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Fine-Scale Acoustic Tomographic Imaging of
Shallow Water Sediments

Dezhang Chu, Dajun Tang, Thomas C. Austin, Alan A. Hintdember, IEEEand Richard I. Arthur, Jr.

Abstract—An acoustic tomographic system capable of per-  In mapping sound speed and/or attenuation in sediments,
forming in situ two-dimensional (2-D) acoustic imaging of crosshole tomography is probably the most commonly used
shallow water sediments is described. This system is capable Oftechnique [9], [12], [19]. Conventional crosshole tomography

resolving inhomogeneities greater than 10 cm and differentiating . .
sound-speed variations greater than 2%. A tomographic inversion involves two (2-D) or more (3-D) vertical transducer arrays

is performed in a 2-D vertical slice of about 1 n¥ (1 m x 1 m) With a mapped region from a few meters up to hundreds
using three identical probes, with each consisting of 20 evenly of meters. The spatial resolution, which is limited by the

distributed transducers. In normal deployments, two of the probes  applied acoustical frequency and the geometric dimension of
are oriented vertically and are separated by about 1 meter, and the the mapped region, is in general in the order of meters [11]

third is positioned horizontally right above the two vertical probes. 141 1191 H - fi licati iVoIVi
The additional horizontal probe greatly improves the horizontal [14], [19]. However, in many acoustic applications involving

resolution of the system compared to conventional crosshole tomo- high-frequency sonar systems, the acoustic wavelength is in the
graphic setups. Numerical simulations are performed to evaluate order of centimeters [21]-[25]. The inhomogeneous structure

the influences of arrival time detection error and transducer of the acoustic properties in the top sediment layet m),
position error on the performance of the tomography system. For g,y a5 sound speed and attenuation, could have considerable

an arrival time of 500 ns (standard deviation) and a position error . fl both tati d bistati tteri 22
of 4 mm (standard deviation), sound-speed anomalies of greater NflUNces on both monostatic and bistatic scattering [22],

than 0.8% can be correctly predicted near the upper portion (close [24]-[29]. To better describe the scattering by such sub-bottom
to the horizontal probe) and are resolvable near the lower portion. inhomogeneities quantitatively, a finer scale characterization

A controlled laboratory experiment was conducted to evaluate of the acoustic properties of the surficial sediments (on the
the performance of the system. The location of a polyurethane qar of one meter and with centimeter resolution) is required.

block (Conap EN22) used as a known target is correctly predicted Clearlv. th | di i | hole t h
while the inverted sound speed is about 9% lower than that from early, the §Ca €S used in conven |0na_ Cross o_e omograpny
its actual value. Field data taken from a saturated muddy site dO not provide the necessary resolution for high-frequency

are presented and analyzed. The inverted mean sound speed andacoustic applications.

attenuation are about 1480 ms™ and 20 dBnT", respectively. Furthermore, crosshole tomography uses only two vertical
Index Terms—Acoustic imaging, acoustic tomography, acoustic arrays: the horizontal resolution and the robustness of the in-
velocity measurement, inverse problem, sediments. version strongly depend on the ratio of the vertical scale to
the horizontal scale. If this ratio is small, the resultant hori-

|. INTRODUCTION zontal resolution from the crosshole tomography will be poor

.and may not differentiate the small-scale horizontal variabil-

COUSTIC properties of marine sediments are ofgreatlr&i-es observed in the surficial sediments [6], [20]. Rajein

terest and importance to underwater acousticians and rgﬁ-[%] conducted a crosshole tomography experiment in the

rine geophysicists. A large number of publications concernil)_\qrCtiC in 1989 to image the sound speed in sea ice. To im-

laboratory and field measurements of marine sediments have . : .
. : i rove the horizontal resolution, a horizontal array whose el-
provided substantial knowledge toward our understanding of the . . i
. : . . ; ment separation was 1 m was used in between the vertical
acoustic properties of marine sediment [1]-[6]. A major shorf- : .
arrays whose element separation varied from 0.25 to 1 m.

coming of these measurements is that the data lack continug\u§Otal of 22 transducers were used in an imaging region
coverage over spatial regions of interest. Tomography has b% nabout 13 @ (about 9 M in the ice and 4 r’?\gingtheg

widely used to obtain continuous maps of many acoustical, geoéter). They achieved 0.3-m vertical resolution and 0.6-m

physical, and oceanographical parameters [7]-{18]. Recen I>érizontal resolution, respectively, in the upper portion of the

this technique has been applied to sediment imaging that covi%qsa 0 reqion where the rav coveraae is higher. More re.
the surficial sediment layer [19], [20]. ging reg y 9 gner.

cently, a broadband (1 Hz-15 kHz) tomography system was
constructed at the University of Miami GeoAcoustic Labora-
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iment is presented in this paper. The system consists of thige, the sound-speed variation has been assumed to be small over
probes (arrays), two vertical probes resembling the crosshotles scale of an acoustic wavelength [40].

configuration, and an additional horizontal probe that providesTo proceed from (1) and simplify the analysis, the following
more rays with large grazing angles. It is capable of achievimgsumptions are used throughout the paper:

a spatial resolution up to a few centimeters and differentiating a « straight ray path;

few percent variations in sound speed within the tomographic « single ray path:;

region. To evaluate the performance of the system, extensive« no dispersion.

numerical simulations are performed. Issues related to the €y first assumption requires that the sound-speed gradient in
tection errors of arrival time and the uncertainty in transducg{e sediment over an aperture of 1 m be small. The second as-
positions are addressed. A controlled laboratory experiment Ellmption requires all multiple rays are resolvable in the time
volving a known scatterer was conducted to test the performanggnain. The last assumption allows one to ignore waveform
of the imaging system. Data and inversion results from a fielflstortion due to diffraction, multiple scattering, and strong fre-
experiment are also presented and discussed in this paper. uency-dependent attenuation.

