freedom) 902

DOF (motional degree of freedom)
1127

dominance, pitch 482

downsampling 716

downloadable sounds (DLS) 714,
736

dramatic and lyric soprano 676

driving-point admittance 910, 912

DRS (directed reflection sequence)
340

drum sticks 644

Amazon

drums

— air loading 643

— circcular membrane modes 642

— excitation stick 644

—radiation 647

dry air standard 1047

DSC (deep sound channel) 149

DSL (deep scattering layer) 160

DSP (digital signal processing) 724,
752

DSP (digital speckle photography)
1104

DSPI (digital speckle-pattern
interferometry) 1103

Duffing equation 949, 950

dulcimer 561

duration discrimination 476

DVT (deep venous thrombosis) 878

dynamic capability 1063

dynamic range 434, 442

E

eardrum 429, 430, 432, 433

early decay time (EDT) 307, 379

EARP (equal-amplitude
random-phase) 520

earthquakes: P-waves and N-waves
2

echoe suppression 485

echo-location

—bats 796

ECMUS (European Committee for
Medical Ultrasound Safety) 895

edge tones 636

Edison, Thomas 14

EDT (early decay time) 307, 379

EDV (end diastolic velocity) 876

EEG (electroencephalography) 352

effect of loudness on glottal source
679

effect of subglottal pressure on
fundamental frequency 674

effective area 433

effective cross sectional area 430

efferent 436

efferent synapse 449

EFSUMB (European Federation of
Societies for Ultrasound in
Medicine and Biology) 895

eigenfrequency 909

eigenmodes 909, 914

— string vibrations 557

elastic energy 905, 950

elasticity effects on ground
impedance 125
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electric circuit analogues

— acoustic transmission line 614

— lumped components 613
electrical self-noise 1064
electrical transfer impedance 1025

electroencephalography (EEG) 352

electroglottogram 677

electromotility 448

electronic music 22

electronic speckle-pattern
interferometry (ESPI) 1102

electrooptic holography (EOH)
1103

elephant 786

embouchure

— brass instrument 618

emission sound pressure level

emphasis 706

empirical orthogonal functions (EOF)
194

enclosures 400

end diastolic velocity (EDV) 876

endolymph 434, 445, 448

endolymphatic potential 444, 445

energy spectral density 510, 511

— Fourier transform 511

engine 244

— standing-wave 244

— Stirling 240

— thermoacoustic 240

— traveling-wave 246

engineering accuracy

engineering acoustics

entropy 528

envelope 438,718

— generator 718

—of signal 515

EOF (empirical orthogonal functions)
194

EOH (electro-optic holography)
1103

epilaryngeal tube 685

equal-amplitude random-phase
(EARP) 520

equal-loudness contour 468

equation of state (pressure, density,
entropy) 259

equivalent rectangular bandwidth
(ERB) 464

equivalent sound level

errors 1082

ESPI (electronic speckle-pattern
interferometry) 1102

Euler equation

— see continuity equation 240

Euler formula 507

1072

1063
5, 1019

681

Euler’s equation of motion 1058,
1064
Euler’s identity 720
European Committee for Medical
Ultrasound Safety (ECMUS) 895
European Federation of Societies for
Ultrasound in Medicine and
Biology (EFSUMB) 895
evanescent wave 1082
excess attenuation (EA)
excitation pattern 464
—model 478
excitation strength 678
experiments in musical intelligence
(EMI) 740
expressive power 706
external and middle ears
external ear 429
extraneous noise

F

face-to-face 1059

fast field program (FFP)
169

fast field program for air—ground
systems (FFLAGS) 128

fast Fourier transform (FFT)
720,771, 1129

FDA (Food and Drug Administration)
894

FEA (finite element analysis) 593,
1134

118

429

1063

114, 168,

169,

—bells 659

— finite-element correlation 1135

— guitar 594

—violin 591, 593

Federal Energy Regulatory
Commission (FERC) 1007

FEM (finite element method of
analysis) 1134

FERC (Federal Energy Regulatory
Commission) 1007
FFLAGS (fast field program for

final lengthening

— catalexis 701

finite averaging time 1064

finite element analysis (FEA) 593,
1134

—bells 659

— finite-element correlation

— guitar 594

—violin 591, 593

finite element method of analysis
(FEM) 1134

finite impulse response (FIR) 525

finite-difference error 1060

finite-difference time-domain
(FDTD) 142

fish 798, 799

— hearing 797

fisheries 195

fission, sequences of sounds 490

FLAUS (Latin American Federation
of Ultrasound in Medicine and
Biology) 895

flow glottogram 677

flow resistivity 123

flute 602, 637

flute model 733

FM (frequency modulation) 714,
727,768

FOF (Formes d’onde formantiques)
714,728

FOFs 728

foliage attenuation 130

Food and Drug Administration (FDA)
894

formant 450, 682, 726, 728

— birdsong 795

—level 683

— undershoot

—vocal 795

Formes d’onde formantiques (FOFs)
714,728

forward masking 465, 474

Fourier series 505, 523, 544

— fundamental frequency 523

1135

702

air—ground systems) 128 Fourier synthesis 719
FFP (fast field program) 114, 168, Fourier theorem 535, 544
169 — harmonic partials 535
FFT (fast Fourier transform) 169, Fourier transform 507, 508, 522,
316, 720, 729, 771, 1129 524, 546, 722, 969
figure of merit (FOM) 167 — delta-function 547
filter — derivative 509
— causality 526 — discrete 522, 549
—recursive 526 — fast (FFT) 550
— stability 526 — Gaussian 547
filter gain 515 —integral 509
filtering 717 — interpolation 522
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Subject Index

— modulated sinewave 547

— rectangular pulse 547

— z-transform 524

free field 390

— conditions 1055

free vibrations 903

frequency analysis 434, 437, 441,
452

frequency difference limen 478

frequency discrimination 478

frequency modulation (FM) 714,
727,768

frequency modulation detection
limen 478

frequency response function (FRF)

