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Abstract—An inversion method using a towed system consisting
of a source and two receivers is presented. High-frequency chirp
signals that have been emitted from the source are received
after multiple penetrations and reflections from the shallow
water sub-bottom structure and are processed for geoacoustical
parameter estimation. The data are processed such that a good
resolution and robustness is achieved via matched filtering, which
requires information about the source signal. The inversion is
formulated as an optimization problem, which maximizes the
cost function defined as a normalized correlation between the
measured and modeled signals directly in the time domain. The
very fast simulated reannealing optimization method is applied to
the global search problem. The modeled time signal is obtained
using a ray approach. An experiment was carried out in the
Mediterranean Sea using a towed source and receiver system.
The inversion method is applied to the experimental data and
results are found to be consistent with previous frequency-domain
analyses using measurements from a towed horizontal array of
receivers and measurements on a vertical array.
Index Terms—Geoacoustic inversion, horizontal array, simple
towed system, time-domain analysis, very fast simulated reannealing (VFSR).

I. INTRODUCTION

R

ESEARCH activities on geoacoustic inversions have
grown due to the significance of the bottom interaction
for shallow-water sound propagation in the ocean. As a result,
various techniques to estimate the geoacoustic parameters of the
ocean bottom have been developed since direct measurements
of the sub-bottom properties are costly and time consuming
[1], [2]. Another trend is the growing operation of acoustic
equipment including the chirp sub-bottom profiler [3] for the
classification and material property estimation of the sediment.
A majority of the inversions in underwater acoustics have
been performed using long-range propagation data on a vertical line array (VLA) and produce spatially averaged output [1],
[2]. In order to avoid this degradation of resolution, towed horizontal-line-array (HLA) inversion schemes have been proposed
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and implemented [4], [5]. Most of the analyses with these data
are processed in the frequency domain, both narrowband and
broadband, except for some that have chosen to deal directly in
the time domain [6]–[11]. The inversion is usually formulated
as an optimization problem, enabling various optimization techniques to be applied to the inverse problems, such as global optimizations [12], [13] and a hybrid form of global and local search
[14], [15]. During the optimizations, the effect of parameter sensitivities or couplings may have to be considered [16], [17]. In
an effort to improve the search results, the parameter sensitivities [18] and parameter couplings [19] can be exploited during
the optimization process.
Although some areas of the ocean can be characterized as
range-independent structures where a simplified parameterization is possible, most locations of the ocean, especially in the
shallow waters, show range and azimuth-varying characteristics
that require range-dependent parameterizations in geoacoustic
inversions. However, the full range-dependent inversions
that identify the ocean-bottom structures simultaneously are
not tractable so far due to computational burdens in forward
modeling. Therefore, simplification of the range dependence
into local segments of range-independent sectors is a practical
method and implementation via a towed HLA system is a
possibility. Siderius et al. [5] inverted range-dependent seabed
properties by successive range-independent inversions using a
towed HLA system working in the frequency domain.
We may require sub-bottom properties with a high spatial
resolution in some cases; for example, scattering problems.
Holland and Osler [9] reported a high-resolution geoacoustic
inversion in shallow water using a joint time- and frequency-domain technique. To achieve high resolution, they used multiple
and short aperture measurement techniques. In addition, they
exploited multiple independent data to reduce the infamous
uniqueness problem that arises in the long-range inversion.
Seong and Park [20] proposed a high-resolution practical
inversion method, which was implemented with a relatively
simple experimental arrangement using a chirp signal and just
two hull-mounted hydrophones. By virtue of a high-resolution
characteristic, the chirp signal is suitable for probing the
fine-scale structure of the marine sediment. The inversion
scheme was based on a direct match of the received and
modeled signal in the time domain and the environmental
parameters were found through a global optimization using
genetic algorithms (GAs). Although more receivers could
be used, two receivers were found to be adequate in order
to resolve the impedance ambiguity arising for near-normal
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Fig. 1. Schematic configuration of the hybrid range-dependent inversion using a towed system. A region of interest is segmented and range-independent inversion
is applied to each segment successively.