The paper is organized as follows. Theoretical background ISApplying the above assumptions to (1) and discretizing the

provided in Section I1. The newly developed fine-scale acousiigyation, a linear relation between the slowness and the arrival
tomography systemis described in Section lIl. In Section IV, Ngme can be expressed in a matrix form as

merical simulations are presented to evaluate the performance of

the system using realistic parameters, while the laboratory and t=Ds (2)
field experimental data are analyzed in Section V. Conclusions T T
are given in Section VI. wheres = [s1 sz -+ sp]" andt = [ty &> --- t,]" are

vectors of the slowness and the measured arrival time, respec-
tively. Integersn andm are the number of rays and number of
inversion cells, respectively. The matdX is the kernel with a
dimension ofr x m, whose elemenb;; is the distance within
Acoustic tomography is a technique with which the imagege jth inversion cell for theth ray. The symbol” stands for
representing certain acoustic properties in a specified regigftrix transpose.
can be determined indirectly. This technique is always associ-The inversion problem of (2) is underdetermined, even-de-
ated with solving an inversion problem, and in most casesi@mined, or overdetermined far < m, n = m, andn > m,
linear inversion is sufficient. Although the technique inVOlVingespective|y_ For an underdetermined inversion prob'em' the so-
a more sophisticated and computationally intensive diffractiqition will be nonunique. To avoid the nonuniqueness, more
tomography, in which the entire wave field is to be determineghys than unknowns (averaged sound speeds in the inversion
has been reported by many investigators [8], [13], [31]-[34],@lIs) are needed. However, since the arrival times are not fully
travel-time or ray-based representation of the linear systemjdgependent of each other, the overall problem is mixed, i.e.,
chosen for our current applications [35]. It is worth noting thafome of the cells are overdetermined and the rest are under-
the imaging system itself will not be affected by the choice gfetermined. The objective function to be minimized for such
inversion techniques. a mixed problem is a combination of the weighted least-square

In acoustic tomography, several approaches have been uggd weighted minimum-length criteria and can be expressed as
to solve a linear inversion problem, including the weighte 6]

damped-least-square (WD-LSQ) method [36], [37], algebraic

reconstruction technique (ART) [7], [38], and the simulta- Q@ = (t — Ds)" Wy(t — Ds) + A(s — (s))"W(s — (s))
neous iterative reconstruction technique (SIRT) [10], [39]. 3)
Lakshminarayanan and Lent [39] have shown that SIRT is

essentially equivalent to the WD-LSQ. The ART, a techniquehereW,; andW, are data (arrival times) and model (slowness)
often used in medical tomography, uses local (along individuakighting functions (matrices), respectivély, defines the rel-
rays) minimization, and in general, converges slower than thtive contribution of the error associated with each individual
methods using global minimization (on all possible rays) suc¢hy to the total prediction erroly, , stands for the relative con-
as WD-LSQ or SIRT. In this paper, we chose WD-LSQ to solvigibution of the arrival time error of thgth ray to the arrival

Il. BACKGROUND OF SOUND SPEED AND ATTENUATION
TOMOGRAPHY

the linear inversion problem. time error of theith ray. If the errors are uncorrelated, the data
weighting matrix is a diagonal matrix. Similarlif’,,. defines
A. Sound Speed Tomography the relative contribution of the model estimation error of ftte

ggll to the model estimation error of tih cell. Since the sound
speed is almost always spatially correlated, the model weighting
matrix W is in general not a diagonal matrix. The explicit forms
e / s(r)|dr| 1 of the two ngghting matrices_ are di_scussed in Sections Il and
r IV. The function({s} is ana priori estimate of slowness and

) N _ is a damping factor. We differentiate (3) with respecttand
wherer is the position vector and stands for the particular ray gg)yve fors by setting the differentiation to zero

path corresponding to the arrival tinieln obtaining the above
equation, the applicability of the ray approximation is implied, s = (s) + [\W, + D" WyD]| "' D" W,(t — D(s)). (4)

To obtain a sound-speed image, we start with the integ
equation which relates the acoustic slowneasd arrival timet
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If we designate aa priori estimate of the slownegs) in the with the constantn which is the number of inversion cells de-
above equation as the slowness estimated frormthdtera- fined in the paragraph following (1)]. The latter consists of the
tion, an iterative WD-LSQ linear inversion solution for a mixedegment distance matri®® and the matrix of the arrival time

problem can be written as derivative with respect to the position coordinate/dp
-1
S0 = s L [XOW, + DTWuD|  DTWa (t - Ds™ m— [AS} - { p ot } ' (11)
( ) AP ’ ap
where the damping factox is a function of iteration number.

: 3 Following the same procedures from (3)—(5), the new iterative
The variance matrix is found to be WD-LSQ solution is found to be

_ _ Tia _ ry—gry—gT
Coo =~ o) (3 —im)) = 670 ©) mtY = m™ 4 [A(")Wm + K(")TWdK(n)} 1
whereG 9 is the generalized inverse [36] -
K™Tw, (t - K<">m<">) 12)
G 9 =[\W, + D'W,D| ' DTWw,. 7
N . . where W, is the new model weighting function (matrix). In
In many situations, the precise positions of the transducqﬁs case, the distance matiX is no longer a constant matrix

fanldgv]late frt(_) m t2e|_r de(?gnled pos;tlons as ﬁ resttj]lt of s:{tr it rather the one that is revised for each iteration. The variance
ural deformation during deployment (e.g., when the vertic atrix, (6), is therefore a function of the iteration number. The

probes are pre;;ed inFo sediment). Such unavoidable errorgdﬂnd-speed difference can be obtained using the following re-
transducer positions will affect the accuracy of sound-speed Ib

versions. To compensate for this type of error, (5) needs to ngn

modified. To establish the explicit relation between the slow- Ac = _E_ (13)
ness and the relative position changes, we first assume that the s