— Nyquist plot 1129

frequency scaling

—in animals 785, 786

frequency selectivity 461

frequency sensitivity 438

frequency shift keying (FSK) 191,
816

frequency-domain formulation
1059

Fresnel number 117

FRF (frequency response function)

— Nyquist plot 1129

friction 946

frog

— auditory system 793

FSK (frequency shift keying) 191,
816

Fubini solution 266

fundamental frequency 504, 682

—role in perceptual grouping 486

fusion, sequences of sounds 490

fuzzystructures 958

G

GA (genetic algorithm) 362
gain

— thermoacoustic 242

gain of amplifier 440
Galerkin method 922

gap detection 473

gases

— properties of 243
Gaussian 508

—density 512

— function 508

—noise 519

—pulse 514

general MIDI 735
generalized coordinates 915
genetic algorithm (GA) 362

geometric spreading loss 154

Gestalt psychology 492
gesturalist 705

gestures 705

GigaPop Project 738
glottal waveform 678
Goldberg number 269
gongs 656

— pitch glides 656
goniometer system 231

good continuation, principle of 492
gradient of the mean square pressure

1056
gradient of the phase 1055
granular synthesis 730
Green’s function 904, 1080
ground attenuation

— weakly refracting conditions

ground effect 120

ground impedance 123
ground wave 121

group delay 516

group velocity 921

growth of masking 466
guitar

— plate-cavity coupling 592
—rose-hole 590, 591
gyroscopic term 908

H

hair bundle motility 446
hair cells 436, 438, 441
hair, sensory 787, 788

hair-bundle movements 448
Hamilton’s principle 908, 920, 923
hand stopping 611, 640, 641

harmonic balance 613, 625
— method 948

harmonic modes 557
harmonic motion 905
harmonic series 719
harmonic signal 1054
harmonic spectrum 727
harmonics 543

head shadow 484

hearing 552

—animal 785, 793, 802

— directional 793, 794

— frequency response 794
—1SO standards 552
—phons 552

— sensitivity 552

— vertebrates 793

hearing level 461

hearing out partials 467

Amazon

hearing threshold level 461

heat conduction correction 1030

heating, ventilating and air
conditioning (HVAC) 403

helicotrema 435, 441

Helmholtz modes

—struck 560

— woodwind 626

Helmbholtz resonance 911

— brass mouthpieces 618

Helmbholtz resonator 392, 722

— bass reflex cabinet 582

— coupling to walls 592

— guitar 592

— resonant frequency 591

— stringed instruments 582

—violin 599

Helmholtz waves

—bowed 558, 559

—kinks 558

— plucked 558

— spectra 558

— strings 557

hemispheric specialization in
listening 359

Hilbert transform 514

hologram 1079

holographic interferometry
1102

holography 571

—cymbals 655

— guitar 586

—violin 596

Hopf—Cole transformation 269

horn 638

horn equation 609

horn shapes 609

— Bessel 610

—conical 606

— cylindrical 602

— exponential 609, 610

— flared 611

—hybrid 607

— perturbation models 612

horns

— impedance matrix 801

Huffman sequence 476

human voice 3

HVAC (heating, ventilating and air
conditioning) 403

hybrid tubes 608

hydraulic radius 242

hydrophones 155

Hyper and Hypo (H & H) theory

— adaptive organization of speech
705
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hyperspeech 703
hypospeech 703

