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Abstract

Knowledge of the geoacoustic properties of the ocean bottom is essential for accurate 

modeling of acoustic propagation in shallow-water environments. Estimates of these 

properties can be obtained through geoacoustic inversion. Among the various inver­

sion methods, the ones based on matched-field processing (MFP) have been increas­

ingly used due to their relatively easy implementation and their good performance. 

In matched-field inversion (MFI), the objective is to maximize the match between 

the measured acoustic pressure field and the modeled field calculated for trial sets of 

geoacoustic parameters characterizing the environment. This thesis investigates the 

technique of matched-field tomographic inversion, a recent application of MFI that 

takes advantage of a multiple array - multiple source configuration to estimate range- 

dependent geoacoustic parameters. A two-stage inversion method based on the ray 

approach adopted to calculate the modeled pressure fields is developed to increase 

the efficiency of the estimation. The first stage consists of matching measured and 

modeled amplitudes of waterborne rays propagating between each source-array pair 

to estimate the parameters at the seafloor. The second stage consists of matching 

measured and replica pressure fields corresponding to rays th a t penetrate the sedi­

ment to estimate deeper parameters. In the first stage, the match is quantified using 

a least-squares function whereas in the second stage the robust pairwise processor 

is used. Both stages use a simplex genetic algorithm to guide the search over the 

parameter space. The inversion method is first applied to the two-dimensional (2-D) 

problem of vertical-slice tomography where four sets (2 sources x 2 vertical line ar­

rays) of multi-tone pressure fields are used to estimate the depth and range variations 

of geoacoustic parameters. The method is validated via simulation studies that show 

its good performance in the ideal case where every model parameter except the ones 

to be estimated are exactly known, and quantify its limitations in non-ideal cases 

where noise in the data or errors in the array positions are present. The inversion
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results show that the parameters to which the pressure field is the most sensitive are 

well estimated for signal-to-noise ratios greater than or equal to 5 dB or for array 

position uncertainties less than two wavelengths of the source wavelet. The inversion 

method is then applied to a 3-D environment problem. From the different array con­

figurations studied, it is found that the accuracy of the parameter estimates increases 

with decreasing propagation range. Finally, the method is applied to experimental 

data for a vertical-slice configuration. The relatively poor match obtained between 

the replica and measured data is attributed to the large uncertainty in the array 

position and the simplistic parameterization of the environment.
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Chapter 1 

Introduction

In low-frequency shallow-water acoustic experiments, the propagating sound inter­

acts strongly with the ocean bottom as it is reflected at the seafloor and transmitted 

into the sediment. The sound field in the water is thus highly sensitive to the sedi­

ment properties, implying that knowledge of these properties is necessary for accurate 

acoustic modeling. For example, the result of an underwater source localization can 

depend on such knowledge. Another implication is tha t it is possible, in theory, to 

invert the sound field to determine the seabed properties. This so-called geoacoustic 

inversion represents an attractive alternative to direct measurements of the physical 

properties using core samples which are usually time consuming, expensive, offer poor 

spatial coverage and often disturb the samples. From the geoacoustic properties of 

the sediment, i.e., velocity and attenuation of the compressional and shear waves, 

density and sediment thickness, physical properties such as porosity and grain size 

can be determined using empirical relationships (Hamilton and Bachman 1982).

The inversion problem starts with experimental measurements: the pressure held 

generated by a sound source is recorded at a distant hydrophone or array of hy­

drophones. A geoacoustic model of the ocean and ocean-bottom waveguide is then 

selected and parameterized. Independent a priori information usually guides the 

choice of the model. The model widely adopted in underwater acoustics is com­

posed of layers representing the water column, the sediment layers and a semi-infinite 

subbottom. The parameterization is an important issue since the form of the real 

ocean-bottom waveguide is usually unknown and the result of the inversion depends 

on the parameterization. Once the set of parameters that characterizes the waveguide 

has been determined, a range of possible values is allocated to each of the unknown
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parameters to form the parameter search space in which the solution of the inversion 

is to be found. The actual inversion can then be performed to estimate the unknown 

parameters. Ideally, the final estimates should be associated with an uncertainty 

analysis.

The inversion is in practice a challenging problem. There is no analytical solution. 

The problem is ill-conditioned, highly non-linear and the parameter space can be 

very large. To address these difficulties, inversions based on matched-field processing 

(MFP) (Baggeroer et ai. 1993) have been increasingly used. MFP is a full-held signal- 

processing technique that takes advantage of the spatial properties of the acoustic held 

to solve the inverse problem. Matched-held inversion (MFI) was hrst introduced in 

underwater acoustics for source localization (Bucker 1976) and has been recently (and 

successfully) applied to geoacoustic inversions for simulated and experimental data 

(Collins et al. 1992; Dosso et al. 1993; Lindsay and Chapman 1993; Gerstoft 1994; 

Tolstoy 1996; Hermand and Gerstoft 1996). In MFI, the inversion is posed as an 

optimization problem. The inversion attem pts to hnd the optimum set of parameters 

that minimizes the misht between the measured acoustic held and the modeled/replica 

pressure held calculated for specihc parameter values. A review of the geoacoustic 

inversion problem and MFI is given in Chapter 3.

Most of the MFI studies found in the literature deal with the simple conhguration 

of a single source and a vertical array of receivers. In such a conhguration, the range 

variations of the parameters are averaged along the acoustic path and only their depth 

variations can be estimated. In shallow water, the geoacoustic parameters often show 

a high variability with range and cross-range {i.e., range-dependent environments). 

A tomographic conhguration {i.e., multiple sources and arrays) appears as a better 

approach to resolve the range variations. Acoustic tomography can be dehned as 

the cross-sectional imaging of a region from either transm itted or rehected pressure 

helds collected when insonifying the region from different directions. The region 

is gridded into cells and the properties are estimated in each cell. Tomographic
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inversion was introduced in underwater acoustics to determine the variability of the 

three-dimensional (3-D) water sound-speed field in deep ocean regions via the analysis 

of travel times of long-range acoustic signals propagating between moored or moving 

receivers and sources (Munk and Wunsch 1979). In this so-called ocean acoustic 

tomography, one looks for the perturbations of the sound-speed profile around a 

background value instead of the sound-speed profile itself. The modeled travel times 

are calculated using equations that are not too non-linear making direct inversion 

possible through a linearization approach.

The concept of tomography can be applied to geoacoustic-parameter estimation: 

in principle, by using the acoustic paths between multiple sources and receivers, a 

sufficiently high density sampling of the sediment can be provided to estimate the 

range variations of the model parameters. In this case, the full pressure field (phase 

and amplitude) has to be calculated. In addition, one usually looks for the actual 

value of the parameters rather than their perturbations around a background value. 