transducers have a small amount of deviation from their orig- Since arrival timet is not a linear function of the position
inal positions. These deviations are treated as unknowns in tletorsp, (8) is valid only for small position fluctuations (first
inversion process [9], [11], [30]. We then differentiate the gowsrder approximation). Therefore, (12) and (13) are applicable

erning equation, (2), and replace small incremefttsis, and only to cases where the position errors are small, which is true

dp with At, As andAp, respectively for the current applications.
At = DAs + g_t Ap B. Attenuation Tomography
ot pA The amplitude of the received signdlcan be expressed in
=|D—— > (8) terms of the amplitude of the transmitted signal as
op] [ Ap
where Aw s = Ag exp <—% / ozsz(r)|dr|> (14)
r
Ap — Ax ©)
P=1 Az where Ay is the amplitude measured at a reference distance,
. . P usually 1 m, in watery is the attenuation coefficient in sediment
withx = [z1 @2 -+ @] 2 = [51 22 -+ 2,]" being i, neper/m, and is the position vector along the ray pathThe

the coordinate vectors of the transducers, @pthe number of sypscriptaw ands stand for water and sediment, respectively.

transducers. The second term in the first square bracket of @) ignoring the attenuation in water, we can solve (14)dor
is the vector form differentiation with respect to a vector and is

defined as / (1) dr] = —2 In < As ) ' (15)
B Btl Btl Btl Btl Btl Btl ] r Aw
Oz, Oy Oz, Oz Oz Izn, By defining the ratio of the received amplitude in sediment
ot Oty Oty o Oty Oty Oty . dt, and that in water as
— = | 0r1 Oz 0, Oz Oz 0z, .
P 3 A
op a,,jE—2ln<AS> (16)
It Oty ot, Ot, Ot, Oty v
| Oz Oz Or,, 0Oz Oz 0z, | whereln is the natural logarithm. The matrix form solution can
(10) be obtained by discretizing (15)
The explicit expression @ft; /dz,; anddt; /0z,; are given in the a, = Da, (17)
Appendix.

To simplify the matrix expression of the final solution, we dewhere D is the same as in (2). In contrast to the sound-speed
fine the vectomm as a new composite model vector and the maaversion, the impact of position errors on the outcome of the
trix K as a new composite kernel. The former includes both tiagtenuation inversion is less important since the amplitude of
slowness and position coordinates vectpfnot to be confused the received waveform is not sensitive to the position errors.
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Fig. 2. Typical composite spectrum of a pair of transducers.
. . 95 cm
* . . the imaging plane. The exact beam pattern is not important
J . 38 em since only the relative amplitudes will be used in the inversions.
2 em . The cylindrical elements are potted in polyurethane, suspended
: between two high-strength steel stiffening bars. The diameter
v of the probe is 3.81 cm, expanded slightly at the top to accom-

thin printed circuit board extends along the entire length of the

probe, outside of one of the steel bars. In addition, a stainless
Fig. 1. Schematic diagram of the fine-scale acoustic imaging system.  steel tube connected to the probe tip is used to allow the use of
a water jet for assistance in penetrating hard sediment. Table |
Bﬁts several key specifications of the system.

Water Jet) modate the interface circuitry and connector pigtail. A long and
95 cm

Therefore, our attenuation inversion model ignores the positi _ _ o
error and the interation scheme can be expressed explicitly as Each transducer (channel) is capable of either transmitting or
receiving, but not both at the same time. Once a channel on a

agn+1) _ agn) + |:)\(n)W(y + DTWdD:| -1 probe is selected as thgtransmitter, transdugers on Fhe other two
' ' probes can be sequentially selected as receivers. Since there are
-DTw, (ar _ D(n)agn)) (18) 20 transducers on each probe, the total number of possible in-
dependent rays are 1200 (Fig. 3). The two vertically mounted
whereW, is still the model weighting function as in (5). probes together with the third horizontally mounted probe pro-
vide a basis for a better horizontal resolution and a more robust
inversion result than that from the conventional crosshole to-
IIl. SYSTEM DESCRIPTIONS mography. The imaging region encompassed by the three probes

The acoustic tomographic system consists of three identiéafoout 1 m. Itis obvious that the upper portion of the imaging
1-m-long probes which are attached to a rigid frame and coiggion has more ray coverage than the lower portion. It is not
nected to a subsea electronics pressure housing (Fig. 1). ‘BHEPrising that such an uneven ray coverage results in a higher
subsea electronics module contains a transmitting unit, a &Patial resolution in the upper imaging region as compared to
ceiving unit, and a microcontroller for multiplexer and gain corfhe lower imaging region.
trol. A multiconductor cable connects the subsea electronicsA surface PC is used to control the entire system. A Win-
pressure housing to a surface PC via an analog data line artbes-based data acquisition software (Visual Basic) is used to
serial port for surface—subsea communications. A small powsslect settings relevant to the data acquisition such as transmit
supply is the only other surface equipment required to operated receive channels, number of pings/channel, programmable
the subsea electronics. gain, and other system parameters. During data acquisition, in-

Each probe consists of 20 evenly spaced transducers (chdimidual transducers are selected by the data acquisition soft-
nels) separated by 5 cm. The transducer ceramics are fwere for transmit and receive, and a specified number of pings
flooded cylindrical rings, with a resonance frequency arourate transmitted. The received analog data are amplified, sent to
90 kHz and an approximately 40 kHz (transmit and receivé)e PC, digitized with a 12-b A/D data acquisition board (Na-
composite bandwidth (Fig. 2). The transducers have a toroidi@nal Instrument) installed on the PC, and then stored on the
vertical beam pattern with their longitudinal axes perpendiculbaard disk for post processing.
to that of the probe itself (their azimuthal beam pattern is Our goal is to resolve inhomogeneities of about 5-10 cm in
omnidirectional), so that their beam patterns are aligned wisize and with 2% sound-speed variation. To this end, assuming
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TABLE |
SPECIFICATIONS OF THEACOUSTIC IMAGING SYSTEM