IACC (interaural cross-correlation
coefficient) 310

IACC (magnitude of the IACF)
351

IACEF (interaural cross-correlation
function) 351, 352, 357

IAD (interaural amplitude difference)
750

ICAO (International Civil Aircraft
Organization) 989

identification and ranking of noise
sources 1068

identity analysis/resynthesis 726

IDFT (inverse discrete Fourier
transform) 719

IEC standard 1058, 1065

IFFT (inverse fast Fourier transform)
177

IHC 441, 443, 444

IHC (inner hair cells) 434-436

IIC (impact insulation class) 396

IL (insertion loss) 118

IM (intermodulation) 755

impact insulation class (IIC) 396

impedance

—acoustic 211, 799, 801

—cavity 801

— cylindrical pipe 605

— mechanical 799, 801

impedance matrix 794, 802

—horns 801

—tube 801, 802

impedance transformation 432

impedance transformer 432

impulse response 516, 904, 916

— function (IRF) 1132

IMT (intima-media thickness) 851

increment detection 472

incus 429, 433

inertance 241

infinite impulse response (IIR) 525,
724

infinite-duration signals 510

information content 529

information theory 528

information transfer ratio 530

infrasound 2

inharmonic spectrum 727, 728

inharmonicity 563, 923

initial time delay gap (ITDG)
310

initial time delay gap between the
direct sound and the first reflection
351

inner hair cells IHC) 434-436

input impedance 1024

— brass instrument 612

— cylindrical pipe 604

insects 788, 789

— sound production 788

insertion loss (IL) 118

instantaneous sound intensity 1054,
1056

intensity discrimination 472

interaural amplitude difference (IAD)
750

interaural cross-correlation
coefficient IACC) 310

interaural cross-correlation function
(IACF) 351, 352, 357

interaural differences 484

interaural time difference (ITD)
750

interaural timing cues 452

interference 212, 213

— pattern 432

intermodulation (IM) 755

internal resonance 952

International Civil Aircraft
Organization (ICAO) 989

interpolation 716

intersecting walls 926

intersymbol interference (ISI) 191

intima-media thickness (IMT) 851

intravenous pyelogram (IVP) 882

invariance issue 694

inverse discrete Fourier transform
(IDFT) 719

inverse fast Fourier transform (IFFT)
177

inverse Fourier transform 517

inverse problems 1077

IRF (impulse response function)
1132

ISI (intersymbol interference) 191

ISO standards for sound power
determination 1071

ITD (interaural time difference)
750

IVP (intravenous pyelogram) 882

J

JND (just noticeable difference)
747

Johnson noise 518

joint probability density 513

Amazon

jump phenomenon 951
just noticeable difference (JND)
747

K

KDP (potassium dihydrogen
phosphate) 18

Kelvin functions 925

Kettle drums 645

kinetic energy 905

Kirchhoff-Helmholtz integral
equation 1080

Koenig, Rudolph 14

Kronecker delta 506

kurtosis 514

L

laboratory speech 693

laboratory standard microphone
1026

labyrinth 430

Lagrange equations 908

land mine detection

— acoustical methods 224

Laplace transform 903, 907, 916

large amplitude effects

—brass 630

— Helmholtz motion (wind) 626

— shock waves 632

— woodwind 626, 630

large-volume coupler 1035

laser Doppler anemometry (LDA)
1103

laser Doppler vibrometry (LDV)
1103

lateral energy fraction (LEF) 309

lateral olivocochlear system (LOC)
436

Latin American Federation of
Ultrasound in Medicine and
Biology (FLAUS) 895

LDA (laser Doppler anemometry)
1103

LDV (laser Doppler vibrometry)
1103

lead pipe 619

lead zirconate titanate (PZT) 849

leaf-shape concert hall 364

LEF (lateral energy fraction) 309

LEV (listener envelopment) 309

level, effect on pitch 480

Liljencrants—Fant (LF) model 678

line source

— finite line source 115
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linear interpolation 716

linear predictive coding (LPC) 725

linear processor 516

lip vibrations

— artificial lips 630

—modelling 630

listener envelopment (LEV) 309

listener-oriented school 705

listening level (LL) 352, 380

LL (binaural listening level) 351

LL (listening level) 352, 380

LOC (lateral olivocochlear system)
436

localization 429

localization of sound 484

location

—bats 797

location, role in perceptual grouping
489

locus equations 695

longitudinal vibrations of bars 920

long-play vinyl record (LP) 18

long-term-average spectra (LTAS)
681

loudness 442, 468

— growth 440

—meter 470

—model 470

— perceptual correlates 686

— recruitment 440

—scaling 469

low pitch 480

low-pass filter 515

low-pass resonant filter 516

LP (long-play vinyl record) 18

LPC (linear predictive coding) 725

LPC vocoder 726

LTAS (long-term-average spectra)
681

lung

—reserve volume 671

—residual volume 671

— total capacity 671

— vital capacity 671

Lyapunov exponent 291

M

MAA (minimum audible angle) 808

machine-gun timing 699

MAF (minimum audible field) 460

magnetic resonance imaging (MRI)
688

magnetoencephalogram (MEG) 361

magnetoencephalography (MEG)
352

magnitude estimation 469

magnitude of the IACF (IACC)
351

magnitude production 469

main response axis (MRA) 181

malleus 429, 433

MAP (minimum audible pressure)
460

marginal probability density 513

marimba 649, 650, 735

marine animals 195

marine mammals 198

masking 403, 461

— pattern 464

mass

—law 398

—matrix 908

—modal 924

MASU (Mediterranean and African
Society of Ultrasound) 895

matched field processing (MFP)
182

maximum flow declination rate
(MFDR) 677

maximum length sequence (MLS)
526

maximum-likelihood method (MLM)
182

MCR (multi channel reverberation)
349

MDOF (multiple degree of freedom)
1132

mean square error (MSE) 725

measurement 1085

measurement principles 1058

mechanical index (MI) 894

medial olivocochlear system (MOC)
436

medical acoustics 5

medical ultrasonography 225

medical ultrasound 6

Mediterranean and African Society of
Ultrasound (MASU) 895

MEG (magnetoencephalogram)
361

MEG (magnetoencephalography)
352

membrane capacitance 448

membranes 913

meteorologically-neutral 134

MFDR (maximum flow declination
rate) 677-682

MFP (matched field processing)
182

MI (mechanical index) 894

micromechanical models 441

Amazon

microphone

— acoustic transfer impedance 1044

— calibration 1044

—coupler 1045

— frequency dependence 1037

— frequency response measurement
1043

microphone calibration

— barometric pressure correction
1035

— capillary tube correction 1032

— comparison method 1039

— comparison method with a
calibrator 1040

— cylindrical coupler 1034

— equivalent volume 1031

— free-field calibration 1039

— heat conduction correction 1029

— interchange microphone method
1039

— temperature correction 1037

— wave-motion correction 1034

microphone sensitivity

— correction 1038

—level 1036

— temperature correction 1036

middle ear 432, 433

middle-ear bones 429

middle-ear ossicles 436

MIDI (musical instrument digital
interface) 714, 735

MIMO (multiple-input
multiple-output) 191

— configuration 193

—mode 191

minimum audible angle (MAA)
808

minimum audible field (MAF) 460

minimum audible pressure (MAP)
460

minimum phase 517

minimum-variance distortionless
processor (MV) 182

MIR (music information retrieval)
738

missing fundamental 480, 541, 553

mixture

— separation of 253

MLM (maximum-likelihood method)
182

MLS (maximum length sequence)
526

MOC (medial olivocochlear system)
436, 439, 447, 449

modal

—mass 909
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— participation factors 909