reflections. Their results show a satisfactory match of the sound
speed between the inversion and core data.
In this paper, geoacoustic inversion is considered using towed
receivers and a broadband chirp signal based on Seong and
Park’s method [20]. When the receivers are separated only by a
few hundred meters from the source, near-field or equivalently
steep rays cannot be ignored. In addition, the source signals are
linearly frequency modulated (LFM) and their bandwidths are
broad (200–850 Hz and 800–1700 Hz). Since global optimization requires numerous runs of forward modeling, ray theory is
suitable for practical purposes in terms of calculation time. Although any number of receivers may be employed in the inversion process, two receivers are found to be adequate to resolve
the multiple eigenrays. Thus, time-series data from just two receivers out of 256 are utilized. This makes the present method
attractive in that a contained system composed of a single vessel
equipped with a chirp profiler and two receivers can be easily
devised.
As stated previously, various optimization methods have successfully been applied to inversion problems [21]. In general,
it is hard to state which method performs superior to others,
since the performance is problem specific. In this paper, both
GA and very fast simulated reannealing (VFSR) were used.
VFSR has been devised to improve the slow convergence rate
of simulated annealing (SA), where a flat distribution is used
to draw models and the temperature is lowered exponentially.
VFSR uses a new probability density to allow exponential
cooling schedule, which usually results in faster convergence
than SA [22]. The VFSR results showed better performance in
terms of the cost function defined in Section II; only its results
are presented in this paper.
The present method is applied to the experimental data
of MAPEX2000 experiment [23], [25] conducted by the
SACLANT Undersea Research Centre, La Spezia, Italy, using
a towed system consisting of a chirp signal source and a
horizontal line array with 128 receivers. Section II details the
overall inversion procedure of parameterization, forward modeling, and global-optimization scheme. They are applied to a
synthetic case in Section III for sensitivity analysis. Section IV

Fig. 2. Synthetic signal constructed by the forward model. (a) Arrival structure
of the eigenrays. (b) Impulse response. (c) Synthetic matched-filtered signal.
(d) Noise-added matched filtered synthetic signal (SNR 3 dB).

=

describes the experiment and numerical results from processing
the data, with a concluding remark in Section V.
II. INVERSION SCHEME
A. Inversion Overview
The inversion method of this paper is described in terms of
1) parameterization, 2) forward modeling, and 3) optimization
scheme.
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TABLE I
GEOMETRICAL AND GEOACOUSTICAL PARAMETERS USED IN CONSTRUCTION
OF THE EXAMPLE FORWARD MODEL AND SIMULATION STUDY

The appropriate parameterizations depend mainly on the experimental sites. Since most locations of the ocean, especially
in shallow waters, show range and azimuth-varying characteristics, simple range-independent inversions using the long-range
propagation data will render range-averaged parameter values
of the region. If the region of interest is segmented as shown in
Fig. 1 and the range of each segment is moderately short, the
range dependency of a segment can be minimized or hopefully
eliminated. By successively applying range-independent inversions to the data sampled by a towed system, the bottom properties of the whole region can be determined distinctively.
The range of a segment should be chosen carefully, considering both the efficiency of the experimental procedure and the
accuracy of the numerical-inversion procedure. The distance
between the source and receiver should be short enough to
assure the range independency of the bottom properties and
also to reduce the degradations of geoacoustic estimates that
can be caused due to the ocean sound-speed variability. At
the same time, the offset between the two receivers should
be large enough to avoid a velocity-depth ambiguity in the
analysis based on travel times [24] and small enough to do
fast modeling. Considering the above limitations, an order of
hundreds of meters of distance between the source and receiver
may be reasonable for the inversion.
The geoacoustic model of a segment is simple relative to the
range-dependent models. The seabed consists of a number of
parallel sedimentary layers and a sub-bottom. The geoacoustic
parameters including the sound speed, attenuation, and density
of each sediment layer and the sub-bottom are homogeneous in
range. A two-layered sediment model is used in this paper, based
on the analysis of the arrival time structure of the signal. The
attenuation is included only during the numerical simulation in
Section III for the sensitivity analysis. The attenuation does not

Fig. 3. Cost-function evaluation for the sensitivity study. In each plot, the true
value is shown by a vertical dashed line, and the rest of the parameters are
fixed at their true values. Note the ordinate scale difference in the densities and
attenuations. The solid lines are for high-frequency chirp (800–1700 Hz), and
the dotted lines are for low-frequency chirp (200–850 Hz).

