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Time Exposure Acoustics

Stephen J. Norton and I. J. Won

Abstract—An analysis of a passive seismic method for subsur- recursive manner. In this way, storage of large quantities of data
face imaging is presented, in which ambient seismic noise is em-prior to forming the image can be avoided.

ployed as the source of illumination of underground scatterers. In the seismic domain. a few previous attempts have been re-
The imaging algorithm can incorporate new data into the image ! p P

in a recursive fashion, which causes image background noise to Ported on passively detecting large reflecting structures (e.g.,
diminish over time. Under the assumption of spatially-incoherent a bedrock interface) [4]-[7]. As far as we are aware, however,
ambient noise, an analytical expression for the point-spread func- no attempts have been made to image scatterers or diffracting
tion of the imaging algorithm is derived. The point-spread function — gyr,ctures (i.e., structures comparable to the wavelength of the
(PDF) characterizes the resolution of the image, which is a function . S - ) . -
of the receiving array length and the ambient noise bandwidth. Re- |IIum|nat|_ng Waves).usmg ambient lllumlnathn. A more com-
sults of a Monte Carlo simulation are presented to illustrate the Plete review of published work on passive seismic methods can
theory. be found in a recent report from the Oak Ridge National Lab-
Index Terms—Acoustic imaging, acoustic tomography, geophys- oratory, Oak Ridge, TN, [8] that presents results of a prelimi-
ical inverse problems, geophysical signal processing, geophysicalnary study on the feasibility of subsurface ambient imaging. In
tomography, image reconstruction, seismic inverse problems. that study, no imaging was attempted using real data, but some
important facts were established. First, ambient noise in the ap-
propriate frequency range (up to 100 to 200 Hz) has adequate
energy to be used for subsurface imaging, and second, cross-cor-
I N time-exposure photography, low intensity light is interg|ation of noise recorded by geophones in a two-dimensional
grated over t|me to enhance image brightneSS. A S|m||@_D) array Showed peaks that re|ate to Seismic energy prop_
concept is applicable in acoustics, wherein acoustic or seisrgigating across the array. It was determined that the source of
imaging is performed using ambient acoustic noise as a constgfi spatially-coherent energy was traffic from a nearby road.
source of “illumination.” The idea of passive acoustic imagingp implication of the report is that the ability to suppress sur-
was recently demonstrated in an ocean environment by Bugce wave energy by digital filtering or optimal array design is
ingham and collaborators, in which submerged scatterers Wefgically important in separating ground roll from the upward
imaged using ambient acoustic noise generated by surface WgMhagating body waves scattered from subsurface structures.
action [1]-{3]. The authors refer to this method as "acoustic day- s gssential difference between active and ambient illumina-

light imaging.” We propose extending the concept to SeiSmiyp s that, in the latter case, no time origin exists with respect
imaging of subsurface scatterers, including n_atural _and_ MaB-which propagation delays can be referenced. The illumina-
made underground structures. Sources of ambient SeismiC NQIS{ i effectively continuous and random. A greatly simplified
are microseisms and surface noise due to weather and humagysis is possible if the illuminating waves can be regarded as
actlvny._ . L ) . . . ) spatially incoherent. Spatial incoherence is an idealization im-
~Ambient imaging is potentially attractive since it avoids theyin g that the wave fields scattered from two distinct points in
high cost of the deployment and operation of active seismify, e are statistically uncorrelated over time. If waves are ar-
sources. Moreover, ambient illumination is everpresent, thyS, trom one direction from a distant and localized source,

permitting the “integration” of ambient data over an extendéfly assumption of spatially-incoherent illumination will break

time period. In this way, relatively weak scatterers should eveflawn. However, if the source of noise is primarily from the

tually revegl thems.elvesf after a sufficignt accumulgtion _Of df’:lg’i[,rface, which is generally the case at higher frequencies, then
The basis of an imaging method using ambient illuminatiope 555umption of spatial incoherence is probably quite good
can _be explained as fO_IIOWS' Seismic or acoustic waves 'When the averaging is performed over an extended time period.
pinging on a scatterer will create a scattered wavefront that Will ., he shown that the spatial resolution in an image derived
manifest itself as a spatially correlated signal over a receivigg,, amhient noise is determined essentially by two factors: the
array on the surface. By coherently summing this correlatgg, ., of the geophone array and the spatial coherence length of
signal using a suitable migration (or backpropagation) procgie noise. The latter is approximately the speed of sound divided