— stiffness 909

modal analysis 536, 597

— holding instrument 598

— holographic 1137

— mathematical 1133

— sound-field analysis 1136

modal synthesis 713, 722

modal testing 1128

— complex modes 1133

— impact excitation 1130

— multiple-input multiple-output
(MIMO) 1132

— obtaining modal parameters 1132

— pseudo-random signal 1131

— shaker excitation 1131

mode 722

models of temporal resolution
474

modulation

—amplitude 551

— detection 472

— filter bank 475

— frequency/phase 551

—masking 475

— timbre 551

— transfer function MTF = 312

Moiré techniques 1104

momentum equation

— lossless 240

— thermoacoustic 242

motional degree of freedom (DOF)
1127

motor equivalence 672

mouthpiece

— brass instruments 617

— Helmholtz resonance 618

— input end-correction 619

— input impedance 619

— lip vibration 628

— popping frequency 618

MRA (main response axis) 181

Mrdanga 646

MRI (magnetic resonance imaging)
688

MSE (mean square error) 725

mufflers 402

multichannel reverberation (MCR)
349

multilayered partitions 399

multimode systems 536

multiple degree of freedom (MDOF)
1132

multiple-input multiple-output
(MIMO) 191

— configuration 193

—mode 191

multiple-scales method 952

multiplication of frequency functions
509

multisampling 718

multivariate distribution 513

music information retrieval (MIR)
738

musical acoustics 3

musical instrument digital interface
(MIDI) 714,735

musical interval perception 479

musical intervals 542, 543

musical nomenclature 553

mutual information 530

MYV (minimum-variance
distortionless processor) 182

nageln 562

National Electronic Manufacturers
Association (NEMA) 894

National Metrology Institutes (NMlIs)
1044

NC (noise criterion) curves 404

NCB (balanced noise criterion
curves) 404

NDT (nondestructive testing) 1103

near field 1057

near miss to Weber’s law 472

near-field acoustic holography
1078, 1079

negative conductance 623

NEMA (National Electronic
Manufacturers Association) 894

network

—analog  800-802

neurotransmitter 444

Newton, Isaac 11

NIC (noise isolation class) 396

NMI (National Metrology Institutes)
1044

noise 2,518, 551

— band-limited 519

— barrier 116, 118

— components 520

— electrical systems 406

— Gaussian 519

— HVAC systems 405

— plumbing systems 406

— random telegraph 519

— thermal 518

noise control

— door designs 412

— electrical systems 417

Amazon

— engineering 1053

— floor design 409

— HVAC systems 412

— plumbing systems 415

— wall designs 407

— windows design 410

noise criterion (NC) curves 404

noise isolation class (NIC) 396

noise reduction 400

— coefficient (NRC) 390, 996

— reverberant field 393

nondestructive testing (NDT)
1103

nonlinear

— capacitance 447, 448

— coupled oscillators 951

— oscillator 948

— vibrations 947

nonlinear acoustics

—in fluids 257

—of fluids 234

—of solids 235

nonlinear time-series analysis
290

nonlinear waves

— combination frequencies 275

— difference-frequency 275

— interaction 273

— sound-ultrasound interaction
284

nonlinearity

— amplitude dependence 564

— coefficient 262

— hard spring 259

— inharmonicity 564

— mode conversion 564, 654

— orbital motion 565

—origin 258

— parameter 260

— parametric excitation 564

— plate modes 654

— reed excitation 625

— shewed resonances 564

— soft spring 259

— spherical cap 655

nonparametric technique 713

nonsimultaneous masking 465

NORD2000 115

normal modes 535, 909

— coupled strings 580

— coupling factor 577

— damping 576

— effective mass 535

— string-body 576

— veering 581

— weak/strong-coupling 577
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normal modes of vibration

— damping factor 1127

— eigenfrequency 1127

—mode shape 1127, 1128

normal-mode model 169

notch 432

notched-noise method 463

NRC (noise reduction coefficient)
390, 996

Nyquist wave number 1082

0

oboe 622, 637

Obukhov length 137

ocarina 614

Occupational Safety and Health
Administration (OSHA) 1000

ocean acoustic environment
151

ocean coustic noise 161

octave 479

ODS (operating deflexion shape)
910,931, 1128

ODS (output display standards)
894

off-frequency listening 463

OHC 4309, 446449

OHC (outer hair cells) 434-436

OHC motility 446

OITC (outdoor—indoor transmission
class) 397

olivocochlear bundle 436

one-pole low-pass filter 515

onset asynchrony, role in perceptual
grouping 487

open sound control (OSC) 736

operating deflexion shape (ODS)
910,931, 1128

operation deflection shape (ODS)
1111

operation on

—OR 526

- XOR 526

optical glottogram 677

organ of Corti 434, 436, 441, 444

orthogonal components 504

orthogonality 915

— with respect to mass 916, 924

— with respect to stiffness 916, 924

orthotropy 923

OSC (open sound control)
736

OSHA (Occupational Safety and
Health Administration) 1000

ossicles 430, 432

otoacoustic emissions
439, 447, 450
otolith 798
ototoxic antibiotics 447
outdoor—indoor transmission class
(OITC) 397
outer hair cells (OHC) 434-436
output display standards (ODS)
894
oval window 432,433
overblowing 602

P

PA (pulse average) 894

parabolic equation (PE) 114, 168

—model 172

parametric 713

parametric synthesis 717

Parseval’s theorem 510

particle image velocimetry (PIV)
1104

particle models 730

particle velocity 207

— transducer 1066

Pasquill categories 134

patch synthesizer 718

patent foramen ovale (PFO) 885

PC (phase conjugation) 182, 183

PCM (pulse code modulation) 713,
717,768

PD (probability of detection) 165

PDF (probability density function)
165,512

PE (parabolic equation) 114, 168

—model 172

peak systolic (PS) 876

pedal note 612

pendulum

—elastic 949

— interrupted 948

penetration depth 242

perception 552

— violin quality 600

perceptual grouping 485

perceptual organization 492

percussion 641

—bars 648

— membrane 642

— plates 652

—shells 658

perilymph 434, 447

period-doubling cascade 293

periodic functions 506

periodic signal 510

periodic structures 926

Amazon

perturbation

—bends 614

— bore profiles 613

— finger holes 614

— string vibrations 576
—valves 614

PFA (probability of false alarm) 165
PFO (patent foramen ovale) 885
phase 504

— conjugation (PC) 182, 183
—delay 516

—filter 734

—mismatch 1061

— modulation (PM) 1109
—shift 210

— shift keying (PSK) 191

— stepping (PS) 1109

— velocity 921

—vocoder 721
phase-contrast methods 1101
phase-locking 442451
PhISEM 730

phon 468

phonation

—modes of 680

phonation types

— hyperfunctional 680

— hypofunctional 680
phoneme 693, 717

physical acoustics 5, 205
physical mechanisms 155
physical models 714
physical properties of air 1044
physiological acoustics 4, 459
PI (privacy index) 420