The problem is then highly non-linear and a linearization approach is no longer a 

realistic option. The idea of combining tomographic and matched-field inversion 

for geoacoustic-parameter estimation was recently suggested by Tolstoy (1995). Her 

method was successfully used in two simulation studies (Tolstoy 1995; Tolstoy 1998) 

to estimate the 3-D variations of a single geoacoustic parameter (the sediment sound 

speed or the water depth). Tolstoy later developed a linearized approach to the prob­

lem (Tolstoy 2000) and obtained good results when estimating the water depth. How­

ever, this approach assumes that propagation through the background environment 

equals propagation through the true environment, and requires a priori estimates of 

the background parameters.

This thesis proposes a new broadband tomographic inversion method for the esti­

mation of range-dependent geoacoustic parameters. In an attem pt to estimate several 

parameters simultaneously, while not requiring an excessive amount of computational
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time, the inversion is divided in two stages. Each stage is based on a non-linear inver­

sion approach. Therefore, the results of the method do not rely on a priori parameter 

estimates. This original method is described in Chapter 4. The method is tested 

on a simulated data set obtained for a scenario modeling the Haro Strait experiment 

(Chapman et al. 2000).

The Haro Strait experiment is a unique short-range, shallow-water experiment 

in which the pressure fields generated by densely distributed broadband sources were 

recorded on multiple vertical arrays for both ocean and geoacoustic tomography. This 

experiment has served as a basis for the simulation studies done by Tolstoy and has 

also strongly influenced and guided the present approach of the geoacoustic inversion 

problem. A description of the experiment and the collected data is given in Chap­

ter 2. Two independent inversions (Jaschke 1997; Pignot and Chapman 2001) of the 

Haro Strait experiment data were carried out previously to estimate the geoacoustic 

parameters of the site. Jaschke was interested in the simple one array-one source con­

figuration and obtained estimates for a range-independent waveguide model. Pignot 

and Chapman studied the configuration of one array and multiple sources roughly on 

a straight line and found significant variations of the parameters with range. In this 

thesis, the more complex case of a vertical-slice tomography problem, i.e., two arrays 

and multiple sources roughly aligned, is investigated. This particular configuration is 

presented in Chapter 4 where the two-stage inversion method is validated in a simula­

tion study and then applied to the experimental data. In Chapter 5, an approach for 

3-D tomography is presented in a simulation study to estimate the geoacoustic param­

eters of a range and cross-range varying environment. Finally, Chapter 6 snmmarizes 

the results of the thesis and lists some suggestions for further work.
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The Haro Strait Experiment

2.1 General D escription

A low-frequency geoacoustic tomography experiment (Chapman et al. 2000) was 

carried out in June 1996 during the Haro Strait PRIMER sea trial, a collaborative 

project using MIT)/WHOP vertical line arrays (VLA) to study coastal-ocean pro­

cesses in Haro Strait (B.C., Canada). Three VLAs, later referred to as NW, NE and 

SW arrays, were deployed in a shallow-water area near Stuart Island. Each VLA 

consisted of 16 receivers. The distance between two receivers was 6.25 m except be­

tween the 8*̂  and 9*̂  receivers where the distance was 12.5 m due to the presence of 

a tomography source on the cable (Fig. 2.1). The total length of the cable was de­

signed so that the shallowest receiver of each VLA was about 30 m deep for a straight 

vertical array. Low-frequency acoustic signals were generated by the implosion of 

ship-deployed light bulbs. The light bulb shots were triggered at depths of 30-70 m 

using an operator-released mass that dropped along the cable from the ship to the 

light bulb casing. Light bulbs generate a short reproducible impulse with high signal 

level. For a 70 m deep implosion, the spectral peak of the impulse is typically about 

600 Hz with the source level approximately 200 dB re 1 /rPa @ 1 m (Heard et al. 

1997). Forty-five light bulbs were deployed over the site. In addition to the light bulb 

deployments, several other tasks were conducted to provide environmental informa­

tion for accurate acoustic modeling and ground-truth data for comparison with the 

inversion results;

(i) a bathymetric survey of the region was conducted using 38 kHz and 200 kHz

^Massachusetts Institute of Technology 
^Woods Hole Oceanographic Institution
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Surface buoy

Subsurface buoy

Receivers

Tomography source

Anchor
Anchor

Figure 2.1 Haro Strait experiment mooring design. The distance between the two weights 

was initially about 150 m. The total array aperture was 100 m.

echosounders and differential global positioning system (GPS) navigation over a grid 

pattern,

(ii) a survey of the seafloor sediment type was performed using a Shipek grab sam­

pling device and trip corer, and

(iii) a velocimeter and thermometer were deployed simultaneously to measure the 

sound-speed and temperature profiles in the water column.

2.2 Experim ental D ata

2.2.1 Bathymetric and Geological Data

The bathymetric survey provided a detailed map of the site (Fig. 2.2). Water 

depth varies from 120-220 m revealing a complex bathymetry, especially in the eastern 

part. The Shipek grab sampler was deployed at 13 stations within the VLA triangle.
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The grab sampler contents were examined in the field and estimates were made of 

the relative contents of sand, silt, clay, pebbles, cobbles and biological materials. As 

shown in Fig. 2.3, the surface sediment varies from pebbles to sand to very fine sand

with clay from west to east. Three attempts were made to collect core samples using 

a gravity coring device. The third attem pt produced a 5 cm height core with the 

content reported in Fig. 2.3.

2.2.2 Acoustic Data

The positions of the light bulb implosions and VLAs are given in Fig. 2.2. These 

positions are the GPS measurements of the ship positions at the deployment time 

and represent only an initial estimate of the true array and source positions. Unfor­

tunately, the array tracking system (three upward-directed sources mounted on the 

subsurface section anchor) was not operating during the period when the light bulbs 

were deployed. Consequently, the receiver (and source) positions had to be estimated 

through inversion, using relative travel-time data (see Appendix B). Light bulbs 10 to 

45 were deployed within a period of three hours on June 19. Acoustic pressure fields 

were recorded in 20 s segments at a sampling frequency of 1750 Hz. Absolute time 

of the implosions was not available. Fig. 2.4 shows a typical time series of the data 

generated with a source at 70 m depth. The pressure field is highly structured and 

signals with different paths can be identified. The Haro Strait is a very noisy environ­

ment due to merchant shipping, ferry and small boat traffic. Initial data measured 

in the experiment indicated noise levels in excess of 110 dB re 1 //Pa. The recorded 

pressure field p(t) at the receiver contains therefore the light bulb signal q(t) plus 

the ambient noise n(t). The noise component was suppressed by using an optimum 

(Wiener) filter (Press et al. 1992):

lot flP
=  iwFTMTF-
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s c a l e  in k m
39.6