affect the wavefield significantly when the propagation distance
is short, as in our towed system. In addition, since the main
focus of the present research is on time-domain inversion using
broad-band signals, the attenuation, inherently being a function
of frequency, will be ignored in the experimental data inversions
in Section IV.
The forward model is chosen from considerations such as the
experimental conditions and the source-signal characteristics.
We chose the ray method for our forward model due to the short
distance between the source and receiver in the towed system
and also due to the high-frequency LFM signals (800–1700 Hz)
used in the experiment. As the frequency increases, which is required for the high spatial resolution, the ray approach becomes
more attractive than frequency domain calculations in terms of
computation time. Fig. 2 schematically shows the simple procedure of the forward modeling. First, the eigenrays are identified
for a given environment (shown in Table I) and numbered in arrival-time sequence, as shown in Fig. 2(a). Then, corresponding
amplitudes and time delays, i.e., impulse responses, are calculated for each ray, as in Fig. 2(b). Finally, the synthetic signal is
constructed via convolution of the source signal and the impulse
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Fig. 4. Scatter plots of the cost-function value with respect to corresponding parameter searched during global optimization—numerical simulation. In each plot,
the true value is shown by a vertical dashed line.

response and then matched filtered [Fig. 2(c)]. For the inversion
of numerically simulated data, white noise [signal-to-noise ratio
(SNR) 3 dB] is added as shown in Fig. 2(d). Since the noise
is added prior to match filtering, most of it vanishes after it is
matched filtered, as shown in the figure. Details of the forward
model will be elaborated later in this section.
The VFSR is a modified SA and has been found to be very
useful in several geophysical applications [21]. The performance of the optimization may be affected by the nature of the
parameter space. A simple way to improve the performance
is to reduce the number of parameters by simplifying the
environmental models or ignoring insensitive parameters [25].
The ray-based inversions have been established as multistep

approaches in which the bottom parameters are confined to
one layer and inverted successively layer by layer [10], [20].
Although the layer-by-layer scheme seems to be suitable for
the time-domain inversion, it is hard to apply in the cases where
unresolved signals are present.
Direct and surface reflected signals (ray 1 and ray 4 in Fig. 2)
usually have large amplitudes, but they contain only geometric
information, such as the source and receiver positions and thus
are not useful for the inversion of bottom properties. If the geometry and bottom properties are inverted simultaneously, the
search process of geometrical parameters will dominate over
bottom parameters. However, when the bottom properties are inverted using a priori geometry, incorrect geometry information,
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TABLE II
SEARCH INTERVALS OF THE GEOACOUSTIC PARAMETERS
EXPERIMENTAL DATA INVERSIONS

IN

TABLE III
SEARCH INTERVALS OF THE GEOMETRICAL PARAMETERS AROUND A PRIORI
VALUES IN EXPERIMENTAL DATA INVERSIONS

possibly due to experimental errors, may degrade the estimates.
Therefore, we adopt a two-step approach for the inversion, similar to the work done by Siderius et al. [5]. In the first step, both
the geometric and geoacoustic parameters are searched for at
the same time. Since the search for geometric parameters usually converges quickly, search continues concentrating only on
the bottom properties with the geometry fixed after the initial
short inversion. Using this two-step method, we can reduce the
number of parameters to assure stable estimates for the geoacoustic parameters as well as eliminate the dominance of the
direct and surface-reflected signals.
The cost function to be maximized for the inversion is defined
by

Fig. 5. Brief description of time-domain inversion scheme using HF 08:06:51:
(a) Raw data recorded by receiver1 (top) and receiver2 (bottom). (b) Matched
filtered data. (c) Modeled data using inverted parameters. (d) Comparison of the
envelopes of matched filtered data (solid line) and modeled data (dotted line).
Note the difference of starting times between top and bottom signals.
TABLE IV
COMPARISON

OF HIGHEST CORRELATIONS PARAMETERS
FOR HF 08:06:51 AND LF 08:07:00

(1)

is the number of receivers, represents time samples,
where
is a window, and represents measured and simulated discrete time signals, respectively. Note that since the trigger time
is known, alignment of measured and simulated signals is not
necessary and is taken care of automatically in the modeling as
are used in
travel time of the signal. Two receivers
this paper. By normalizing the cost function as in (1), absolute
strength of the source signal need not be identified. The cost
function will have a maximum value of 1 when two signals are
matched exactly in relative amplitude. Since it is common to
truncate the time signal as to include only the meaningful parts
in inversions, the truncation is realized through a rectangular
window .