piano 560

— double decay 581

— string doublets/triplets 580
piezoelectric transducers 226
pink noise 510, 520

pinna 430, 431

—animal 794
pinna, role in localization 485
pipe

— end-correction 603

— input impedance 604, 605

— Q-valve 604

— radiation impedance 603

— reflection/transmission coefficients
605

— thermal and viscous losses 604

pitch 477,540

— ambiguity 541

— circularity 554

— glides 656

— hearing range 541
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— musical instruments 541

— musical notation 541

—shift 716

— subjective 553

pitch theory, complex tones 481

PIV (particle image velocimetry)
1104

PL (propagation loss) 175

place theory 477

planar acoustic holography 1081

planar laser-induced fluorescent
1121

plane propagating wave 1055

plane-wave coupler 1035

plate modes

— 1-D solutions 583

—2-D solutions 584

— anisotropy 584, 587

— antielastic bending 584

— arching 588, 653

— boundary conditions 583

— Chladni pattern 585

— circular plate 653

— density of modes 587

— elastic constants 588

— flexural vibrations 582

— longitudinal modes 584

— measurement 585

—mode conversion 656

—mode spacing 587

— non-linearity 654

— rectangular plate 585

— shape dependence 586

— symmetry 571

— torsional modes 584

plates

— flexural vibrations 923

— isotropic 924, 938

— prestressed 924

—rectangular 924

player-instrument feedback 555

plucked string 731, 732

PM (phase modulation) 1109

PMA (pre-market approval) 893

point source 115

Poisson process 730

Poisson ratio 556

polar plot

— open pipe 603

poles 726

polyvinylidene fluoride (PVDF)
227

popping frequency 618, 628

position and sensor 1083

positive feedback

— air-jet interactions 635

potassium channels 445

potassium dihydrogen phosphate
(KDP) 18

potential and kinetic energy density
1054

power

—acoustic 243, 249, 932, 933, 937

— mechanical 905

— spectral density (PSD) 510, 774

— spectrum model 462

— time-averaged thermal 243

—total 243

p-p method 1058

Prandtl number 243

precedence effect 485, 554

preferred delay time of single
reflection 353

preferred horizontal direction of
single reflection 355

pre-market approval (PMA) 893

pressure level band 214

pressure-intensity index 1061

pressure-residual intensity index
1062

prestin 447, 448

PRF (pulse repetition frequency)
861

PRI (pulse repetition interval)
871

primary microphone 1044

principal-components analysis
739

privacy index (PI) 420

probability 529

probability density function (PDF)
165,512

probability mass function (PMF)
512

probability of detection (PD) 165

probe reversal 1067

propagation and transmission loss
175

propagation loss (PL) 175

PS (phase stepping) 1109

PSD (power spectral density) 510,
774

PSK (phase shift keying) 191

psychoacoustics 20, 552

psychological acoustics
(psychoacoustics) 4

psychophysical tuning curve
462

p—u phase mismatch 1067

p-u sound intensity measurement
system 1066

pulse average (PA) 894

Amazon

pulse code modulation (PCM) 713,
717,768

pulse repetition frequency (PRF)
861

pulse repetition interval (PRI) 871

pulsed combustion 248

pulsed TV holography 1103

pulse-tube

— refrigerator 240

PVDF (polyvinylidene fluoride)
227

PZT (lead zirconate titanate) 849

0

Q factor 347

Q value 516

quadratic nonlinearity 949, 957
quality factor 535

quantitative description 177
quantization 715

—noise 520

quefrency 517

Q-values 537

r!g (sensor speader bass) 737

racket 638

radiation

—control 934

— critical frequency 598

— damping 928

in plates 945

— efficiency 598, 937, 938, 1071

—energy 933

— filter 933

— impedance 603

— impedance matrix 939

— polar plot 603

— tone holes 616

—violin 598

— wavenumber Fourier transform
939

radio baton 738

ramped sounds 483

random error 1064

rapid speech transmission index
(RASTI) 421

RASTI (rapid speech transmission
index) 421

rate-level functions 442

rational wave in elastic medium 125

Rayleigh distribution 519

Rayleigh, Lord 13

RC (room criterion) curves 404
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reactive intensity 1055