No. of probes 3 (2 vertical and 1 horizontal)
No. of transducers/probe 20

Transducer (channel) separation 5 cm

Center frequency 90-100 kHz

Transducer bandwidth (3 DB) 40 kHz (composite)

Transmit waveform 4 selectable waveforms

Source level output 170 DB re 1 ;P @ 1 meter

Recciver sensitivity 210 DB re | V/uP

Equivalent input noise 40DBrel uP / VH=

Beam pattern toroidal in the vertical plane and approximately

45° horizontally due to the printed circuit board

and the steel stiffening bars

sampling rate 1 MHz
sample digits 12 bits
dynamic range 120 DB (peak signal) with 1 Hz bandwidth noise

square cells are used in the inversion, the required arrival tir
resolution is approximately

v ]

whered is the cell size,L the probe length, and the sound
speed. Insertingrc/c = 0.02, L = 1.0 m, ande = 1500 ms ™,

we obtain
0.1 0.1
0.02)[ — } =~ 133.3(ns
<1500>( )<1.0> (ns)

A~ { 4=01m (20)
0.05 0.05
(0.02) ~ 33.3 (ns),
1500 1.0 bl . | . . . .
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for cell size of 10 and 5 cm, respectively. Since the highest sahig- 3. Ray path diagram. Probe 1 is on the left and probe 3 is on the right.
pling rate of the A/D board is 1 MHz, or 18s of sampling 0 2tar Eree e e ered rom e o the right. In
interval, the original raw data cannot provide the required saffe diagram, each transmit channel corresponds to several reception channels.
pling rate. To overcome this difficulty, we take advantage of
the finite bandwidth of the transmit signal, which is centered at
around 90-100 kHz with about 40-kHz bandwidth. For 1-MHz
sampling frequency with a 20-MHz clock rate, the Nyquist fre- In this section, a series of simulations are performed and the
guency is 500 kHz, about four times higher than the maximuimversion results are discussed. In each simulation, a number
transmit frequency, and the jitter of the waveform is 50 ns. Th iterations are performed until a specified threshold (the rms
amplitude at greater than 300 kHz is essentially flat (with ramodel difference betweeith and ¢+ 1)th) is reached. All sim-
domly distributed spikes on the spectrum) and believed to bkation parameters are chosen to be consistent with those of the
due solely to background noise. The level is about 65 dB bel@gtual acoustic imaging system specified in the previous section.
the maximum value (not shown in Fig. 2). Therefore interpola- There are two major sources of error that affect the accu-
tion using FFT/IFFT with zero padding is expected to providecy and robustness of our inversion results: unavoidable arrival
satisfactory time resolution required by (20). In actual data prtime detection error and the uncertainty in transducer positions.
cessing, the signal used for arrival time detection has a time r@s-evaluate the system performance, a synthetic sound-speed
olution of 10 ns (a factor of 100 interpolation). model is used. This model includes seven simulated rectan-

IV. NUMERICAL SIMULATIONS



CHU et al: FINE-SCALE ACOUSTIC TOMOGRAPHIC IMAGING OF SHALLOW WATER SEDIMENTS 75

[ = — 188 Inversion Cell Indexing
(n,xn.)
m
1
" 1 2 Ne-1 ne
- . Ne+1|Me+2 M -1 20,
1w
E @
E = 500
=)
B g
. 1”
m
- T
L]
] e TR R T - — WM n Nelinne
a 1] E ] W 5] = [ ] o B Bl ]

i . ) Fig. 5. Diagram of inversion cell indexing, wherg andn.. are the numbers
Fig. 4. Exact sound-speed image. Sound-speed anomaly is less than 2%.of cells in each column and the numbers of cells in each row, respectively.

gular regions whose sound speeds differ from the baCkgrout%(igenerate a mean inverted sound-speed image using (5). The

sound speed (Fig. 4). This synthetic model is chosen to be more parameters,, anda are chosen to be e and 0.8, re-

complicated than those used by many previous investigat%rsectivel Two examples of the simulation results are shown
[10]-[12]. The maximum sound-speed variation of the synthetnp y- b

model is 2%, the tomographic area is 1.041.0 m, and the in Fig. 6(a) and (b), where the thin solid lines are the synthetic

total number of channels is 60 (20 on the top, left, and rightsidfeecs):lﬂfs'sf)r??:? mgg F;l an?stzztt?:lé:zhedrohr\:\?;|:ri?1 tEie mg(ir)smn
of the region, respectively). The inversion cell size is chosen o ’ 9. oA 9. '

be 10 cm, yielding a 16 10 inversion grid system. The iter-C At is set to be 500 ns. Transducer positions are assumed to

. . be precise and therefore errors associated with positions are not
ative approaches given by (5) and (12) are used. The dampin .

! . . ! InCluded. The agreement between the synthetic model and the
factor X is allowed to decrease with the number of iterations 10

. ) : inverted sound speed is excellent [Fig. 6(a)]. Only small wig-
allow a better fit to the arrival time data [14] gles 0.05%) are present when cell inde85, corresponding

A=a" ) (21) to the lower portion of the image region (away from the hori-

where ), is the initial damping factor that controls theZontal probe), where the poorest inversion results are expected.
smoothness of the reconstructed sound speed [16k 1 Evidently, the inversion results shown in Fig. 6(b) are deterio-

is the reduction constant, and is the iteration number. As 'ated compared with those in Fig. 6(a). However, the anoma-
n — o0o. A — 0. As for the data and model weighting'ous features of sound speed are still captured from the inver-
; :

matricesW, and W,,,, the explicit forms could be different SION- The errors become more pronounced as the cell index in-

depending on the actual problem and the assumed properfERASes- The variations of sound-speed mismatch (standard de-

of the inhomogeneities [36], [30]. In the current applicatior!iation in Ac) as a function of arrival time detection erros,
the data weighting matrix¥’, in the simulation is chosen to &n be approximately characterized by a straight line from a