B. Forward Modeling Based on Ray Theory
The acoustic data received at a receiver consist of coherent
signals from distinct ray paths. Generally, the discrete signal
can be constructed from the following convolution:
(2)

PARK et al.: TIME-DOMAIN GEOACOUSTIC INVERSION OF HIGH-FREQUENCY CHIRP SIGNAL FROM A SIMPLE TOWED SYSTEM

473

Fig. 6. Scatter plots of the cost function value with respect to corresponding parameter searched during global optimization–inversion of HF 08:06:51 data.
The arrow indicates the parameter value with the best fit.

where is the impulse response and is the source signal.
The impulse response is a function of the amplitudes and travel
times. To calculate the impulse response, we make the following
assumptions:
1) The medium is stratified, not necessarily horizontally, and
the acoustical properties in each layer are homogeneous.
2) The roughness of layer boundaries is small enough to be
neglected.
3) There is no deformation of the signal after reflections or
transmissions.
4) The source is omnidirectional.
Assume a ray emanating from the source with grazing angle
. When the ray reaches an interface, call it a branch point, it
reflects up and transmits down with changes in both the propagation angles and amplitudes. If we ignore the geometrical
spreading for the time being and assume a planar interface,
the propagation angles and the amplitudes are easily calculated,
even for a slanted interface [26]. The branch points are tracked
and stored until the ray reaches the receiver range. The ray is
determined as an eigenray if it arrives at the receiver position
within a predetermined error bound. Finally, the resulting amplitude of the eigenray is calculated by
(3)

where
is the number of branches and
is the overall
geometrical spreading loss factor. The overall geometrical
spreading loss factor is conveniently approximated as equivalent spherical spreading (1 is the total length traversed by the
ray). Finally, the impulse response becomes
(4)
is the number of eigenwhere is the Dirac delta function,
rays, and is the travel time. The travel time and the total length
traversed by an eigenray are easily calculated from the stored information of branch points.
III. INVERSION—NUMERICAL SIMULATION
Before applying the inversion scheme to the experimental
data, we performed preliminary inversions using simulated data.
The environment is the same as that used for generating the time
signals in Fig. 2 and the parameters for the simulation study
are given in Table I. All simulations are performed with SNR
3 dB. Notice that the sound speed in the sediment is lower
than in the water, representing the site where the first part of the
data were collected during the experiment. In addition to the first
receiver, a second receiver is placed 128 m away from the first
receiver at the same depth of 60 m. The simulation study has
two purposes. The first is to gain insights about the sensitivity
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Fig. 7.
data.
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Two-dimensional scatter plots of the cost function value with respect to selected parameters searched during global optimization–inversion of HF 08:06:51

of the geoacoustic parameters. Since there are numerous results
on matched-field inversion with vertical line arrays, a relatively
good understanding of the sensitivity exists. However, less information is known regarding the time-domain inversions using
the towed system consisting of a small number of receivers. The
second purpose is to validate the proposed inversion scheme
with known parameters.
The first method to estimate sensitivity is to investigate the
behavior of the cost function as a function of selected parameter with other parameters fixed at their reference values. This
kind of sensitivity test is a common practice in geoacoustic inversion. Although the sensitivity estimates using one parameter
may show biased results due to parameter couplings [27], it will
be meaningful to compare the sensitivity for our time-domain
inversion with that of other matched field inversions.
Fig. 3 shows the sensitivity curves of the bottom parameters
using chirp signals of two different frequency bands. The solid
lines are for a chirp with 800–1700 Hz bandwidth, whereas
the dotted lines are for 200–850 Hz banded-chirp signals.
It should be noted that the less-sensitive parameters have
different ordinate scales. From Fig. 3, it can be shown that the
overall sensitivity of the high-frequency signal is higher than
the low frequency, due probably to the increased resolution.
The proposed inversion has a high sensitivity to sound speeds
and layer thicknesses for both frequencies. On the other hand,
there is a weak sensitivity to the densities and the attenuations.
It is noted that the results in Fig. 3 show similar behavior

to those of previous research in matched field inversion,
especially to the results of Siderius et al. [5] obtained using a
one-layer model.
Next, we performed a full inversion for the bottom parameters using the same reference high-frequency signal
(800–1700 Hz). The parameter intervals for the simulation
,
are 1400–1700 m/s for sediment 1 sound speed
and bottom sound
1500–1800 m/s for sediment 2
, 0–30 m for sediment-layer thicknesses (
speed
and
), and 1–2
for densities (
,
, and
). The inversion results are presented in Fig. 4. Although
one–dimensional (1-D) marginal a posteriori probability [12],
[21] display of the results is a common practice, we plotted all
15 000 cost-function values with respect to the corresponding
parameter values visited during the VFSR search without
any post processing. By doing so, we can attain information
about the optimizer (VFSR) such as its behavior related with
the parameter sensitivity and sampled parameter space. From
Fig. 4, we can see that the search converges to true values as the
temperature of the VFSR is lowered. However, the convergence
rates or patterns differ from each other. Related with the first
sensitivity study, it can be shown that sensitive parameters are
resolved better or sampled more densely than the insensitive
ones. Therefore, it seems to be possible to directly infer the
sensitivity of each parameter from the scatter plots in Fig. 4. It
is also noted that the envelopes of the plots in Fig. 4 resemble
the corresponding sensitivity curves in Fig. 3.
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Fig. 8. Scatter plots of the cost-function value with respect to corresponding parameter searched during global optimization–inversion of HF 08:38:51 data.
The arrow indicates the parameter value with the best fit.