0.5 1 .00.0I mart Island

39.4

39.2

39.0

KW38.6

38-4

10.511.013.0 12.0 11.513-5 12.5
Longitude 123 deg xx min

Figure 2.2 Local bathymetry (depth in m). The squares and circles indicate the positions 

of the ship when deploying the arrays and light bulbs respectively.
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Figure 2.3 Location and description of the 13 sediment grab samples: B: biological mate­

rial, Cl: clay, Co: cobbles, P: pebbles. Si: silt, Sa: sand. Different sizes of sand 

grain were present: coarse (c), medium (m), fine (f) or very fine (vf). The core 

sample is labeled as C3.
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Figure 2.4 Raw pressure field of light bulb 24 recorded at the NW array. Only 12 of the 16 

receivers were functioning at the NW array. Receiver 1 represents the shallowest 

receiver. Signals with different propagation paths can be identified: direct (d), 

surface reflected (s), bottom reflected (b), surface-bottom reflected (sb) etc. 

The arrival between the b and sb arrivals corresponds to rays that penetrate 

the sediment. Note that the arrival order of the bs and sb signals changes with 

receiver depth.
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Q (/) and being the Fourier transform of and n(() respectively. Prior to

each shot, the pressure field caused by the ambient noise was recorded to provide 

an estimate of n(t). Thus, no assumption was made on the noise spectrum when

applying the filter. The |Q (/)p  term can be estimated using the approximation:

(2 .2)

where P( f )  is the Fourier transform of p(t).

The data were then bandpassed using a Butterworth filter with a low-cutoff frequency 

of 200 Hz and a high-cutoff frequency of 800 Hz. Finally, the data were upsampled to 

a sampling frequency of 7000 Hz to interpolate the raw data points, and transformed 

back into the time domain using an inverse Fourier transform. These operations were 

carried out for each receiver channel. The signal-to-noise ratio (SNR) of the processed 

signals considered in this work varies between 8 and 15 dB per sensor. An example of 

a recorded signal before and after the complete processing is illustrated in Fig. 2.5.
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Figure 2.5 Example of raw (top) and processed (bottom) signal. The signal processing 

includes a bandpass filtering, Wiener filtering and upsampling. The processed 

signal is smoother and has a smaller level of noise than the raw signal, though 

some information has been lost because of the narrower band.
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2.2.3 Water Sound Speed

The velocimeter was deployed on three occasions: on June 18, approximately 

300 m east of the NW array, on June 19, 500 m south of the SW array and on June

20, 400 m east of the NW array. The measurements, reported in Fig. 2.6, indicate a 

fairly constant sound speed with depth.
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Figure 2.6 Sound-speed (solid line) and temperature (dotted line) profiles in the water.

Left panel: June 18 (NW). Middle panel: June 19 (SW). Right panel: June 20 

(NW). The notches on the speed curves are measurement artifacts.

To complement these sparse measurements, the water temperature was sampled ev­

ery 10 minutes on a chain of 11 thermistors attached to the NW array. No direct 

measurement of the thermistor depths was available. However, the results of the ar­

ray elements localization (Appendix B) gave an estimate of these depths. The time 

variations of the temperature measured by the shallowest and deepest thermistors 

over the period of the experiment are given in Fig. 2.7. A good agreement is observed
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Figure 2.7 The top panels show the temperature recorded at the shallowest (left) and deep­

est (right) thermistors on the NW array over the full period of the tomography 

experiment. The stars on the top panels represent the temperatures measured 

when the velocimeter was deployed at depths of 30 m (left) and 80 m (right). 

The left bottom panel shows the modeled tide current over the same period 

calculated with the Tide View software. Positive/negative values of the current 

indicate a North/South direction component. The vertical dotted lines repre­

sent the implosion time of light bulbs 10 and 45. The bottom right panel shows 

the water temperature recorded on all the thermistors at these two implosion 

times.
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with the temperatures measured when the velocimeter was deployed, even though

the locations of the two independent measurements were not identical. The changes 

in temperature follow the tidal pattern obtained from the tide model TidelTew. In

particular, the temperature decrease observed at about 30 m in the third profile in 

Fig. 2.6 seems to be correlated to the flooding current taking place when the velocime­

ter was deployed. Since the light bulbs used in this work were also deployed during a 

flood tide, a profile similar to the third profile of Fig. 2.6 is thus expected to have oc­

curred during the deployment period. As shown in the bottom right panel of Fig. 2.7, 

the data recorded at the thermistors indicate a very stable temperature profile over 

both the depth and the period of the light bulb deployment (AT ~  0.1°C). According 

to the empirical equation of Clay and Medwin (1977) relating water sound speed to 

temperature, depth and salinity, a variation of 0.1°C for the analysis of the Haro 

Strait data will result in a change of less than 0.5 m /s in the sound speed. A constant 

value with depth of (7^=1482.5 m /s for the water sound speed will be used in the 

rest of this work. The effects of an error in the estimation of the water sound speed 

on the inversion were simulated (see Tab. 4.5) and were found to be insignificant.
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Chapter 3 

Geoacoustic Inversion and M atched-Field Processing

Geoacoustic inversion is a challenging problem that has been increasingly addressed 

with matched-field processing (MFP) methods. MFP is an attractive and powerful 

tool since it takes advantage of the fnll information (amplitude and phase) contained 

in the acoustic field sampled at an array. Inversions based on MFP belong to the 

“inversion by forward modeling” class of approaches. This assumes that the acoustic 

propagation is fully understood and accurately modeled. This chapter reviews some 

basic concepts of acoustic propagation and describes the principle of MFP and the 

different components of matched-field inversion (MFI).