be an identity matrix. The model weighting matri%,,, is linear regressiion [fig. 6(c)]. The slope o_f the rggression line is
chosen to specify the spatial continuity condition such that tG&OUt 4'91m3 ps~". Therefore, a 2% variation in sound speed
model itself or its spatial derivative is a continuous function. T630-0 MS ™) could be identified if thera, < 2 s, assuming a
perform the inversion using (5), a systematic indexing Systeqlle;tectmn threshold ratio of 3:1 is used, i.e., the inverted stan-

of the inversion cells needs to be determined. There are a t§a[d deviation in sound speed is three times larger than the
of n. x n,. grid cells used in the inversion, i.@.,n,. unknowns, potential inversion erros .. For a sampling interval of 1.0s

wheren.. and n.. are the number of cells in each row andWithout FFT/IFFT interpolation discussed in Section IlI), a
column, respectively. Cell index increases from the left to tife0:S arrival time tolerance is found to be reasonable.

right and from the top to the bottom (Fig. 5). Note that larger . N

indices of the inversion cell correspond to the lower portion & Errors in Transducer Positions

the imaging region. When the probes are buried in the sediment, the precise posi-
) ) ) ) tions of the transducers are unknown. As discussed in Section I,
A. Errors in Arrival Time Detection the position errors can be corrected using (12). Indexing of the

To evaluate the sensitivity of the sound-speed inversion to thransducers is described in Table II.
errors in arrival timeAt, we assumé\t follows a Gaussian dis-  To simulate the position error, as in the arrival time simula-
tribution with zero mean, and a standard deviatiomofin the tions, a Gaussian distributed position error with zero mean is
simulations, randomly generatéd; is added to the arrival time used. Again, ten realizations are used to generate an averaged
of the jth ray. A total of ten realizations are used for eagh inversion result. To add position errors, we further assumed that
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Fig. 6. Comparison of the exact sound-speed inversion using (5). The total number of the inversion grid ceks16,Mith 10-cm spatial resolution. The

model weighting matrix is chosen to be a flathess matrix [36], while the data weighting matrix is chosen to be an identity matrix. The initial detophg fa

and the reduction facter are chosen to be teB and 0.8, respectively. Uncertainties in transducer positions are set to zero. Standard deviations due to arrival time
detection are set to (a) 0 ns and (b) 500 ns, respectively. Ten realizations were averaged to generate the results for each designated arcivahtermerdete

For each realization, only two iterations were used since more iterations provided essentially the same results, indicating a fast convetigiensalidr e

is the synthetic model while the thick solid line is from the numerical simulation. (c) Standard deviation of sound speed versus standard daviasibtinoé
detection error. The dotted-solid line is from the simulation while thick solid line is the linear regression.

TABLE I pletely lost [Fig. 7(a)]. If the position correction algorithm (12)
SCHEME OF TRANSDUCERINDEXING is used, the inversion results are greatly improved [Fig. 7(b) and
- (c)]. The dots in Fig. 7(c) are the differences between the orig-
indexes probe/channels inal positions and the true positions before inversion, i.e., posi-
1-20 probe 1: x (ch. 1 - ch. 20) tion errors due to erroneous initial position estimation. The solid
21-40 | probe 2: x (ch. 1 - ch. 20) line is the position errors after position correction. In the simu-
4160 | probe 3: x (ch. 1 - ch. 20) Iations{the position errors intr@edirgction (out of the_imaging
6180 | probe L # (ch. 1 - ch. 20) plane,.l.e.x—z plane) are ignored since they are of hlgher order
‘ error sinceAt o< (Ay)? for small Ay. Clearly, by including po-
81-100 | probe 2: z (ch. 1 - ch. 20) sition correction formulation, (12), the inversion result is greatly
101-120 | probe 3: z (ch. I - ch. 20) improved and the position errors resulting from the incorrect ini-

tial position estimate have been corrected.

When the position errors are doubledtg, = oA, = 8mm,
Az and Az have the same probability density function (PDFYthe inverted sound speed has larger variations compared with
i.e.,oaz = oa.. |fthe position correction algorithmis not usedthose in Fig. 7(b), but all seven sound speed anomalous blocks
a small amount of position error (standard deviation of 4 mnapn still be clearly identified [Fig. 7(d) and (e)]. In addition, the
will distort the reconstructed sound-speed image substantighgsition errors have been substantially reduced when compared
and the features of the original synthetic model are almost comith the original position errors [dots in Fig. 7(e)]. Unlike the
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Fig. 7. Similar to Fig. 6 except that the position errors are included and the arrival time detection error is set to zero. The inversion paraimesamaras
those specified in the caption of Fig. 6 except that ten iterations were needed to obtain reasonable convergence. (a) Inversion is perform@d psisigdh)
correction), the standard deviation of the position errorsds = 0. = 4 mm. (b) and (c) are the same as (a) but using (12) to incorporate the position error
correction. The thin solid line is the synthetic model while the thick solid line is from the numerical simulation. (d) and (e) are the same as @jcapd {oat

oaz = 0a. = 8 mm. (f) Standard deviation of the sound speed versus the standard deviation of the position error.

results for the case of zero position error [Fig. 6(c)], the rel@onlinear since the kerné{ is a function of the transducer po-
tionship betweemrA. and the position errors,, andoa. is  sitions and is modified after every iteration [Fig. 7(f)].
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8 V. EXPERIMENTS

(=]

In this section, two data sets are analyzed, one from a labora-
1620 tory experiment and the other from a field experiment.