reactivity 1067, 1068

receiving operating characteristic
(ROC) 186

receptor potentials 446

reciprocity 536, 1113

reconstruction filter 522

recursive filter 726

reed model 733

reeds

— bifurcation 625

— classification 619

— double reed 622

— dynamic characteristics 622, 623

— embouchure 622

— feedback 623

— hysteresis 622

— large-amplitude oscillations 625

— negative resistance 623

— positive feedback 623

—reed equation 622

—single reed 621

— small-amplitude oscillations
624

— static characteristics 619

— streamlined flow 620

— turbulent flow 620

— wind/brass instruments 619

reference microphone

— acoustical calibrator 1040

— uncertainty 1040

reflection 432

— coefficient of 212

—wave 210

refraction 131,212

refrigerator 250

— pulse tube 240

— standing-wave 250

— Stirling 240

— thermoacoustic 240

— traveling-wave 251

regenerator 242, 246, 251

register key 627

regularization 1083

Reissner’s membrane 434

REL (resting expiratory level) 670

relationship FO and formant
frequencies 692

relationship FO and jaw opening
692

relationship first formant and FO
692

repeatability 1064

resampling 716

residual intensity 1062

residue pitch 480

resistance
—matrix 933
acoustical 933
structural 933

— thermal-relaxation 242

— viscous 242

resonance 213, 535, 726

—air column 602

— conical pipe 606

— cylindrical pipe 604

— dispersion 535

—loss 535

— phase 536

— strings 579

—width 536

resonant filter 516

resonant frequency 440

resonant ultrasound spectroscopy
(RUS) 220

respiratory system

— active control 673

— passive control 673

resting expiratory level (REL) 670

reticular lamina 441

reverberation time 378

reversible ischemic neurological
deficit (RIND) 878

reversing a p—p probe 1062

Riemann characteristics 263

Rijke oscillations 246

RIND (reversible ischemic
neurological deficit) 878

RMS (root-mean-square) signal 512

ROC (receiving operating
characteristic) 186

role of biomechanics in speech
production 703

room acoustic 600

room criterion (RC) curves 404

room modes 388

room shapes 394

roughness effects on ground
impedance 124

rough-sea effects 143

RUS (resonant ultrasound
spectroscopy) 220

S

S/N (signal-to-noise 520

SA (spatial average) 894

SAA (sound absorption average)
391

Sabine decay time 537

Sabine equation 394

Sabine reverberation formula 16

Amazon

Sabine, Wallace Clement 15

SAC (spatial audio coding) 775

sampled data 520

sampling 521, 715

—rate 715

— synthesis 718

— theorem 521

sandwich plates 926

SAOL (structured audio orchestra
language) 714, 736

SARA (simple analytic recombinant
algorithm) 740

saturation rate 442

SAW (surface acoustic wave) 13

SAW (surface acoustic waves) 231

scala media (SM) 434

scala tympani (ST) 434

scala vestibuli (SV) 429, 433,434

scan vector 1078

scanning 1070

scattering and diffraction 1060

scattering and reverberation 158

scattering by turbulence 139

Schlieren 1101

Schlieren imaging 228

Schroeder diffuser 368

scientific scaling 601

SDIF (sound description interchange
format) 736

SDOF (single degree of freedom)
1132

— oscillator 928

SE (signal excess) 167

SEA (statistical energy analysis)
19,902, 912

secular terms 952

segmentation of audio 738

segmentation problem 694

sensation level 462

sensory hair 789, 798

sequences of sounds, perception of
490

serpent 641

SG (spiral ganglion) 435

shadow zone boundary 132

shadowgraph 1101

shallow water 153

Shannon entropy 529

shearography 1103

shells
— bells 658
—blocks 658

— body modes 589

— breathing mode 589

— eigenmodes 925

— external constraints 589
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— nonlinear vibrations 957
— plate modes 589

— spherical 925, 955

— vibrational modes 589

— violin body 591

shift register 526

—tap 527

shock distance 266

shock formation time 266

shock wave velocity 272

shock waves 271, 632

shoe-box concert hall 363

short-time Fourier transform (STFT)
720

SI (speckle interferometry)
1109

sibilance 725

side drum

— air loading 647

— directionality 647

—snare 646

side-by-side

signal 514

—analog 520

— autocorrelation function 510

— average power 512

— average value 511

— conversion 522

— cross-correlation 511

—delays 516

— digitized 512

—envelope 515

—filter 515

— Gaussian pulse 514

— Hilbert transform 514

—moment of 513

— periodically repeated 523

— root-mean-square (RMS) 512

—sampling 521

— standard deviation 512

— variance 511

signal excess (SE) 167

signal functions 509

signal to noise ratio (SNR) 520,
715,757

signal-based and signal-independent
knowledge in speech perception
705

SIL (sound intensity level) 208

similarity, principle of 492

simple analytic recombinant
algorithm (SARA) 740

sinc interpolation 716

singer’s formant 684, 686

— larynx tube 685

singers’ subglottal pressure 676

1102,

1059

singing

— coordinative structures 704

single degree of freedom (SDOF)
1132

— oscillator 903, 928

single-bubble sonoluminescence
286

single-input single-output mode
(SISO) 191

sinusoidal synthesis 719
sinusoidal waves
— complex numbers 540

SISO (single-input single-output
mode) 191
skeleton curves
skewness 513
slip—stick model 559
sloping saturation 442
slow vertex response (SVR)
361
SM (scala media) 434
smart materials 958
SNR (signal to noise ratio) 715, 757
SOC (superior olivary complex)
436
SOFAR 6
soliton 281
SONAR 6, 165, 181, 185

590

sonar animals 797
SONAR array processing 179
Sondhauss oscillations 239, 246

sone 469

sonoluminescence 5, 17, 18, 286
sonority principle 695

SOSUS (sound ocean surveillance

system) 150
sound
— dB sound level 538
—end corrections 538

— insulation 395

— intensity 538, 1053

— intensity level (SIL) 208

— intensity Robinson—-Dadson hearing
plots 552

— levels (SPL) 538

— localization 431, 443

— near and far fields 538

— ocean surveillance system
(SOSUS) 150

—power 1053, 1054

sound absorption 1072

— average (SAA) 391

sound attenuation through trees and
foliage 129

sound description interchange format
(SDIF) 736

sound field 389

— indicator 1068

— spatial factors 352

— temporal factors 352

sound pressure level (SPL) 209,
358, 748, 831

sound production

—animal 785, 802

—birds 795

—insects 788

— vertebrates 793

sound propagation

— atmospheric turbulence effects
138

— effects of ground elasticity 125

— ground effect 114, 120

— meteorological classes 133

— rough-sea effects 143

— shadow inversions 130

— spherical acoustic waves 120

— surface wave 122

— wind and temperature gradient
effects 130

sound source

— changing airflow 1

— crossover frequency 540

— dipole 539
—monopole 539
— pipe 603

— polar plots 539

— quadrupole 539

— size dependence 539

— supersonic flow 1

— surfaces 539

— time-dependent heat sources 1
— vibrating bodies 1

— wind instruments 540

sound speed profiles 136

sound transmission class (STC) 396
sound velocity in solids 220
soundpost 575, 590