3.1 General Concepts

3.1.1 Forward Problem

The wave eqnation describing the acoustic propagation in an ideal fluid can be 

derived from the linear approximation of hydrodynamics equations and the adiabatic 

relationship between pressure and density. Assuming that the density (p) and the 

sound velocity (c) in the medium are independent of time, the excess acoustic pressure 

about the ambient pressure satisfies the acoustic wave equation:

=  “■ P'l)

In this equation, p(r, t) is the pressure disturbance as a function of position (r) and 

time (t). If the density is constant, Eq. 3.1 can be reduced to the standard form of
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the wave equation:

When introdncing a forcing (source) term, Eq. 3.2 becomes the inhomogeneous wave 

equation:

(3 3)

The pressure field generated by an acoustic source propagates in the ocean and in­

teracts with the ocean bottom through reflection and transmission. In the case of 

short-range propagation, a low-frequency source and/or shallow-water propagation, 

the interaction is particularly strong. While acoustic waves can propagate over long 

distances in the ocean without significant loss of energy, they are quickly attenuated 

in the sediment. Thus in order to predict accurately the acoustic field at any point of 

a waveguide, i.e., to solve the wave equation, one has to know the geoacoustic proper­

ties of the seafloor. Since the seafloor is usually an elastic medium that supports both 

compressional waves (P-wave) and shear waves (S-wave), the complete set of geoa­

coustic parameters are the velocity and attenuation of the P- and S-waves as well as 

the density and the thickness of the sediment layers. An underlying assumption here 

is that the source position and strength are known as well. Solving the wave equation 

is also called solving the forward problem (F). Given some model m  of parameters 

that completely characterizes a waveguide, one computes the data d that would be 

observed:

F(m) =  d. (3.4)

The forward problem usually has a unique and stable solution. However, Eq. 3.2 

generally does not have an analytical solution and numerical methods are necessary 

to solve the forward problem. The four main numerical methods used in ocean acous­

tics are based on ray theory, normal mode theory (NM), parabolic equation theory
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(PE) and wavenumber integration methods (WI). These methods are described in 

detail in Jensen et al. (1994). Most applications of MFP for source localization or 

geoacoustic inversion have used NM or PE models. These models provide accurate 

full-held solutions at the expense of a signihcant cost in computation time. For 

tomographic inversion purposes, the approach is traditionally based on geometrical 

acoustics (Munk and Wunsch 1979). This approach was selected for the geoacous­

tic matched-held tomography inversions presented in this thesis for several reasons. 

First, the pressure helds recorded during the Haro Strait experiment exhibit ray-like 

patterns (see multiple paths observed in Fig. 2.4 for example). Second, ray models 

are fast, relatively easy to implement and lead to highly intuitive solutions (eigen- 

rays). The time needed to solve the forward problem is a major issue when doing 

MFI with broadband data since such inversions require solving the forward problem 

a large number of times. Finally, ray models are conceptually well designed to handle 

range-dependent environments. Geometrical acoustics is based on a high-frequency 

approximation which leads to inaccurate predictions of pressure fields in the vicinity 

of caustics and focal points. However, for the distances of propagation considered in 

this work (less than 2 km), this issue is generally not relevant. As we shall see, the 

ray approach is essential here since the inversion method developed in this work relies 

on the identification of rays.

3.1.2 Inverse Problem

The general inverse problem consists of estimating the parameters of a model 

m  from measurements d of a process that interacts with the model:

F 'X d ) =  m. (3.5)

An overview of the various methods developed to solve Eq. 3.5 can be found in Taran­

tula (1987) while the specific case of geophysical/ geoacoustic inversion is described in
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Menke (1984) and Frisk (1990). As mentioned in Chapter 1, the geoacoustic inver- 

sion problem consists of estimating the geoacoustic parameters of an ocean waveguide 

given a measured acoustic field. When is a linear or quasi-linear problem, its 

solution can be determined by matrix inversion. Unfortunately, geoacoustic inver-

sion is usually highly non-linear. It is also an ill-conditioned problem for which the 

uniqueness of the solution is not guaranteed. One approach to avoid the mathemati­

cal difficulties of inverting ill-conditioned matrices is to use inversion techniques, such 

as MFP, which are based on forward modelling.

3.2 M atched-Field Inversion

The principle used in MFI is very simple: one has to find the set of parameters 

modeling the waveguide that minimizes the misfit between the measured acoustic 

field and the replica field modeled for this particular parameter set. This requires a 

propagation model to calculate the replica, a cost function to measure the misfit and 

a search algorithm to sample the parameter space.

3.2.1 The Propagation Model

The ray propagation model used to calculate all the synthetic pressure fields is 

based on the HARORAY code developed by Pignot and Chapman (2001). In this 

code, the eigenrays connecting a source to a vertical array of receivers are found using 

an interpolation method. A fan of rays is first traced from the source. Using two 

rays with adjacent take-off angles and the same path history (number and order of 

reflections and transmissions) that bracket a receiver’s depth, a linear interpolation 

is performed to determine a third ray which would bracket the receiver’s depth closer 

(zoom). The interpolation is repeated until the distance between the two bracketing 

rays is less than a pre-defined threshold (<1 cm typically). Each eigenray r is then
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deSned by its take-oE angle (Or), path history (hr), travel time (fr), amplitude (A-) 

and phase (yir)- The ray amplitude and phase depend on frequency through attenu­

ation and beam displacement. Variations of attenuation with frequency have a very 

small eSect on the total pressure held for the hrequency range we are interested in and

this effect is neglected here. Beam displacement is a phenomenon that occurs when a 

wave/ray strikes an interface at an incident angle larger or equal to the critical angle 

(see Fig. 4.7 for a definition of the critical angle). The wave energy propagates along 

the interface over a distance A that depends on the frequency, and is eventually re­

flected back into the incident medium. When striking at the critical angle, the energy 

propagates at the interface and is continuously reradiated into the incident medium 

(lateral wave). This phenomenon is not predicted by the classical ray theory. While 

corrections to this deficiency exist, they take away the simplicity and efficiency of 

the ray approach. The range of incident angles determined by the geometry of the 

Haro Strait experiment and the simulations carried out in this work is such that there 

is generally no beam displacement observed. Therefore, no beam displacement cor­

rection was implemented in HARORAY. Since no frequency-dependent phenomena 

are modeled in HARORAY, ray tracing is done for only one frequency (the central 

frequency fc) and the pressure field at different frequencies is analytically derived by 

simply readjusting the phase delay 2ttft.

The transfer function T F  oi a waveguide, i.e., the spectral component of the field for 

a point source, is obtained by summing the eigenrays. Its usual formulation is:
N r a y s

T f(/)= =  A-eTp(-*(27r/fr +  spM(/)y^r)), (3.6)
r —1

where sgn is the sign function and is defined by:

1^+1 : /  >  0

The formulation in Eq. 3.6 ensures tha t T F { f)  and T F { —f )  are complex conjugate 

quantities so that the inverse Fourier transform of TF, namely the impulse response
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of the waveguide, is real. For a broadband source, the synthetic time series p(t) are

obtained by convolving the impulse response IR{t)  with the source wavelet s{t):

p(t) =  s(t) (gi (3.7)

Our approach to calculate synthetic time series is different as the time series are 

calculated directly in the time domain:

{

/ N r a y s  ''

(3.8)

In this equation, 5R denotes the real part. The difference between the two approaches 

to generate the time series is due to non zero phase terms and is usually small as 

shown in the example illustrated in Fig. C.2.

