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"More advanced theory deals with polarization e ects as well, which are of no relevance in acoustics. The
classical domain is su cient to explain most imaging e ects, but an extensive quantum coherence theory has also
been developed. See Mandel and Wolf (1995).

2 random or stochastic process relates to a variable or variables that are drawn from a certain probability
distribution. Without getting into any mathematical formalities, whenever we discuss arbitrary signals or waves,
they can be modeled as a random process, which facilitates certain types of analyses. Stochastic processes are
distinguished fromdeterministic processes. See the cited literature in Y8.1 for more formal short introductions. For
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Figure 8.1: The basic setup of the coherence problem. The pressurepld) is represented

by the wavefront arriving from the left that impinges on two pinholes on plahe The
radiated eld from the pinholes is modeled as secondary point sources, neglecting any e ects
of diraction from the nite pinhole size. The sources interfere on a screBn where the
intensity | (r;t) is recorded.

r

H(r;t)iy=hp (r;t)p(r;t)i

h(r;t)ic 1(r)

a(t)
14T
i = lim - T@J( )d

a(t)

r a;

an extensive introduction, see, for example, Bendat and Piersol (2011). For a shorter introduction, see Middleton
(1996).

Two general types of stationary processes are distinguishedtrist-sense stationary process is de ned to
be independent of time. Thus, such a process can be sampled at any time point without a ecting the average.
White noise is the simplest such process.wide- or weak-sense stationary processhas a constant average, and
a time-invariant cross-correlation function, which depends only on the time di erence and not on the absolute time
points of the process. Wide-sense stationarity requires that the second moments of the process exist. In the text,
whenever stationarity is invoked, it is meant in the wide sense.
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Figure 8.2: Three kinds of coherence in the simple interference experiment. The plot on the
left describes complete coherence, which shows constructive interference using a coherent sum
(linear in amplitude). The plot on the right shows an incoherent sum (linear in intensity) that
exhibits no interference. The middle plot describes the general situation in which interference
exists, but is not complete, giving rise to partial coherence. The curves can represent the
visibility pattern of the fringes in an interference experiment. The plots are a reproduction of
Figure 3.2 from Wolf (2007, p. 35).
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"“When applied to pressure waves, the teemdibility will be more appropriate than visibility, or the more neutral
term contrast, as audibility is often used in hearing to designate that a stimulus or a manipulation thereof is above
the individual's threshold. However, visibility is the more standard term in optics and we will used it below.



Figure 8.3: Two sets of images done under incoherent (left), partially coherent (middle), and
coherent (right) illumination. The images were obtained using two di erent light sources.
The coherent source was a green Nd:YAG laser(532 nm), whose beam was spread with

a diverging lens and a one (top) or two (bottom) di erent types of di users. The incoherent
images employed a green light-emitting diode (LED) light, embedded in a bulb, of a slightly
di erent wavelength than the laser, which is almost completely incoherent and di use from
the source (see, for example, Mehta et al., 2010). The two light sources were illuminating
the object simultaneously in the partially coherent image. However, as the laser light was
signi cantly more intense than the LED, it was employed with di erent amounts of di usion,

to get di erent degrees of partial coherence, according to Eg. 8.21. Note that the two light
sources arrive from dierent angles: the coherent source was almost frontal, whereas the
incoherent source came from the top right of the object.
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5Jacobsen and Nielsen (1987) made the distinction that the acoustic correlation function is bandlimited, whereas
the coherence is de ned in the frequency domain.



1

r2p(r;t) =

r2p (ro;t)p(ra;ty) =

r2hp (ro;t)p(ro;to)ic =

1
e

1
2

NI

@p(r;t)
@1

p(r2;to)
@p (ri;ty)

———P(ra2;tz)

@

@%ho (r;ta)p(r2;t2)i



;)
1@(r1;2rz,
2 @
D=2
r2(r1;r2, |
| .
1@(r1;2rz,
.):g ’ ry;ra; )
2(rlirz, (
rs

W(rq;ra;!)