The most probable solution of the inversion problem is the set
of parameters yielding highest cost-function value or correlation
between the measured and modeled data. The highest correlated
m/s,
parameters of the inversion simulation are: sed1
m/s,
m/s,
m,
sed2
bot
sed1
m,
g/cm
,
g/cm
,
sed2
sed1
sed2
g/cm . The matches between true (Table I) and
and bot
estimated parameters are consistent with the sensitivity of corresponding parameters. Highly sensitive parameters are estimated
better than the insensitive ones. It is remarkable that the sound
speed and the thickness of the sediment 1 are well determined
even though the amplitude of the signal reflected from the sediment 1 is low (ray 2 in Fig. 2). However, the little contribution of
the unresolved signal reflected from the sediment 1 to the inversion results in the low sensitivity or the broadening in scattered
plots in Fig. 4 relative to the parameters of sediment 2. Therefore, it can be said that the resolution as well as amplitude of
the signal has high correlation with the sensitivity of the parameters in the time-domain inversion. We also performed the same
inversion using low-frequency signals and obtained similar results, which are not shown.

IV. INVERSION—EXPERIMENTAL DATA
The MAPEX2000 experiments were conducted by the
SACLANT Undersea Research Centre on the Malta Plateau
(between Italy and Malta) from February 22 to March 27,
2000. In the experiments, a towed system consisting of a
source and a horizontal line arrays with 128 receivers was used.
The flextensional source mounted in a towed fish emitted a
sequence of 1-s linear frequency-modulated sweeps (pings),
which have the frequency bands of 200–850 and 800–1700 Hz.
The sweeps are denoted as LF for low frequency and HF for
high frequency, respectively. The distance between the source
and the first receiver was approximately 300 m and the spacing
between adjacent receivers was 2 m. As described previously,
data set taken from various combinations of receivers are
possible. Inversion results from the time-series data of a single
receiver have proved to be quite ambiguous, whereas data
set from two receivers improved the inversion results with
much-reduced ambiguity. Utilizing data from three receivers
improved the results by an unnoticeable amount. In this paper,
the time-series data from two receivers separated 128 m are
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Two-dimensional scatter plots of the cost-function value with respect to selected parameters searched during global optimization–inversion of HF 08:38:51

used (source-receiver ranges 300 and 428 m). The data were
sampled March 27. Sound-speed profiles were measured
during the experiments. The typical profiles were slightly
upward refracting and the overall difference between the top
and bottom of a water column was less than 4 m/s. Therefore,
the sound speed of the water column can be assumed to be
homogeneous. The details of the experiments are described in
Siderius et al. [5].
A total of 18 pings are considered: nine HF pings recorded
from 08:06:51 to 09:10:51 UTC and nine LF pings recorded
from 08:07:00 to 09:11:00 UTC. The time interval between adjacent pings of the same frequency band is 8 min, which results
in covering about 9 km along the track for each frequency. Since
the LF pings were transmitted immediately after the HF pings,
the regions that are covered by these two adjacent transmissions
can be considered as essentially the same. The received time
data will be used as reference signals after matched filtering.
In order to assure convergence, three independent inversions
totaling 30 000 forward calculations are carried out for each
ping. The geoacoustic parameters and the search intervals are
given in Table II. These are almost the same as those used in
numerical simulation of Section III, except that the sub-bottom
is fast and its density is assumed to be homogeneous due to
weak sensitivity. The search bounds for the geometrical parameters are given in Table III based on a priori information or
measurements [5].
Before discussing the inversion results, we describe the
time-domain inversion scheme briefly again, using the real