The original HARORAY code was modified to include a linear vertical gradient 

of the P-wave velocity in the different layers of the waveguide. This new version 

of the code was validated through benchmark cases and comparison with two well- 

established propagation codes (see Appendix A). The code handles a range-dependent 

environment as follows: each horizontal layer (water, sediment layers, subbottom) can 

be divided into zones where all the properties but the layer thickness are constant. 

Examples of the performance of HARORAY for range-dependent waveguides are given 

in Appendix A.

3.2.2 The Cost Function

Once the forward problem has been solved for a trial model of parameters, one 

needs to compare the replica and measured fields. The cost function, also called the 

processor, quantifies the misfit between these two fields. The most widely used pro­

cessor in underwater acoustics is the single-frequency, normalized Bartlett processor 

(Tolstoy 1993):

i3j„(m,/) =  |P ' (m , / )D ( / )p .  (3.9)
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In this equation, * indicates conjugate transpose, D ( /)  is the normalized measured

field at frequency /  and P(m , / )  is the normalized replica field calculated for the 

model of parameters m  at the H  receivers. P and D are normalized to one:

p . ( f \ — PAP D ( f )  =

Due to the normalization, only relative phases and amplitudes across the array are 

taken into account. Eba takes values between 0 and 1, with 1 indicating a perfect fit. 

One of the problems in maximizing Eba, or equivalently minimizing the misfit 1-Eba, 

is the non-uniqueness of the solution. Several sets of parameters can give rise to very 

similar values of Eba- This is particularly true when the data are contaminated with 

noise. One way to reduce the ambiguity of the solution is to use as much data (ie ., 

information) as possible in the cost function. This can be done by using multiple 

sources and/or multiple frequencies in the cost function. For geoacoustic inversion, 

broadband MFI methods have been investigated and have led to more robust esti­

mations than single-frequency MFI methods (Michalopoulou and Porter 1996). MFP 

methods make use of the spatial coherence of the pressure field across an array of re­

ceivers. Coherence exists across frequencies as well. However, most of the broadband 

MFI methods found in the literature use a frequency-incoherent Bartlett processor, 

i.e., the results of single-frequency inversions are averaged over N f  frequencies:

Nf
£.fc.(m) = j f ' E  A )D (A )P- (3-10)

 ̂ k=l

This processor does not require any knowledge of the source spectrum. However some 

information is lost when summing the frequency components incoherently. To take 

advantage of the coherence over frequencies, the following coherent BortZett
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processor can be used:

-E 'c ta  ( i n )  —

Nf

Nf
(3.11)

This processor uses more information than the previous two. It is also more sensitive 

to any errors in the relative phases of the data and replica held across frequencies. 

In particular, exact knowledge of the source spectrum is necessary to take advantage 

of the full coherence. This knowledge is usually not available during experiments 

and Eq. 3.11 is meaningful only in very controlled environments. Westwood (1992) 

developed a multi-frequency processor that did not require the exact knowledge of 

the source spectrum but is limited to the special case of uniform spectrum sources. 

A similar approach was adopted to develop the pairwise processor (Frazer and Sun 

1998). This processor was introduced to improve the estimation of seismic parameters 

when the source spectrum is unknown and only assumes (as the Bartlett processors 

do) that the source spectrum is the same for each receiver. This processor is dehned 

as follows: for each frequency, one hrst creates the H  x H  matrix F and its normalized 

form F whose components are given by:

(3.12)

and

N f
- 1 /2

/ )  =  / )  ^  A )|
k~l

(3.13)

Note that the normalization is done over the frequency and not over the hydrophones 

as the Bartlett processors do. The processor is then defined by coherent summations 

of Fjh over both frequency and hydrophone pairs {j ^  h). The misfit is given by:

2

Ep(m) =
g

f e = l

(3.14)
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The case where j  = h is equivalent to calculating the correlation of DjPj with itself. 

By excluding this case, one improves the resolution of the processor. The 2 /{H{H—1)) 

term is a normalization factor to constrain the variation of Ep{m) between 0 and 1, 

with 1 indicating a perfect fit. To see why knowledge of the source spectrum is not 

required, suppose D j(/) =  5"(/)Gj(mtrue,/) and f^(m, / )  == / )  where

S { f)  is the true source spectrum and S { f)  its modeled estimate, Gj(mtrue) is the 

transfer function of the experimental waveguide and Gj (m) is the transfer function 

of the waveguide calculated with the model m. Then Eq. 3.12 can be written as:

/ )  =  / ) ,  (3.15)

Since Fhj can be written in a similar way, Fjh and Fhj contain the same source term 

SS.  Thus, when matching Fjh and Fhj in Eq. 3.14, knowledge of the source spectrum 

is not necessary: Fjh and Fhj will be identical only if G and G are the same. Another 

advantage in using the pairwise processor is that it does not assume that the receivers 

have the same gain. On the other hand, if the receiver gains are the same, it is possible 

to increase the resolution by using the following processor (Frazer 2000):

^ p ( m )  =  f ^ v . ( m ,  A )  '

X

( E "  I Z C i+ j  E Û ,  A ))

( E f . i  E f i i  n ,(m , A )) . (3.16)

This last processor will be referred to as the optimum pairwise processor.

In summary, the pairwise processors use more information than the incoherent 

Bartlett processor but less than the coherent Bartlett processor. Generally, more 

information implies better resolution. On the other hand, the coherent Bartlett pro­

cessor is more sensitive to inaccurate knowledge of the source spectrum. The perfor­

mances of the pairwise, coherent Bartlett, incoherent Bartlett and optimum pairwise 

processors were tested and compared in a simulation study presented in Appendix C.
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For the problem treated, the pairwise processor led to better parameter estimates 

than the three other processors and was therefore a reasonable choice for further 

studies.

3.2.3 The Search Algorithm

In order to determine the optimum model of parameters that minimizes the misfit 

function, one needs to search the parameter space. The most challenging part of 

MFI is to guide the search for the optimum set of parameters by efficiently sampling 

the parameter space while concentrating on sampling the regions of low misfit. This 

is done using a search algorithm. Even with reasonable bounds for the parameter 

search intervals, the parameter space for geoacoustic inversion is very large 10 is 

an average number of unknown parameters) and an exhaustive search is not a suitable 

approach. In addition, since MFI for geoacoustic parameters is a highly non-linear 

problem, the cost function can have a large number of local minima.