I. INTRODUCTION

limits of a passive imaging scheme and relate it to the statistical
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system is derived assuming complete spatial incoherence of ~ -10
noise. Suppose thatr;;¢;) andp(rs;¢2) are signals scattered
from the pointr;, andr.. Then, complete spatial incoherence -5

can be expressed as
-20

Elp(ri;ti) p(ra;it2)*] = P(ty — t2) 6(r1 —r2) (1) .25

whereE[] denotes statistical expectation (i.e., an ensemble ¢
erage)d(r, —ry) is a three-dimensional (3-D) Dirac delta func-
tion, and P(r) is the temporal autocorrelation function of the — _35
noise. Here, we assume a stationary random process, imply
that the argument aP(7) is a function of the time difference -4
7 = t1 — t2. In (1), * denotes complex conjugate, since we re
serve the option of working with analytic signals. We shoul  -45
point out that the relation (1) makes sense for a spatially inc
herent source, but for a scattering problem, (1) will alwaysre -0
resent an approximation whenever the autocorrelation functi
P(7) has some finite duration (i.e., when the noise is bandlir 20 45 40 5 0 5 10
ited). This is because an incident waveform that is correlat
over a finite time (given by the reciprocal of its bandwidth) wili
give rise to scattering that is spatially correlated over distanaag. 1. Point-spread function (PSF) for a scatterer at a depth of 30 m, computed
up to the spatial correlation length of the noise, giverchig, using (16) with surface data only.
where B is the bandwidth of the noise, andis the speed of
sound. As a consequence, the Dirac delta function in (1) will Q¢ ymewhat from the results predicted by the analysis based on
broadened by this amognt. Ifwe con§|der scatterers fa.rther.agﬁﬁ simplifying assumptions.
thanc/ B, then the relation (1) effectively holds. In an imaging
algorithm, it thus makes sense to make our pixel size larger than
this correlation length. Image resolution can also be improved
to some extent by applying a prewhitening filter to the received We model the earth as a distribution of scatterers of varying
signals prior to image formation. Such a filter can help flattestrengths (scattering cross-sections) embedded in a uniform
the spectral response over the available bandwidth which, in tieckground of constant velocity The extension to the case
spatial domain, translates into a narrow point response. of nonuniform velocity can be made, provided that velocity
The assumption of complete incoherence, expressed by (hjprmation can be derived by independent means. We assume
considerably simplifies the derivation of an analytical exprethat the scattering medium is illuminated with broadband,
sion for the PSF. Later, we compare the analytically derived PSpatially-incoherent noise. The noise is then passively recorded
to a more realistic computation of the PSF based on a Morde the surface of the earth & measurement points over
Carlo simulation of bandlimited stochastic noise using arandsome interval of time. Our objective is to reconstruct, or
number generator. We shall see that the Monte Carlo simulatiomage, the scattering density distribution by backpropagating
shows good agreement with the analytically derived PSF. Tlraigrating) the recorded noise into the earth. Because the
simulated images of several scatterers were obtained for veource of illumination is always “turned on,” an image of the
ious numbers of exposures, where each “exposure” refers to agattering distribution can be gradually improved over time
image realization generated from one set of independent ddtg.recursively incorporating new data. The imaging algorithm
“Independent data” means that the interval of time separatingherently sums over the wavefront scattered from a point in
data sets is taken to be greater than the reciprocal of the bathe: earth (equivalent to coherently summing along a hyperbolic
width of the noise. Assuming a bandwidth extending to 200 Hpath in the space-time domain) and assigns this value to the
this implies an exposure interval of 0.005 s. Thus, 100 000 expwrresponding image point. This process is repeated for all
sures would take no shorter than about 500 seconds of recordimgge points until an entire image is generated. Multiple
time. We will see that, as the number of exposures that are awages created over successive time intervals are then added
eraged increases, a gradual reduction in the uncorrelated bawk-an intensity basis as described below. As more data are
ground noise in the image is evident as data are continuouslgorporated, simulations show that the stochastic variability in
incorporated. the (mean) image due to the random nature of the illumination
In the analysis that follows, we make several idealizingradually diminishes, and weak scattering features become
assumptions for the sake of analytical tractability, such asore apparent. After a certain large number of iterations, the
the assumption that stochastic scattering can be modeiedge ceases to improve since all image noise has effectively
as a weighted superposition of incoherent sources, and thaen averaged out. Any remaining artifacts (e.g., the finite PSF
multiple scattering is sufficiently small to neglect. It is likelywidth and sidelobe structure) are due to the inherent resolution
however, that the success of the method will not rest crucialiynits of the system imposed by finite aperture and bandwidth
on any of these idealizations, although performance may depaststraints.