data shown in Fig. 5. The signals are recorded by two receivers
[Fig. 5(a)] and matched filtered [Fig. 5(b)]. The modeled
signals using the estimated parameters via global searches are
shown in Fig. 5(c). Finally, the envelopes of both the measured
(solid line) and modeled (dotted line) signals seem to be
matched well as in Fig. 5(d).
Individual sector results are first reviewed for consistency.
Two inversions using HF 08:06:51 and LF 08:07:00 are compared in terms of best parameters in Table IV. The estimates
show good agreement, which is consistent when considering
that the spatial distance between the two pings is short.
As for the convergence and accuracy of the inversion results,
Fig. 6 shows the scatter plots of the inversion, which was
carried out using HF 08:06:51. For each parameter the value of
the cost function is plotted for all forward model realizations
during the VFSR process. The result shows a distinct thin soft
layer. However, the second layer is not resolved. The inversion
using LF 08:07:00 showed similar results, which are not shown
in the paper. There could be two possibilities for the cause of
this uncertainty in the second sedimentary layer. The first is
due to the over-parameterization, in which case one-layered
model should have been adopted to describe the seabed. The
second possibility is due to parameter couplings. Since the
scatter plot is a 1-D projection of the multidimensional search
space, it could be unresolved if the parameters are strongly
correlated. In order to clarify the problem, two–dimensional
(2-D) projections of the cost function values are plotted as
in Fig. 7. They are constructed by selecting the highest cost
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To prove the argument of the previous discussion, Fig. 8
shows the scatter plots of the inversion with other data, HF
08:38:51, and Fig. 9 shows the corresponding 2-D plots. From
Figs. 8 and 9, we can observe different features from those of
Figs. 6 and 7. It is noted that all the layers are fully determined
in Fig. 8. However, parameters pertaining to the first layer
show lower cost-function values than those of Fig. 6, although
the correlation between sound speed and thickness of the first
layer is similar for both Figs. 7 and 9. This can be explained
as a global search problem, where for the latter data case with
more valid parameters for which to invert, convergence will be
slower.
In conclusion, range-dependent inversion results of the
bottom properties for the nine HF pings and the nine LF pings
are shown in Fig. 10, compared with the previous work by
Siderius et al. [5] using LF signals. The figure shows the
sound speed and the layer structure. Since the towed system
covers about 500 meters per one ping, the remaining regions
are assumed to be the same. The three plots show consistent
layering and sound-speed variations.
V. CONCLUSION

Fig. 10. Inversion results using nine HF data transmitted from 08:06:51 UTC
(right of the figure) to 09:10:51 UTC (left of figure) and nine LF data from
08:07:00 UTC (right of the figure) to 09:11:00 UTC (left of the figure). (a) HF
inversions. (b) LF inversions. (c) Previous work by Siderius et al. [5] using LF
signals processed in the frequency domain.

function values, sampled during the whole VFSR search, which
falls into the bin corresponding to the parameters shown on
the axes. A similar approach was followed by Jaschke and
Chapman [8]. This 2-D plot implicitly shows the correlation
between various combinations of the parameters. Relatively
little correlation between the sound speed and layer thickness of
sediment 2 is found. This suggests that over-parameterization
occurred in this region. Other correlations are in accordance
with previously known coupling phenomena, especially the
strong correlation of sediment layer thickness and sound speed
in the first layer. Since it is common to observe strong coupling
between sound speed and sediment depth [27], the absence of
this correlation could indicate that the layer is not important.

Predicting bottom properties is important for various acoustic
applications in shallow waters due to the significance of the
bottom interaction. This paper describes a feasible geoacoustic
inversion method using a simple towed system consisting of a
source and two hydrophones.
The inversion was performed in the time domain using broadband signals (two frequency bands between 200–1700 Hz)
recorded by two towed receivers. Simplification of the range
dependence into local segments of range-independent sectors
was implemented to reduce the computational burdens due to
complicated parameterization of range-dependent inversions.
The propagation of linear frequency-modulated chirp signals,
suitable for probing the fine-scale structure of the marine
sediment, was modeled using a ray-theoretic method. The
cost function was defined as an incoherent sum of normalized
correlation values between received and modeled signals. Then,
a series of global searches was performed using VFSR to find
the optimum parameters.
The numerical simulation study for sensitivity tests using synthetic signals showed similar results of the previously reported
matched field inversion using a towed horizontal line array. It is
noted that the sound speeds and layer thicknesses were resolved
much better than the densities and attenuations; this should be
accepted as a main characteristic of the geoacoustic inversion.
The inversion result using synthetic data validated the proposed
inversion method.
The present method was applied to the experimental data of
MAPEX2000. Eighteen pings using nine HF (800–1700 Hz)
and nine LF (200–850 Hz) signals were inverted successively.
1-D and 2-D scatter plots of cost function showed the sensitivity
and correlations of various parameters. From the inversions with
experimental data, we have found that the time domain geoacoustic inversion using a relatively simple experimental setup
and high-frequency chirp data will yield reliable and high-resolution results.