Local, global and recently introduced hybrid search algorithms have been applied 

for geoacoustic inversions. Local algorithms such as Newton’s method, conjugate 

gradient or downhill simplex (Press et al. 1992) consist of improving a starting model 

by moving down the local gradient of the cost function. Such methods move efficiently 

downhill on the cost function but usually get trapped in the local minimum closest 

to the starting model. Global algorithms introduce randomness when generating new 

models and therefore allow a wider search. They also have the ability to move uphill 

which prevents them from being trapped in local minima. However, the drawback 

of the randomness is the lack of efficiency to move down towards a minimum. Thus, 

the algorithms are relatively inefficient near convergence. The two most widely used 

global algorithms are simulated annealing (SA) (Kirkpatrick et ai. 1983) and genetic 

algorithm (GA) (Goldberg 1989). Both have been successfully applied to geoacoustic 

inversions (Dosso et al. 1993; Gerstoft 1994). The idea behind hybrid algorithms
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is to combine the advantages of both local and global algorithms while minimizing 

their weaknesses: random global steps are combined with a local gradient-type search. 

Examples of hybrid algorithms are: SA and downhill simplex (Fallat and Dosso 1999; 

Dosso et al. 2000), GA and Gauss-Newton (Gerstoft 1995), GA and downhill simplex 

(Musil et al. 1999). All the inversions carried out in this work were done using a 

modified version of the simplex genetic algorithm (SGA) method developed by Musil 

et al. (1999).

Genetic algorithm (GA)

Genetic algorithms are based on analogy with biological evolution which tends to 

maximize the fitness of a population. A GA starts with a population of models and 

performs a series of genetic operations to produce a new generation of models. The 

operations are repeated over many generations and the population evolves from one 

generation to another while increasing the fitness (or minimizing the misfit) to the 

data. The genetic operations consist of:

•  coding: for each model of the population, the parameters are coded and con­

catenated in a binary string,

•  selection: from the current population, some models (parents) are selected to 

produce the new models (offspring),

•  cross-over: genetic recombination of the parent models is performed to produce 

the offspring models,

• mutation: random perturbations are introduced in the offspring models to in- 

clude variability,

• replacement: some of the offspring models replace parent models in the popu­

lation depending on their fit.
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Different options exist to perform the selection (random, probabilistic), cross-over 

(single, double or multiple-points cross-over), mutation (number of mutated genes) 

and replacement (random, tournament) operations. Details on these operations can 

be found in Golberg (1989). Overall, GA implementations require the determination 

of a number of control parameters larger than for SA. On the other hand, unlike SA, 

GA has the ability to retain and reuse information from past models (memory). 

Modifications of the original SGA were introduced to improve its efficiency:

(i) The random selection of the N-t-1 pairs of parents was replaced by a tournament 

selection. Pairs of models are randomly selected and their fitness compared. One 

of the two models is selected randomly but with a pre-determined probability (0.8 

typically) that favours the fitter model. This step allows the algorithm to concentrate 

mainly on high-fit regions.

(ii) The single-point cross-over was replaced by a multiple-point cross-over. In the bi­

nary strings, every parameter is then recombined. This step increases the randomness 

during the search.

Downhill simplex (DHS)

The downhill simplex method (Nelder and Mead 1965) consists of a series of 

geometric steps moving a simplex of models downhill. It is an attractive method since 

it does not require the computation of partial derivatives and is simple to implement. 

Compared to derivative-based algorithms, DHS is relatively slow to converge to the 

local minimum. However, due to the form of the SGA implementation, reaching the 

exact local minimum is not essential at each DHS step.

Simplex genetic algorithm (SGA)

The implementation of the SGA is illustrated in Fig. 3.1.
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Figure 3.1 Diagram describing the implementation of SGA.

3.3 Summary

While often considered as a “black box,” matched-field inversions are powerful and 

have been shown to successfully solve the difficult problem of geoacoustic parameter 

estimation (see references in Chapter 1). Each component of a MFI (propagation 

model, cost function and search algorithm) contributes to the success of the inversion 

and equal care must be taken in their implementation. The main features of our 

application of MFI to geoacoustic tomography are listed below:

» The use of ray theory to calculate broadband replica fields. While mainly dic­

tated by the form of the acoustic data fields, the ray approach has the important 

advantage of being very fast to calculate the replica fields. Moreover, range de­

pendence is relatively easy to treat with ray theory.



Chapter 3: Geoacoustic Inversion and Matched-Field Processing 27

# The innovative use of the pairwise processor for geoacoustic inversion. As shown 

in Appendix C, this processor is robust to noise and error in receiver positions, 

receiver gains or source spectrum.

® The use of a powerful hybrid search algorithm to sample efficiently the param­

eter space. The search is conducted on low-misfit regions but has the ability to 

escape from local minima.
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Chapter 4 

Vertical-Slice G eoacoustic Tomography

In this chapter, the problem of vertical-slice tomography is investigated. Slice to­

mography is a subcase of 3-D tomography. While tomography inversions deal with 

environments that exhibit variations with depth, range and cross-range, slice tomog­

raphy deals with 2-D environments: vertical planes (depth and range variations) or 

horizontal planes (range and cross-range variations). A typical vertical-slice tomog­

raphy problem consists of a set of receivers and sources in a vertical plane, and uses 

the rays connecting each source to each receiver to estimate the variations of the en­

vironment in that plane. The configuration of the Haro Strait experiment is close to 

such a problem. The vertical plane can be defined by two of the three vertical arrays 

and some of the sources deployed in the area between these two arrays. In the actual 

experiment, the receivers and sources were not exactly in the same plane. However, 

the distance of the out-of-plane elements from the reference plane, say for example 

the plane defined by the top receiver of each array, was small enough to allow the 

assumption of no significant variation of the properties in the cross-range direction.

When introducing range-dependent environments, the number of parameters to 

be estimated in an inversion increases. The size of the parameter space can increase 

drastically and it becomes difficult to design a search algorithm that converges within 

a reasonable amount of time. To address this issue, and to take advantage of the 

ray nature of the experimental data, a method was developed that splits the global 

inversion problem into a two-stage inversion. In order to demonstrate the validity of 

this new method, the two stages were tested in a simulation study for an ideal scenario. 

The inversion method was then applied under non-ideal conditions (mismatch) to 

quantify its limitations.
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4.1 Geoacoustic Model

A geoacoustic model of the Haro Strait experiment environment that would be 

used both for the inversion of simulated and experimental data was selected. This 

model was a three-layer waveguide (water, sediment and subbottom) which had vary­

ing bathymetry and varying depth of the sediment/ subbottom interface. In reality, 

densities, velocities and attenuations also vary with depth within each layer. How­

ever, in the model, only the P-wave velocity was allowed to vary with depth within 

the sediment layer.