&

1E A. Laboratory Experiment

Since the spatial scale involved in the crosshole tomography
is usually several meters or larger [11], [19], [20], [30], [41],
laboratory experiments with scales the same as field applica-
T4En tions are not practical. As a result, only numerical simulations
are frequently used in evaluating the performance of a partic-
ular tomography system. However, numerical modeling is still
an idealized approach in which effects such as ray bending, mul-
tipath, and diffraction are ignored (see original model assump-
tions specified in Section II). To test the actual performance of a
tomographic system, controlled laboratory experiments are de-

DEATH (orm])

2% 38wy

sirable.
Eh‘:_h_'_ I — m] A laboratory experiment was conducted in a 2.45xm
& =y | || I|| |’1 3.65 mx 1.50 m tank filled with sea water to about 20 cm from
E,w‘,.ﬂJ H ;.._,.,._.,,J‘._,.;"L - M |1[L' ""i!"i' the top. During the tank experiment, the imaging system was
& ||| -.] |||II' IH ! horizontally placed in the tank about 65 cm (middle of the water
E"’”l' column) from the bottom. A cylindrical polyurethane block
e - - o - -~ (Conap EN22) of 14.5-cm diameter and 7.3-cm height was
CELL INDEX placed near the center. The axis of the cylinder is perpendicular
- ] to the image plane (parallel to the normal of the image plane).
- it ' | The measured sound speed in the water and the polyurethane
E ol _ _ " " block are 1507+ 4.0 ms' (17 °C) and 1816+ 11.0 ms!,
5 P P LS . LS _;_..."____-'*_L_ Y respectively.
,} Y £ e ST " A 100-us linear frequency modulated signal from 70 to
] ) 1 130 kHz was used for tomographic imaging of the polyurethane
N R = — w0 0 0 block. The purpose of using of a broadband chirp signal is
POSITION IMDEX to gain a higher signal-to-noise ratio (SNR) over the usable

bandwidth. A total of 1200 arrival times were obtained from
Fig. 8. Tomographic result using (12) to incorporate the position errddependent transmit/receive combinations via a post-pro-
corrections. Both the arrival time error and the position error are included. Thessing program using Matlab. The arrival times were picked

standard deviations of arrival time error and position erroreate = 0.5 us, : : ; ;
andoa, = oa. = 4 mm, respectively. Other inversion parameters are thlé1 a semiautomatic mode, or interactive mode. Because some

same as Fig. 6. (a) Tomographic image. (b) Sound-speed versus cell indi¢é@8Nsmit/receive transducer pairs are very close to each other,
(c) Position errors, where the dots are initial position error while the solid lingve arrival times are not resolvable due to the finite bandwidth

Is the final (corrected) position errors. of the transducer. These rays are therefore excluded in the
tomographic inversion. The number of usable rays is 1056. A

Simulation results for a more realistic case are shown {btal of 30 pings are acquired for each ray and the corresponding
Fig. 8, where arrival time errar . is 500 ns and position error travel time is determined from the waveform averaged over the
oar = 0a: IS4 mm. For a system with sampling frequencgg pings. It is required that the errors caused by arrival time
of 1 MHz, and a spatial aperture of 1 m, these choices Fflckup must be smaller than the arrival time anomaly due to

gt oax, @ndoa. can be considered reasonable. Althougfe ound-speed anomaly of the inhomogeneity itself, i.e., 133
Fig. 8(a) looks much messier compared with Fig. 4, a care

! : _ i

inspection reveals that the basic structure has been captu gg
The agreement between the inverted and synthetic model
reasonably good, especially for cells whose indices are sma

for a 10-cm inhomogeneity with 2% sound-speed anomaly
¢ (20)]. By applying a 100-to-1 FFT/IFFT interpolation
ﬁigrscribed in Section Il [paragraph following (20)], a typical

than 80. For cell indices greater than 80, or for cells closer R g-to-ping arrival time variation has a standard deviations

the lower portion of the image region, the mismatch becom@k €SS than 50 ns, which is less than the tolerable standard
larger and is comparable with the sound-speed anomalies tfigyiation of arrival time error for a 2% sound-speed anomaly.
are less than 0.8%. In other words, near the lower portion of "€ inversion region was divided into 20 20 mesh grids

the image region, a sound-speed anomaly less than 0.894Vith each being a5 cm by 5 cm cell. The values of the diagonal
unlikely to be correctly predicted unless using a lower spatiélfta weighting matridv, are determined by the SNR for the
resolution. Fig. 8(b) is similar to Fig. 7(b), indicating that ircorresponding acoustic ray, i.8¥,, = snr;, where sny is the

this case the arrival time error is the dominant source of err@NR in linear scale for thgth ray. In other words, a ray that has
The position errors have been reduced substantially [Fig. 8(d)Jgher SNR was weighted more in the inversion. Other inversion
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Fig. 9. Sound-speed tomographic results of polyurethane (EN22) in © sol11 |
water-filled tank. The size of the inversion cell is a square of 5xcrB cm, & 2" # i
20 x 20 cells. The diagonal values of the data weighting makiy are § | 1° - 10
determined by the SNR for the corresponding acoustic ray, i.e., the ray that Z s W | 5k 2 |
higher SNR was weighted more in the inversion. The initial damping fact & B, W 8
Ao = 0.8. The other inversion parameters are the same as those specifier 7 7 WW
the caption of Fig. 8 except that 30 iterations were used, despite that iteratir ol s | ol s i
more than ten did not provide significant improvement. The actual position a
size of the polyurethane are marked by the solid-line circle. s i 5 M‘
—y—— _*,WWMH
51 N — 5 N 4
R 3 -
parameters¢ and )\g) are the same as those used in the pn 2 —f— 2
vious section except for the number of iterations being 30 sin~ of 1 —#f———— - o 1 1

more cells are used in this inversion. The sound-speed ime
of the laboratory experiment clearly locates the polyuretha...
block (Fig. 9). The predicted sound speed at the center of the _ _ . I .

lv is 1667 msL. or about 9% lower than the measure frig. 10.  Raw acoustic data time series. Left: calibration data. Right: mud data.
anomaly Is ’ 0 0 . k c'*he transmission channel is channel 10 of probe 1 while receive channels are
sound speed in the polyurethane (1816 #)s This mismatch channel 1-20 of probe 3. The programmable gain is 1 for the calibration data
may be attributed to the diffraction by the polyurethane blocRnd 10 (20 dB) for the mud data.