-30

Depth (m)

Lateral Distance (m)

Il. IMAGING ALGORITHM



NORTON AND WON: TIME EXPOSURE ACOUSTICS 1339

Depth (m)
Depth (m)

-20 -10 0 10 20 -20 -10 0 10 20
(a) 1 exposure (b) 10 exposures

Depth (m)
Depth (m)

-20 -10 0 1'0 20 -20 -10 0 10 20
(c) 100 exposures (d) 1,000 exposures

Depth (m)
Depth (m)

20 -0 0 10 20
(e) 10,000 exposures (f) 100,000 exposures

Fig. 2. Normalized images of three scatterers using stochastic data for different numbers of exposures with surface data only.

Below, we describe the imaging algorithm and derive from wherei(r,,, ) is a filtered version ofy(r,,, ). That is
the PSF of the system, which may be defined as the image of
a single point scatterer. The PSF characterizes the lateral and

depth resolution of the imaging system. _ with » denoting convolution an#f (¢) a specified filter function.
Let w(r,,, ?) denote the field recorded at the pointon the ko example F() could be a whitening filter. In (2), the factor
Earth's surface. Then the image generated by the process,pfi. 1. |isincluded to compensate for signal loss due to geo-
backpropagation is given by metric spreading of the wave originating from the paint
For brevity, definei,, (r) = 4n4(r,, |r — r,|/c) |r — r,,| SO
that (2) may be written

W(ry,t) = w(ry, t) * F(t) 3)

N N
O(r) =4 > Uty [r = ral/c) [r — 1] ) O(r) =Y iin(r). (4)
n=1 n=1
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The noise field:,, (r) is a random variable with zero mean. Let- -10
ting £{-} denote statistical expectation (or ensemble average),
we see thaF{O(r)} = 0, since the imag®(r) is linear in the

field u(r, t). This precludes averaging the images on an “ampli- i
tude” basis. We therefore consider averaging successive image
on an intensity basis (i.e., averagif@(r)|?). This, however, 25
leads to a large DC bias in the image that builds up over time. § o
An unbiased image estimator is obtained by subtracting the DC g.}
component as follows: -35
N 2 N -40
Va) _ ~ _ ~ 2
o) =413 anto) - {z o) } ©

which can also be written

N N 20 -15 -10 -5 0 5 10 15 20
O(r) = Z Z E{q},n(r)@,(r)*} (6) Lateral Distance (m)
n=1 m=1
nF#m Fig. 3. PSF for a scatterer computed using (16), assuming both surface and

. . . . borehole data.
Equation (6) shows that if there is no correlation between dis-

tinct tracesi, (r), then the imagé®(r) vanishes as desired. Oth-, S d ise is illuminating th
erwise, it is positive. The first term in (5) bears some resert? © reconstrucé(r). Suppose random noise is illuminating the

blance to the coherence measure called the semblance [9]. medium from many directions, and Igfr; ¢) denote the noise

Suppose we denote Iy (r) theth image realization. We scattered from the point Then the signal received at a point

wish to average many such realizations to approximate the &N the array may be written as the following integral over the

semble average indicated by the expectation opeddf{e} in medium

5). That is, the average @ images is r "t r'—r,
®) g g w(re,t) = /// o'y P |,r fal/el p (10)
M 47I'|I‘ — I‘a|
Ourr) = & ok 7 o : .
m(r) = M Z (r) () Inthis simple model, multiple scattering has been neglected. For
k=1 a 3-D reconstruction, we record data over a 2-D array on the
where thekth realization is defined by surface of the earth. Letting, represent a point on this array

and A the region of the surface occupied by the array, then the

N 2 N backpropagation operation can be expressed as follows, where,
OM(r)=>" aP ()| = > (). (8) for generality, we again allow filtering prior to backpropagation:
n=1 n=1