In tomographic inversions, range dependence is usually modeled by gridding the 

environment into cells of pre-defined sizes. The inversion problem then consists of 

estimating the parameters in each cell. In general, when using MFI methods, the 

parameters are estimated independently of each other. In reality, the ocean and 

ocean sediments exhibit a certain continuity in their variability and a parameter that 

shows highly random variations is unlikely.

There is obviously a trade-off between the degree of accuracy one wishes to achieve 

and the sampling of the cells. The more cells, the closer the model is to the real en­

vironment (limiting case of continuously varying parameters). On the other hand, 

the more cells, the fewer acoustic paths per cell, i.e., the less information about each 

cell. A different approach was developed to grid the waveguide modeling the Haro 

Strait environment. First, for simplicity, the acoustic parameters were allowed to vary 

only in the sediment layer. Then, because of the short-range propagation character 

of the data, the sediment layer was divided into three zones (see Fig. 4.1), where 

the intermediate zone (zone 2) represented a transition region between two different 

sedimentary regions (zones 1 and 3). This transition zone is intented to model the 

gradual mixing of the two sediments that is likely to happen in nature. To reduce the 

number of unknown parameters, the intermediate zone had average acoustic parame­

ters although this may not be generally true for real sediments (Hamilton 1980). The
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zone was itself also divided into an arbitrary number of cells (ATJ in order to smooth 

the transition of the geoacoustic-parameter profiles from zone 1 to zone 3. To make 

this approach closer to reality, the range limits of the transition zone were added to 

the set of the parameters to be estimated.

Out-of-plane modeling

One had to take into account the fact that the receivers and sources were not

exactly in the same plane. To do so, the procedure was to define the vertical slice 

as the vertical plane containing the shallowest receiver of the two arrays. Since the

distance of the other receivers and sources from this plane was small compared to 

the distance between the two arrays, cross-range variation of the acoustic parameters 

was not considered (see Fig. 4.2). The only parameter allowed to have cross-range 

variation was the bathymetry. In practice, the measured bathymetry was used to 

create the simulated data as well as the replica.

Unknown parameters

The pressure field received at the array is not equally sensitive to the geoacoustic 

parameters. In particular, the shear-wave velocity and the attenuation of both com­

pressional and shear waves have a very small effect on the total pressure field. As 

a result, these parameters are very difficult to estimate in an inversion. Therefore, 

the following subset of 12 parameters was estimated: for zone 1 and 3, the densities 

(pi, P2 ), the P-wave velocities (CPi, CP2 ) and their vertical gradients (Gi, G2 ); the 

P-wave velocity {CPb) and the density {pf) in the subbottom; the range limits of the 

intermediate zone (i?i, R 2 ) and the depth of the sediment/subbottom interface at the 

array position (Di, Dg). For simplicity, this lower interface was assumed to have a 

constant slope.

The remaining parameters (shear-wave velocity and attenuations) were fixed to 

values found in the literature (Hamilton 1980) as shown in Tab. 4.1.
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Figure 4.1 Vertical-slice configuration and geometry of the waveguide used to model the 

Haro Strait environment. This model was used to calculate the replica fields 

during inversions of both simulated and experimental data. Note that the 

bathymetry shown is an approximation of the one used during inversions.
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Figure 4.2 Plane view of the waveguide model. For clarity, only the shallowest receivers in 

each array are shown (squares). The distances are to scale.
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4.2 The Tw o-Stage Inversion M ethod

Estimating the 12 parameters simultaneously required sampling a very large pa­

rameter space. This approach was tested in simulation and was found to be very 

time consuming while convergence to the true parameters was not always achieved. 

Some MFI methods divide such a problem into independent optimizations based on 

the assumption that the acoustic field is sensitive to different parameters at different 

frequencies (Taroudakis and Markaki 1998; Ratilal et ai. 1998; Ainslie et al. 2000). 

Each stage involves a reduced parameter space making the total optimization process 

faster. A different two-stage method was developed that relies on the ray approach 

and the fact that specific eigenrays are sensitive to specific geoacoustic parameters. 

This method requires the identification of eigenrays in the data but has the significant 

advantage of decreasing the computational time of the forward problem.

4.2.1 First Stage

The first-stage inversion consists of estimating the parameters at the seafloor 

{CPi, CP2 , pi, P2 , Ri and R 2 ) by using the rays that propagate in the water column 

only. The more rays used, the greater the coverage of the seafloor and the more accu­

rate the estimates. However the maximum number of rays that can be used depends 

mainly on how many of them are identifiable in the data. A maximum of three eigen­

rays per source-receiver pair are used during the inversions; the bottom-reflected ray 

(b), the bottom-surface reflected ray (bs) and the surface-bottom reflected ray (sb) 

(see Fig. 4.3). Once these rays are identified in the data set, a ray tracing model is 

run to determine the paths of the three rays. Since the bathymetry is known and 

beam displacement is neglected in the model, these paths need to be calculated only 

once. During the inversion, the forward problem then consists only of updating the 

amplitude and phase along the rays using the analytic calculation of the reflection co­

efficient (Frisk 1994) at the seafloor boundary. The first-stage inversion was applied in
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sb Source

b s

Figure 4.3 Eigenrays used for the two-stage inversion. The bottom (b), surface-bottom 

reflected (sb) and bottom-surface reflected (bs) paths are used in the first stage 

to estimate the sediment-surface parameters, while the eigenrays penetrating the 

sediment layers are used to estimate the remaining parameters. The eigenrays 

for each receiver-source pair are considered in the inversion.

a previous simulation study (Corre and Chapman 2000) where the full pressure fields 

comprised of these 3 eigenrays were used and compared to the synthetic data using 

the pairwise processor. While good results were obtained, using the full field is not 

necessary at this stage since the travel times of the eigenrays do not change with the 

sediment-surface parameters. Instead, since only the amplitudes of the eigenrays are 

required to estimate the geoacoustic parameters, it is more effective to use a simple 

cost function based on least-squares differences. One advantage of using such a cost 

function is that when the uncertainty in the measured data is known, it is possible 

to integrate easily this knowledge into the cost function itself. If we assume that
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the error (also called noise) on the measured amplitudes is an independent Gaussian-

distributed random variable with zero mean and standard deviation a, the misfit 

function is given by:

1
^  (4-1)

h—1

where Aijh is the measured amplitude of the eigenray connecting the source to the 

receiver of the array, and aijh is the corresponding modeled amplitude. When 

there are data from Na arrays and Ng sources, the global misfit function to minimize 

is:

= ( « )
2=1 J =  l

The expected value of E\ is the average number of data over the array-source pairs.