478

IEEE JOURNAL OF OCEANIC ENGINEERING, VOL. 28, NO. 3, JULY 2003

REFERENCES
[1] A. Tolstoy and N. R. Chapman, “Benchmarking geoacoustical inversion
methods,” J. Comp. Acoust., vol. 6, no. 1&2, 1998.
[2] N. R. Chapman and M. Taroudakis, “Geoacoustic inversion in shallow
water,” J. Comp. Acoust., vol. 8, no. 2, 2000.
[3] S. G. Schock and L. R. LeBlanc, “Chirp sonar: New technology for subbottom profiling,” Sea Tech., pp. 35–43, Sept. 1990.
[4] W. A. Kuperman, M. F. Werby, K. E. Gilbert, and G. J. Tango, “Beam
forming on bottom-interacting tow-ship noise,” IEEE J. Oceanic Eng.,
vol. OE-10, pp. 290–298, July 1985.
[5] M. Siderius, P. Nielsen, and P. Gerstoft, “Range-dependent seabed characterization by inversion of acoustic data from a towed receiver array,”
J. Acoust. Soc. Amer., vol. 112, pp. 1523–1535, Oct. 2002.
[6] D. P. Knobles and R. A. Koch, “A time series analysis of sound propagation in a strongly mutipath shallow water environment with an adiabatic
normal mode approach,” IEEE J. Oceanic Eng., vol. 21, pp. 290–298,
Jan. 1996.
[7] J.-P. Hermand, “Broad-band geoacoustic inversion in shallow water
from waveguide impulse response measurements on a single hydrophone: Theory and experimental results,” IEEE J. Oceanic Eng.,
vol. 24, pp. 41–66, Jan. 1999.
[8] L. Jaschke and N. R. Chapman, “Matched field inversion of broadband
data using the freeze bath method,” J. Acoust. Soc. Amer., vol. 106, no.
4, pp. 1838–1851, 1999.
[9] C. W. Holland and J. Osler, “High-resolution geoacoustic inversion in
shallow water: a joint time- and frequency-domain technique,” J. Acoust.
Soc. Amer., vol. 107, no. 3, pp. 1263–1279, 2000.
[10] P. Pignot and N. R. Chapman, “Tomographic inversion of geoacoustic
properties in a range-dependent shallow-water environment,” J. Acoust.
Soc. Amer., vol. 110, no. 3, pp. 1338–1348, 2001.
[11] N. R. Chapman, J. Desert, A. Agarwal, Y. Stephan, and X. Demoulin,
“Estimation of seabed models by inversion of broadband acoustic data,”
in Proc. 6th Eur. Conf. Underwater Acoust., Gdansk, Poland, 2002, pp.
477–481.
[12] P. Gerstoft, “Inversion of seismoacoustic data using genetic algorithms
and a posteriori probability distribution,” J. Acoust. Soc. Amer., vol. 95,
no. 2, pp. 770–782, 1994.
[13] S. E. Dosso, M. L. Yeremey, J. M. Ozard, and N. R. Chapman, “Estimation of ocean-bottom properties by matched-field inversion of acoustic
field data,” IEEE J. Oceanic Eng., vol. 18, pp. 232–239, July 1993.
[14] P. Gerstoft, “Inversion of acoustic data using a combination of genetic
algorithm and the Gauss–Newton approach,” J. Acoust. Soc. Amer., vol.
97, no. 4, pp. 2181–2190, 1995.
[15] M. R. Fallat and S. E. Dosso, “Geoacoustic inversion via local, global,
and hybrid algorithms,” J. Acoust. Soc. Amer., vol. 105, no. 6, pp.
3219–3230, 1999.
[16] A. B. Baggeroer and H. Schmidt, “Parameter estimation theory bounds
and the accuracy of full field inversions,” in Full Field Inversion
Methods in Ocean and Seismo-Acoustics, O. Diachok, A. Caiti, P.
Gerstoft, and H. Schmidt, Eds. Dordrecht, The Netherlands: Kluwer,
1995, pp. 79–84.
[17] H. Schmidt and A. B. Baggeroer, “Physics-imposed resolution and robustness issue in seismo-acoustic parameter inversion,” in Full Field Inversion Methods in Ocean and Seismo-Acoustics, O. Diachok, A. Caiti,
P. Gerstoft, and H. Schmidt, Eds. Dordrecht, The Netherlands: Kluwer,
1995, pp. 85–90.
[18] C. Park and W. Seong, “A study on the effects of parameter sensitivity
on matched field processing,” J. Acoust. Soc. Korea, vol. 20, no. 1E, pp.
31–37, 2001.
[19] M. D. Collins and L. Fishman, “Effective navigation of parameter landscape,” J. Acoust. Soc. Amer., vol. 98, no. 3, pp. 1637–1644, 1995.
[20] W. Seong and C. Park, “The fine scale geoacoustic inversion of the
shallow water sub-bottom using chirp signals,” in Proc. IEEE Oceans,
Honolulu, HI, 2001, pp. 723–730.
[21] M. K. Sen and P. L. Stoffa, Global Optimization Methods in Geophysical
Inversion. Amsterdam, The Netherlands: Elsevier, 1995.
[22] L. Ingber, “Very fast simulated reannealing,” Math. Comput. Modeling,
vol. 12, no. 8, pp. 967–993, 1989.
[23] M. Siderius, P. Nielsen, J. Sellschopp, M. Snellen, and D. Simons,
“Experimental study of geoacoustic inversion uncertainty due to ocean
sound-speed fluctuations,” J. Acoust. Soc. Amer., vol. 110, no. 2, pp.
769–781, 2001.
[24] L. Lines, “Ambiguity in analysis of velocity and depth,” Geophys., vol.
58, no. 4, pp. 596–597, 1993.