To obtain more accurate inversion results, the diffraction tomog-

1000 1500 1000 1500
TIME (us) TIME (us)

raphy should be used [13], [31], [32], [34]. as the transmit signal, and a total of 1200 transmit/receive
] ) pairs were recorded, with a 30-ping average for each pair.
B. Field Experiment During data acquisition, digitized waveforms were monitored

A field experiment was conducted at Hadley Harbor nean the computer screen to ensure data quality. An example
Woods Hole, MA, in November 1996 on board R/V Asteriasof waveforms collected in the water and sediment is shown
The water depth was about 15 m, the temperature was abiouFig. 10. Multiple arrivals, obvious in the water calibration
20 °C, and the bottom a fluid-like soft mud. Samples of théata from channels 6-20, result from reflections and scattering
bottom sediment were taken from the experiment site. The séwm the metal frame, but can be easily resolved from the
iment color was black, indicating rich in decomposed organjrimary arrivals. The arrival times obtainable from the primary
substances. A few pieces of broken shells were found in thewveforms vary smoothly following a hyperbolic curve due to
sample. A three-hundred-pound weight was added to the pratt@nging distance from the transducer.
frame to help the probe penetrate into the sediment. Divers werén contrast, the raw time series collected in the sediments
used to assist and guide the probe penetration. A 200-foot-lasgmonstrate several different characteristics. First, on every
cable was used to connect the subsea electronics unit to the sbhannel there are multiple arrivals which interfere with the
face units (PC, power supply, and data acquisition connectiprimary waveforms, resulting in distorted waveforms. Second,
box). the amplitudes are roughly 20 dB lower than those in the

A full set of calibration (1200 rays) in water was conductedalibration mode (the gain is unity or 0 dB for calibration
off the dock at the Woods Hole Oceanographic Institutioand is 10 or 20 dB for sediment data). Third, the arrival times
(WHOQI) one day before the cruise. One day after the cruis#g not follow a hyperbolic curve, especially in channels 1-6.
a partial calibration involving a number of selected channef8nally, some enhanced later arrivals can be observed on
were performed at the same location. One complete data et channels near the bottom while the primary arrivals are
in sediment was acquired during the cruise. As in the tamkeatly attenuated (channels 2 and 3). All of these indicate a
experiment, a 10@s chirp signal (70-130 kHz) was usecheterogeneous sediment.
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Fig. 11. Sound-speed tomographic image of muddy sediment at Hadley

Harbor, MA, using (12). The inversion parameters are the same as thésg. 12. Attenuation coefficient tomographic results of the muddy sediment at

specified in the caption of Fig. 11. Hadley Harbor, MA, using (18), and the same inversion parameters as used in
obtaining Fig. 11.

The inverted sound speed varies from 1340~ingo SOUND SPEED (m/s)
1650 ms*, with a mean value of 1473 m$ and a standard o a0
deviation of 55.6 ms! (3.8% of the mean sound speed
(Fig. 11). Taking into account that the values toward the botto
part (away from the horizontal probe) are less reliable th¢
those on the top part, values of sound speed at depth betwec
to 70 cm vary between 1400 msto 1565 ms*, with a mean a0l
value of 1480 ms! and a standard deviation of 34.4 ms ¢
(2.3% of the mean sound speed). However, even though 15:3 sl
reliability of the inversion toward the bottom part is lower thar
that of the upper portion, the high and low sound speed patct& PIEESE i
can be checked by examining a few rays passing through ti = 80w 70— ) 1%
region. For example, the arrival time of channel 5 in Fig. 1 S )
(corresponding to a depth of 75 cm) is slower than what | e
expected from a homogeneous medium. o~ Measured Sound Speed

To perform the attenuation inversion, the amplitude of th === Inueiod Sound Spece
first peak of the waveform was used. Since the transmit sigr %
was a chirp, the instantaneous frequency at the first peak >
96 kHz based on the theoretical transmit signal. The amp,lj,-g 13. Comparison between directly measured profiles and those from the
tudes were manually picked. Several patches with large aingkrsions. The dashed line and the diamonds are, respectively, the measured
small values of attenuation are evident from the inverted image invgrted sound-speed profiles, while the solid line a_lnd the squares are
(Fig. 12), ranging from about 0 dBm to 100 dBnT!. A large spectively the measured and inverted values of attenuation.
patch with high values of attenuation is located in the region
below 70 cm and around 40-70 cm of horizontal range. As dis-
cussed before, such a large attenuation region can be understwdiattenuation can only be characterized statistically by means
by examining the received waveforms. Again, if we examine thad tomographic inversion. A pronounced low sound-speed layer
amplitudes of channels 1 to 3 in Fig. 10 carefully, we find thdbcated at depth about 80 cm coincides with a high attenuation
the amplitudes of the first peak are attenuated more than thésger. The values of attenuation in the upper 65 cm (20 dBm
of the other channels. are in agreement with those summarized by Hamilton for muddy