- 2. 4
To avoid storing large amounts of data, one can update the av- O(r) = 4n // d°r, i(ra, |1 = ra| /C) |1 — 14 (11)
erage (7) recursively as more data become available. Given the A

average) () formed after)! image realizations, the updatedyhich is the continuous space analogue of (2). Once again,

averagedy+1(r) after thed + 1 realizationO""+!(r) be- i(rq, ) is a filtered version of the recorded datér,, t), i.e.,
comes available is

M
M+1

1 U(rq,t) = u(rg, t) * F(t) (12)

Opn(r) + —— OWM+(ry,  (9)

Opqa(r) = Ml

for a specified filter function?'(¢).
To compute the image, we substitute (10) into (11) and inter-

[1l. DERIVATION OF SYSTEM POINT SPREAD FUNCTION change orders of integration. This gives

Below, we derive an analytical form for the PSF. Our basic Olr) — B , e
objective is to evaluate analytically the first term in (5), which (r) = v o(r') Ta
A

represents the actual image. The purpose of the second term

is esse_nti_ally to eliminate a DC bias, or constant background, . |r/_ Ta| ;e —ra|/c— v’ —r4|/d] (13)
from this image. For analytical tractability, we assume that the |r" — 4

receiving array is continuously sampled, in which case, the s

overn in (5) becomes an integral over the array aperture. \K@
model the medium as a continuum of scatterers embedded i
background of constant velocity The density of scatterers at

the pointr is denoted by (r);. Thatis,o(r) can be regarded as a 5 3 o ,
continuously varying scattering cross-section, and our objective EllO@)F] = /// &°r’ o(r')” PSKr; 1) (14)

erep(r;t) = p(r;t) = F'(¢). Now take the absolute square
é13), perform an ensemble average, and use the relation (1).
his gives rise to the following result:
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Fig. 4. Normalized images of three scatterers using stochastic data for different numbers of exposures assuming both surface and borehole data.

where PSEr;r’) is the PSF defined by

PSHr;r) // d’r, |r |// d’r’,
r —r,

r—r a|
A P(R, — R'2)/d] (15)
with
R,=r—r,| —|r' —r,]
Ro=r—1, |-t =1,

In (15), P(7) is the filtered version of?(7), i.e., P(r) is the
autocorrelation functio®[p(r; ¢ + 7)p*(r; t)].

We can simplify the above expression for the PSF as follows.
Let P(w) denote the Fourier transform &f(t), that is

= / P(w) ™t dw.

Note thatP(w) is the noise power spectrum. Then

o=

P(w) |F(w)[?e™t dw
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whereF(w) is the Fourier transform of the filter functiafi(¢).
Substituting this into (15) results in

guality reaches a steady state above about 1000 exposures. This
means that nearly all of the stochastic variability has been elim-
inated at this point, and the remaining artifacts (PSF broadening
and sidelobe structure) are determined by the inherent band-

oo - . width and aperture limitations of the system.

PSRr;r) = /_Oo dw P(w) |F@)’|As(mr)P (16) ' 1he apove simulation assumed an array of 20 geophones on

the surface of the earth. Another simulation was performed with
where both surface geophones and borehole geophones. The same
scatterers, velocity, and noise bandwidth were assumed. In this
case, however, 60 geophones were assumed in the simulation,

A(rir) = // &r Ir — 1, 20 on the surface, 20 distributed vertically down a borehole to

“A Y — g the left of the scattering region, and 20 in a borehole to the right
f-qexp[iw(|r Cra| - -/l @) of the scattering region. The three geophone array segments,

one surface and two borehole, were assumed to be of the same
length (95 m). The PSF for this array configuration was again

. N
Clearly, at each_frequency, the_fu_nctmn@dr, r’) wil b_ecomg computed using (16) and (17) and is shown in Fig. 3. Next, the
large when the image pointcoincides with the scattering point ; . I

results of a Monte Carlo simulation are shown in Fig. 4. Note

r’ since then the exponent vanishes. In the next section, we show, . :
a numerical computation of the PSF using (16) and (17), t}Rdat both the PSF and the simulated images are sharper and

: . : Aore symmetrical due to the extended system aperture created
compare it to a Monte Carlo simulation.

by the addition of the boreholes data.