SoundWire 738

source directivity 115
source-filter model 725

— power determination 1054, 1070 source-filter theory 676

— pressure 538 SP (spatial peak) 894

— radiation 537, 538 SP (speckle photography) 1102,

— specific impedance 537 1109

— spherical waves 538, 606 spatial aliasing 1082

— waves 537 spatial audio coding (SAC) 775
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spatial average (SA) 894

spatial peak (SP) 894

speaking style 701

specific acoustic impedance 432

specific impedance 1071

specific loudness 470

— pattern 470

speckle correlation 1104

speckle interferometry (SI) 1102,
1109

speckle metrology 1102

speckle photography (SP) 1102,
1109

spectra 545

— Big Benbell 660

— bowed string 560

—cello 560

— clarinet 545, 627

—cymbal 547

— glockenspiel 650

—gongs 656

— guitar (modelled) 594

—marimba 650

— plucked string 558

—ratchet 547

— steeldrum 657

— struck string 562

—tambla 647

—tam-tam 656

—timpani 547

— triangle 652

— vibraphone 650

—violin 545

— violins 595

— xylophone 650

spectral cues 431

spectral description interchange file
format (SDIF) 736

spectral modeling 720

spectral regularity, role in perceptual
grouping 486

spectrogram

— speech and singing 697

spectrotemporal 451

spectrum 506

speech 21

— coarticulation 694

— control of sound 703

— dynamics 701

— intelligibility index (SII) 420

— interference level (SIL) 421

— perceptual processing 705

— production 676

— prosodic modulation 693

—prosody 701

— rhythm and timing 699

— superposition model 699

— transmission index (STI) 311,
421, 696

speech privacy 419

— office design 422

speech synthesis 717

speed of sound

— computation 1046

speed of sound/in air 10

speed of sound/in liquids 11

speed of sound/in solids 11

spherical spreading 115

spherical waves

— standing waves 606

spiral ganglion (SG) 435

SPL (sound levels) 538

SPL (sound pressure level) 209,
358, 748, 831

spontaneous discharge rate (SR)
442

spontaneous emissions 439

SR (spontaneous discharge rate)
442

ST (scala tympani) 434

staccato 676

stack 242, 244, 250

standards

— building acoustics related 424

standing waves 388

standing-wave tube 1065

stapes 429, 433

— velocity 436

starting transient 551

state space variables 931, 934

stationary process 512

statistical energy analysis (SEA)
19,902, 912

STC (sound transmission class) 396

steelpans 657

stereocilia 443, 444

stereocilium 445

STFT (short-time Fourier transform)
720

STI (speech transmission index)
311,421, 696

stiffness 440, 448, 734

—matrix 908
Stirling
—engine 240

— refrigerator 240

stochastic (noise) components 720
Stokes, George 13

strange attractor 291

stream segregation 490

stress timing

— syllable timing 700

Amazon

stria vascularis 434, 435

string vibrations

— bending stiffness 562

— characteristic impedance 556

— D’Alembert solution 556

— dipole source 555

— directional coupling 578

— force on bridge 556

— Helmholtz waves 557

— measurements 579

— non-linearity 563

— perturbation 576

— polarisation 579

— reflection coefficient 557

— sinusoidal 557

— transverse, longitudinal and
torsional 556

— wave equation 555

stringed instruments 919

strings 913

—eigenmodes 917

— heterogeneous 914

— manufacture 563

— nonlinear vibrations 955

— nonplanar motion 956

— plucked 918

— semi-infinite 917

—tension 575

— transverse motion 914

— with dissipative end 942

— with moving end 918

structural resonance

— skeleton curve 574

structural-acoustic coupling 911,
926

—bar 927

—cavity 934

— energy approach 932

— light fluid 928

—plate 936

— weak-coupling 930

structured audio orchestra language
(SAOL) 714,736

sub-bands 724

subglottal and oral pressure 672

subglottal pressure 679

— elastic recoil 670

subharmonic 292, 951

subjective difference limen 308

subjective preference

— individual listeners 370

— measured and calculated values
383

— performers 374

— seat selection 371

— tests in existing halls 381
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subjective preference theory 353