To check the inverted sound speed and attenuation resusdiments [3]. The variation of the sound speed, however, is
we compare the horizontally averaged sound speed and attdatger than those reported by other investigators [1], [2], [5].
ation profiles from the inverted images shown in Figs. 11 ardlarger than expected sound-speed variability may result from
12 at different depths to those from the direct measurementsimy or a combination of the following possible reasons. First, the
which the transmit and receive channels are at the same deptinee assumptions of straight ray, single ray, and no dispersion
(Fig. 13). The two approaches yield essentially the same patade in our inversion scheme may be violated. Although there
terns. However, the horizontal variability of the sound speésino direct evidence of a layered sediment, which will result ray
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bending and multiple ray paths, the stratification cannot be rulegeed in the polyurethane is more than 20% higher than that in
out. Second, scattering from broken shells could cause higliee surrounding seawater, diffraction could be important.
attenuation and larger sound-speed variation. Third, artifacts ofPreliminary tomography results from a field experiment were
the inversion may contribute to the larger sound-speed varfgesented. The sound speed and attenuation images indicate in-
tion. However, a laboratory experiment (calibration) without theomogeneous characteristics of a muddy sediment. The overall
presence of the polyurethane block (not shown) yields a mesound speed varies from 1340 to 1650 ™with a mean value
inverted sound speed of 1514 ms the corresponding max- of 1473 ms !, and from 1400 to 1565 mis$ with a mean value
imum and minimum values of 1535 and 1491 Thsrespec- of 1480 ms* in the region where the inversion is more robust.
tively, and a standard deviation of 9 ms which is about 0.6% The standard deviations of the sound speed are 3.7% and 2.3%,
of the mean value. This result indicates that the inversion artifaespectively, in the corresponding regions. The reconstructed
is not significant compared to the variations shown in Fig. 1¥alues of attenuation vary from 10 to 65 dBmat about 95
Fourth, since the muddy sediment is rich in organic materialdiiz. The averaged values of attenuation profile over depth re-
the possible existence of microbubbles may result in lower amdaled that a high attenuation region, about 60 dBraround
higher sound speed patches depending orkthealue of bub- 95 kHz, is found at about 80 cm below the horizontal probe and
bles, wherék is the wave number andis the radius of the bub- coincides with the low sound-speed layer, indicating possible
bles. At 100 kHz, the average spherical radius required to caysesence of microbubbles in the muddy sediment.

bubble resonance is 3tm. Unfortunately, there are no data to

support the presence of such bubbles. However, data collected APPENDIX

from the soft muddy sediment at Eckernférde Bay, Germany,_l_he explicit form it /e, 9/, O/, anddt /O for

show that at 58 kHz, the compressional wave velocity is arounqﬂ|Omo eneous medium are aiven in 1301, To obtain an appro-
1530 ms! [5], indicating the presence of bubbles whose af g u u given in [30]. : PP

erage spherical radius was less than 55 microns. Based onQHgte form ofdt/Op in (8), we rewrite (2) as
X-ray data [42], Tang used an exponential function to describe Pr

the bubble distribution in the same area [24]. Although the min- ti = / si(r)] dr|

imum size of the bubble provided in Abegtal.[42] is limited oy
by the resolution of their instrument, it is possible that bubbles = / si(x)y/1+ f12dx (A1)
less than 55 microns are still significant. Since the sediment of T

Hadley Harbor, MA, and the sediment of Eckernforde Bay aigherep, andp, stand for transmit and receive positions, while
both soft muddy sediments, it is reasonable to assume that thgrandz,. are ther coordinates of transmit and receive positions,
are microbubbles in the organic-material-rich sediment at otgspectively.f! is the derivative, or slope, of thith ray. The
field experiment site. straight ray path assumption (Section 1I-A) results in

2 ..
v fE = 1+<Z"‘Zt) - (A2)
Ty — T Ty — T

wherer; = \/(z. — 2)? + (z, — x;)? is the length of theth
An acoustic tomographic imaging system has been devehy. Substituting (A2) into (A1) leads to
oped to map fine-scale acoustic properties of shallow water sed-

Pt

VI. CONCLUSIONS

iments. Unlike the conventional configuration for crosshole to- b= /x si(z) da. (A3)
mography, an additional horizontal transducer array is included Tr =Tt Jz,

in our system, which greatly increases the system’s spatial r?)?ﬁerentiating (A3) with respect ta; results in

olution. The system is capable of detecting and characterizing

sediment inhomogeneities with spatial dimensions of a few cen- Ot 2 — 2 2 to r

timeters to 10 cm in scale. By <xr — M) g, s@ (A

A series of numerical simulations have been presented to
demonstrate the system’s performance in terms of the arrivéteret,, = [ s;(x) dz is the apparent time im direction.
time detection error and transducer position error—two maj&imilarly
sources of error in sediment tomography. Randomly distributed 2
(Gaussian PDF) position errors can be corrected effectively. | Ot - _ <Z" — Zt) La; + " si(x) = — ot; . (A5)
is shown that for an RMS arrival time error of 500 ns and an9%r Tr =Xt/ T Er T Iy Iy
RMS position error of 4 mm, the performance of the currentis straightforward to obtain
tomographic system is capable of characterizing sound-speed
anomalies of less than 2% within a 10-cm block. ot _ _ <Zr — % ) ta,; (A6)

A laboratory experiment in water with a submerged cylin- 0z Tp— Tt ) Ty
drical polyurethane block (10 cm in diameter) was conduct
using the tomography system. The polyurethane block is cor-
rectly located, but the results show a spatial spread from the ac- at; at; < Zr — 2t ) ta,

tual dimension of the block due to diffraction. Since the sound 9z, 0z,

(A7)

Tr— Tt ) Ts
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Combining the above solutions, a general form solution cam2] N.D. Bregman, R. C. Bailey, and C. H. Chapman, “Crosshole seismic
be expressed as

(13]
([ zi— 2\t 7;
~ K X T
(Z22) = ),
J k T L Lk [14]
jth transducer is transmitting
Ot % — 21 2 ty .. [15]
a_z . <u> fre T g, (A8)
Zj Tj — Tk 7‘1‘. Zj .—.a:k
jth transducer is receiving [16]
0,
jth transducer is neither transmitting nor [17]
\ receiving (18]
and
[19]
(=) %
Ty — Tk T ’ [20]
jth transducer is transmitting
ot; ) (H A\t pgy 21
8z Tj— Tk T ’ ( )
Zj . . [22]
jth transducer is receiving
0,
jth transducer is neither transmitting nor [23]
\ receiving

where the subscriptsandk are the position indices of the trans-
ducer pair that constitute théh ray. The index: can be deter-

[24]

(25]

mined once the ray number indéand the index of the first

transducer are given.

(26]
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