0
k |)_
2W(r1;r2,
| )+
Mot -')_
2W(r1, N
rl 2 (rls
kW
| )+

2W(r1;r2, 0

r 2

k=1!=c

:tl

to



p(t)

Zl
P()= p(t)e " dt
1
p(t)
t1 1
p(t)
p(t)
(rosra; )
Z
W(riirz;!) n(ras!)dri= (1) o(rz;!)
W(rg;ra;!) N
n(!) O
X
W(ry;ra;!) = n(1) n(rat) a(ra:!)
|
Z
A1) m(r)dr = oy
nm n=m
Tx
P(r;!)=" () n(r:!)
b, n(!)

(M) (M )i = w(!) am

"6We have dispensed with the formal discussiornafmonizable random processesdue to Loéve that is usually
invoked here and may be relevant to the discussion of the analytic signal (Y6). In general, it deals with nonstationary
random processes with in nite energy that may also be discontinuous, for which the standard Fourier transform
does not exist only the power spectrum via the autocorrelgtion function (see Y8.2.3). Instead, it then applies the
Riemann-Stieltjes integral for the spectral densigf(t) = zi dX (! )€e" . For further details, see Clark (2012, pp.

173 178) for a friendly and brief introduction, or for a more complete treatment Napolitano (2012).

""The conditions are that the cross-spectral mati¥ (r1;r»;! ) is non-negative, de nite, and Hermitian. These
conditions make it suitable for expansion into eigenfunctions (Eq. 8.47) according to Mercer's theorem. In this case,
the modes satisfy the Fredholm equation (8.46) for whidh is the kernel.
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Let us insist on the assertion that
nonstationarity as evidenced by the presence of transients is intimately related to the concept of
information. This is completely analogous to speech or music signals that can carry a message or a
melody only because they consist of a succession of nonstationarities.
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"8Before the advent of laser technology, the alternative in optics has been to usem@ochromator, which
produces a narrowband spectrum from a broadband light source. This is usually achieved by spatially selecting the
di racted or dispersed product of the broadband light. This technology is still widely used in applied optics.
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In the paper the coherence time is referred to simply as the width of the autocorrelation peak and is notated
with W () -



Figure 8.4: The rough relative range of the e ective duration of di erent types of acoustic
signals and their impulsiveness. This is drawn according to D'Orazio and Garai (2017, Figures
4), with slight modi cations.
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80For a brief review of alternatives and limitations see Xiang (2020).
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A diuse sound eld
comprises an in nite number of plane propagating waves with random phase relations, arriving from
uniformly distributed directions. At an arbitrary position in a pure-tone eld the
phase relations of the waves constitute a xed set of random variables.

...room acoustics
nds itself in the di cult intermediate region,

A typical case of continuous wave
propagation may lie somewhere between these two idealizations. Coherence is favored by short-
range, low-frequency, smooth boundaries, few boundary re ections, and a stable and smooth speed
of sound pro le. Random phasing is favored by the converse conditions.
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81The coherence volume is de ned as an extension to coherence length in three dimensions, as the volume
around a point in which interference may be observed (Wolf, 2007, pp. 8 10). The concept is not used in acoustics,
but seems appropriate in the context of three-dimensional elds.



82]t is common to distinguish between specular and di use re ectors in this context. Specular re ections tend to be
coherent, as they may give rise to interference between the incident and re ected sounds. The re ectors are usually
hard and at surfaces with no discontinuities. In contrast, a di use re ector @ user ) is designed to emulate
a more randomized phase response as much as possible and thereby decohere the re ected sound and minimize
interference e ects. It therefore attempts to maximize the surface geometrical randomness and discontinuities in
order to decohere the impinging eld. Cox and D'Antonio (2005, p. 30 31) noted that strictly speaking all passive
re ectors are coherent, because they are time invariant and deterministic. They additionally noted that the e ect of
di users is then better thought of as temporal and spatial dispersion of the eld and not of decoherence.
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