[25] M. Snellen, D. Simons, M. Siderius, J. Sellschopp, and P. Nielsen, “An
evaluation of the accuracy of shallow water matched field inversion results,” J. Acoust. Soc. Amer., vol. 109, no. 2, pp. 514–527, 2001.
[26] C. S. Clay and H. Medwin, Acoustical Oceanography. New York:
Wiley, 1997.
[27] S. E. Dosso, “Quantifying uncertainty in geoacoustic inversion. I. A
fast gibbs sampler approach,” J. Acoust. Soc. Amer., vol. 111, no. 1, pp.
129–142, 2002.

Cheolsoo Park received the B.S. and M.S. degrees in
naval architecture and ocean engineering in 1997 and
1999, respectively, from Seoul National University,
Seoul, Korea, where he is working toward the Ph.D.
degree at the Department of Naval Architecture and
Ocean Engineering.
In 2002, he was a visiting student at Marine Physical Laboratory, University of California, San Diego.
His main research interests include geoacoustic inversion and MFP.

Woojae Seong (M’00) was born in Seoul, Korea. He
received the B.S. and M.S. degrees in naval architecture and ocean engineering in 1982 and 1984, respectively, from Seoul National University, Seoul, Korea.
He received the Ph.D. degree in ocean engineering in
1991 from the Massachusetts Institute of Technology,
Cambridge.
He is an Associate Professor in the Department of
Ocean Engineering, Seoul National University. From
2002 to 2003, he was a Visiting Professor at Marine
Physical Laboratory, University of California, San
Diego. His current research interests include acoustic propagation modeling
in realistic ocean environments with an emphasis on treating the bottom as a
porous media, geoacoustic inversions, matched field processing, and acoustic
monitoring system.

Peter Gerstoft (M’03) received the M.Sc. and
Ph.D. degrees from the Technical University of
Denmark, Lyngby, in 1983 and 1986, respectively,
and the M.Sc. degree from the University of Western
Ontario, London, Canada, in 1984.
From 1987 to 1992, he was with Ødegaard
and Danneskiold-Samsøe, Copenhagen, Denmark,
working on forward modeling and inversion for
seismic exploration, with a year as Visiting Scientist
at the Massachusetts Institute of Technology,
Cambridge. From 1992 to 1997, he was Senior
Scientist at SACLANT Undersea Research Centre, La Spezia, Italy, where he
developed the SAGA inversion code, which is used for ocean acoustic and
electromagnetic signals. Since 1997, he has been with the Marine Physical
Laboratory, University of California, San Diego. His research interests
include global optimization; modeling; and inversion of acoustic, elastic, and
electromagnetic signals.

Martin Siderius received the B.S. degree in physics
from Western Washington University, Bellingham, in
1986. He received the M.S.E.E. and Ph.D. degrees,
both in electrical engineering, from the University of
Washington, Seattle, in 1992 and 1996, respectively.
He was an Engineer with Baird Corporation,
Bedford, MA, from 1986 to 1987 and with Bio-Rad,
Cambridge, MA, from 1987 to 1990. From 1990 to
1996, he was a Research Assistant at the Applied
Physics Laboratory at the University of Washington.
From 1996 to 2001, he was on the scientific staff in
the Acoustics Department at the NATO SACLANT Undersea Research Centre,
La Spezia, Italy. He joined Science Applications International Corporation in
July 2001 and is currently a Senior Scientist in the Ocean Sciences Division.
His research interests include underwater acoustics and signal processing.