subjective preference, conditions for
maximizing 356

subsequent reverberation time 351

subtractive synthesis 714, 724

superharmonics 951

superior olivary complex (SOC)
436

supersonic intensity 1070

supporting cells (s.c.) 434, 444, 447

suppression 450452

surface acoustic wave (SAW) 13,
231

surface intensity method 1066

surface wave 122

surfaces of equal phase 1055

surfaces of equal pressure 1056

survey accuracy 1063

SV (scala vestibuli) 429, 433, 434

SVR (slow vertex response) 361

swim bladder 798, 799

syllable beat

— canonical babbling 696

syllable timing 699

syllables in speech and singing 695

sympathetic strings 580

synapse 435, 436, 444, 446

synaptic ribbon 445

synchronization index 443

synchronization sung syllable with
piano accompaniment 698

synthesizer patch 718

synthetic listening 482

syrinx 795
system biological 799
T

TA (temporal average) 894

Tabla 646

Taconis oscillations 239, 246

Tait equation 259

tam-tam 656

TDAC (time domain alias
cancellation) 774

TDGF (time-domain Green’s
function) 183

tectorial membrane 435, 441, 444

temperature gradient, critical 245

temporal average (TA) 894

temporal modulation transfer
function 473, 474

temporal order judgment 491

temporal peak (TP) 894

temporal processing 473

temporal resolution 473

temporal theory 477

temporal waveform 443

THD (total harmonic distortion)
754

The Brain (composition system)
740

thermal index (TI) 894

thermoacoustic

—engine 223, 240

— refrigerator 240

thermoacoustics 5, 239

— history 239

thermoelasticity 943

three wave interaction 285

three-stage shift register 527

threshold 442

thunder plate 652

TI (thermal index) 894

TIA (transient ischemic attack) 878

timbre perception 483

timbre, effect of envelope 483

timbre, effect of spectrum 483

timbregrams 739

time domain alias cancellation
(TDAC) 774

time reversal (TR) 183

time shift 506

time-/frequency-response equivalence
596

time-averaged sound intensity 1054

time-domain analysis

—brass 632

—FFTs 550

time-domain Green’s function
(TDGF) 183

time-domain response

— Big Ben bell 660

— chinese gongs 657

— glockenspiel 650

—gongs 656

— marimba 650

— non-linear string 564

— simple harmonic resonator 537

— steeldrum 657

—tabla 646

— tam-tam 656

— timpani 645

— triangle 652

— vibraphone 650

—violin 597

— violin string 569

— xylophone 650

time-reversal acoustics 183

time-varied gain (TVG) 196

timpani 645

— head-air cavity coupling 644

Amazon

tip link  443-445

TL (transmission loss) 175, 395,
1071

TLC (total lung capacity) 671

TMTF 473

TNM (Traffic noise model)

993
tone holes
—array 616

— mode pertubation 614

— radiation 616

tonotopic 449, 451

tonotopic organization 441

total harmonic distortion (THD)
754

total lung capacity (TLC) 671

TP (temporal peak) 894

TR (time reversal) 183

TR (treble ratio) 310

Traffic noise model (TNM) 993

transducer

— coaxial 228

transduction 434, 443, 444, 447

— channel 444

—current 444, 445

transfer admittance 910

transfer function 430, 516, 525

transfer standard microphone

— mean sensitivity level 1044

transglottal airflow 680

transient ischemic attack (TIA)
878

transients 546, 721

transmission loss (TL) 175, 395,
1071

traveling wave 437, 731

treble ratio (TR) 310

triangle 651

tristimulus representation 484

trombone 638

trumpet 550, 638

tube

— impedance 603

— impedance matrix 801

tuning 438, 440, 441, 542

— by sliding tubes 639

— by valves 639

—cents 543

—curves 441,442, 446

— equal temperament 542

— forks 12

— mean-tone 542

— measurement 543

— Pythagorean 543

— stretched 544

— temperament 543
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Subject Index

turbulence 131

—effects 138

—spectra 140

TV holography 1103

TVG (time-varied gain) 196
two-pole feedback filter 724
two-pole filter 516
twos-complement 521
two-tone suppression 449
tympanum animal 794
Tyndall, John 12

u

ultrasound 2

UMM (unit modal mass) vectors
1128

uncertainty principle 508

underwater acoustic imaging 187

underwater propagation 152-155,
157, 158, 168-170, 172, 175, 177,
182, 183

—models 167

underwater travel-time topography
192

unit generator 718

unit modal mass (UMM) vectors
1128

unit rectangle pulse 508

upper frequency limit 1060

upsampling 716

upward spread of masking 464

)

—-FEA 591

— Helmbholtz resonator 591
—octet 601

— quality 572

— signature modes 599

— tonal copies 600

— tone quality 600

virtual pitch 480
viscoelasticity 944
visualization of sound fields 1069
vital capacity (VC) 671
vocal folds 629

vocal formant 791, 792
vocal loudness 681

vocal registers 680

vocal sac 792

—birds 796

vocal tract 792

— filter 682

vocal valve 792

vocoder 721,724,726
voice 706

volume attenuation 157
von Helmholtz, Hermann 12, 13
von Kdrman equations 957
vortex-sheet model 636
vortices 636

vorticity 634

vowel 450

vowel articulation 691

— APEX model 688-690
vowels 687

W

valves and bends 614
variable bitrate (VBR) 773
VBR (variable bitrate) 773
VC (vital capacity) 671
velocity of sound

— fluids 219

vent sensitivity 1066
vertebrates 790

— hearing 793

very short-range paths 152
vibraphone 650

vibration isolation 414
vibrato 551

violin 550

— admittance measurements 595
— cross-section 575

— directionality 600

Waterhouse correction 1072

wave

— capillary 788

—equation 168, 731

— impedance 1056

—number 210

— surface 789

— train envelope 282

—velocity 207

wave propagation

—in fluids 215

—insolids 217

— nonlinear Schrodinger equation
283

waveform 520, 544

— binary form 520

— envelope 550

Amazon

— non-repetitive 546

— periodic 544

— sawtooth 544, 545
—square 544, 545

— symmetry 506

— triangular 544, 545
wavefront steepening 264
wavefronts 1055

waveguide filter 731

wavelength 210

wavelet 714, 728

— transform 729

wave-motion correction
1034

waves

— finite-amplitude 264

— thermoviscous 268

wave-table synthesis 718

weak refraction 133

Weber’s law 472

WFUMB (World Federation for
Ultrasound in Medicine and
Biology) 895

white noise 527

Wiener—Khintchine relation 511

wind instruments 601, 637

window 1083

windscreen 1064

wolf-note 557

wood

— elastic constants 588

working standard (WS) 1043

World Federation for Ultrasound in
Medicine and Biology (WFUMB)
895

WS (working standard) 1043

X

XOR 526
— operation on 526
xylophone 649, 650

Z

zeroes 726

zither 562
z-transform

— convergence 524
—inverse 525
z-transform pairs 524
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