IV. SIMULATIONS

Fig. 1 shows an image of PSF P$Fr,) obtained by nu- V. CONCLUSION

merically evaluating (16) and (17) over a linear array. In com- L L . . .
y g (16) (17) 4 A theoretical investigation of the possibility of imaging un-

puting the PSF, the scattering point was placed at (0, —30) q lovi bient illuminati
in units of meters. Twenty receiving elements were assuméj(?,rgroun sc.attere'rs employing ambient illumination was pre-
nted. For simplicity, we assumed that the scatterers were em-

spaced at 5-m intervals (implying an array length of 95 m). T
pgwer spectrum’5(w) wa(s e?s)slur%ed for Zimpﬁcity to ext)enjidded in a constant velocity background, but the extension to
' ’ onuniform velocity is expected to yield qualitatively similar

uniformly to 200 Hz. A velocity of sound of 500 m/s was used | der th i ¢ iy incoh .
We note that if the velocity is scaled up and the noise bandwidffSults- Under the assumption of spatially incoherent noise, an

remains unchanged then the appearance of all images will _alytical.expression for the PSF was derived. T_his express.ion
main unchanged, provided all distances are scaled in proport racterizes both transverse and depth resolution and defines
to the velocity. their dependence on array length and the ambient noise band-

Fig. 2 shows the results of a Monte Carlo simulation using (y;;'d:h' hftpr}te Carlo smulaggns ':Nereﬂ?erforr;etd to demotnstratel
and (8), which combine multiple image realizations, each gené atmulliple exposures, added together as data are continuously

ated by the backpropagation process defined by (2). In the siﬁ?—qu'r?d’ will d|rr1|!?|sh uncorrelated background noise and im-
ulation, three scatterers were assumed at coordinat&2.p, prove image quaty.
—20), (—2.5,—35), and (12.5;-45). We regarded each of these
three points as behaving effectively as independent sources of
broadband random noise. As noted, this is a reasonable model
when the noise correlation distance is smaller than the scatterer
separations. Finally, surface interactions and multiple scatteringi] M. J. Buckingham, B. V. Berkhout, and S. A. Glegg, “Imaging the ocean
between the scatterers were neglected in the simulation. with ambient noise,Nature vol. 356, pp. 327-329, 1992. _
Th b f indicated in Fia. 2 is defined the[2] M. J. Buckingham, “Theory of acoustic imaging in the ocean with am-
e number o e>_(posures n 'C"?‘ edinkig. 21 _e Ined as bient noise,”J. Comut. Acoustvol. 1, pp. 117-140, 1993.
number of termsV/ in the summation (7). In each image real- [3] J. R. Potter, “Acoustic imaging using ambient noise: Some theory and
ization, backpropagation to a 2010 array of pixels was per- simulation res_ults,‘J. Acoust. So_c. Amekrol. 95, pp. 21—33_,_1994.
f d with ixel . f5 The si [4] L. J. Katz, “Microtremor analysis of local geologic conditiongull.
ormed with a center-to-center pixe separatlonq m.The sim-"" gis 'Soc. Amenol. 66, pp. 4560, 1985.
ulated scattered wavefori(r, t) was created using a random [5] ——, “Passive seismic groundnoise: A novel approach to exploration,
number generator to produce azero-mean, uniformly distributed Extended abstract,” iRroc. 55th Annu. Int. Meeting Society Exploration
f | li . | of 0.0025 GeophysicistswWashington, DC, 1989, pp. 181-183.
sequence of samples at a sampling interval of 0.0025 s, Corre;) s p cole, “Passive seismic and drill-bit experiments using 2-D arrays,”
sponding to a Nyquist rate of 200 Hz. This implies a noise corre-  Ph.D. thesis, Stanford University, Stanford, CA, 1996.
lation Iengthc/B equa| to 2.5 mwhe® = 200 Hz and: = 500 [7] S. P. Cole, J. F. Claerbout, D. E. Nichols, and L. Zhang, , “The ambient
m/s. Thus, the center-to-center pixel spacing is greater than th?a
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