Since the source level is not known the modeled amplitudes a  are scaled such that

=  -^ 1  (4-3)

for all { i , j }  pairs where the upper index d refers to the direct eigenray. Although 

in theory it is possible to use one of the bottom-reflected eigenray amplitudes as 

a reference, using the direct ray as a reference heightens the sensitivity of the cost 

function to bottom parameters.

4.2.2 Second Stage

In the second-stage inversion, eigenrays that propagate both in the water and in 

the sediment layer are used to estimate the full set of parameters. The eigenrays that 

penetrate the sediment can either be reflected at the sediment/ subbottom interface 

(see Fig. 4.3) or can be refracted within the sediment layer due to the velocity gradient. 

In the latter case, the eigenray is insensitive to the lower-interface slope and the 

subbottom properties. Since amplitudes, phases and travel times of such eigenrays
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vary with the geoacoustic parameters, the second stage involves calculating the full 

acoustic field. In order to have a reference for the travel times, the bottom-reflected 

eigenray is also included in the pressure field. The results of the first-stage inversion

are used to decrease the search interval of the sediment-surface parameters, so a fine

tuning of these parameters is possible. The forward problem consists of performing the 

ray tracing for a limited range (downward) of ray take-off angles. The cost function 

used to compare the replica and measured pressure fields is given by:

=  (4.4)

where Eij is the output of one of the processors described in Sec. 3.2.2 for the { i , j }  

pair. Similar to the first stage, when data from Na arrays and Ng sources are available, 

the global misfit function to minimize is:

4.3 Sim ulation Study

Before applying the two-stage inversion to the Haro Strait data, it was applied 

to simulated data. A scenario close to the experimental conditions was chosen. It 

involved two arrays modeling the NW and SW arrays and two sources modeling 

light bulbs 20 and 24 (see Fig. 2.2). The positions of the synthetic receivers and 

sources were fixed to a set of values determined during the localization (Appendix 

B). Therefore, some receivers were out of the (reference) vertical plane going through 

the shallowest receiver of both arrays. For each source-receiver pair, the impulse 

response of the waveguide shown in Fig. 4.1 was calculated for a frequency of 600 Hz 

and with the parameter values shown in Tab. 4.1. Time series were generated using 

a source wavelet based on the direct path of a signal recorded during the experiment. 

However, since experimental measurements of pressure fields are real quantities, only
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the real part of the signals were used to form the simulated time series (see Fig. 4.4).

The effect of this loss of information on the performance of the processor is quantified 

in Appendix C.

4.3.1 First-Stage Inversion

In the simulated time series, the three bottom interacting rays that propagate 

only in the water were identified and the amplitudes at their corresponding peaks 

were determined. An example of the rays used is given in Fig. 4.5. To ensure the 

scenario was as close as possible to the real data, only the rays that were clearly 

identified, i. e., free of interference, were used.

Zero-mean, Gaussian-distributed random noise was added to these amplitudes. The 

standard deviation of the noise was expressed as a certain percentage of the largest 

amplitude of the total group of three eigenrays observed at the array. These “noisy” 

amplitudes constituted the simulated data Ajjh- If we define an equivalent signal-to- 

noise ratio as:

S-NA =  20 X Zogio , (4.6)

where Nijh is the added noise, the 1 % and 20 % noise cases considered below corre­

sponds to SNRs varying between 30 and 70 dB and, 0 and 30 dB for the two cases 

respectively.

In order to examine how the data were sensitive to the parameters, the ray coverage 

of the seafloor is given in Fig. 4.6. Both sedimentary zones have a good coverage. 

The transition zone (600-900 m) is not as well sampled but since its parameters are 

fully related to the two other zone parameters, the low coverage does not imply a 

small number of constraints.

The amplitude of the bottom  interacting rays that propagate only in the water 

is derived from the spreading loss and the bottom loss. Since the ray paths are 

unchanged, matching the data and replica ray amplitudes is equivalent to matching
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Parameter True value Search interval

P-wave velocity at the seafloor in zone l[CPi  (m/s)] 1614.00 1490 - 1700

P-wave velocity at the seafloor in zone 2[CP2 (m/s)] 1626.00 1490 - 1700

Density in zone 1 [p\ {g/cm^)\ 1.60 1.10 - 2.20

Density in zone 2 [p2 {g/cm?)] 1.90 1.10 - 2.20

Lower range limit of the transition zone [i2i (m)] 600.00 100 - 1300

Upper range limit of the transition zone [i?2 (m)] 900.00 100 - 1300

P-wave velocity gradient in zone 1 [Gi (s~^)] 0.80 0.20 - 3.50

P-wave velocity gradient in zone 2 [G2 (s"^)] 2.20 0.20 - 3.50

P-wave velocity in subbottom [CPb (m/s)] 1950.00 1750 - 2010

Density in subbottom [pb {g/cm^)\ 2.00 1.10 - 2.20

Depth of the lower interface at array 1 [Di (m)] 250.00 240 - 300

Depth of the lower interface at array 2 [D2 (m)] 270.00 240 - 300

S-wave velocity in zone 1 [CSi  (m/s)] 150.00 -

S-wave velocity in zone 2 ]C% (m/s)] 100.00 -

S-wave velocity in subbottom [G5(, (m/s)] 600.00 -

P-wave attenuation in zone 1 [APi {dB/m/kHz) \ 0.1 -

P-wave attenuation in zone 2 [AP2 [dB/m/kHz) \ 0.1 -

S-wave attenuation in zone 1 [AS'i [dB/m/kHz) \ 15.00 -

S-wave attenuation in zone 2 [AS2 {dB/m/kHz) \ 3.00 -

P-wave attenuation in subbottom [APb {dB/m/kHz)] 0.05 -

S-wave attenuation in subbottom [ASb {dB/m/kHz) \ 10.00 -

Table 4.1 Values of the geoacoustic parameters for the true (synthetic) environment. These 

values were chosen to model a silty clay sediment in zone 1 and a silty sand in 

zone 2 (Hamilton 1980). Also indicated is the search interval for the unknown 

parameters.
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Figure 4.4 Simulated time series generated with the parameters shown in Tab. 4.1 for one 

of the VLA-source pairs (NW 24).
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Figure 4.5 Simulated time series generated at one receiver (top panel) and eigenray arrivals 

used in the first-stage inversion (bottom panel).
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Figure 4.6 Range distribution of the rays reflecting at the seafloor. Array 1 is at range 

0 m, array 2 at range 1400 m. The asterisks indicate the source range.
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bottom reflection coefficients. The amplitude of the reflected ray depends on the angle 

of the incident ray. Therefore a more complete analysis of the ray coverage should 

involve the ray angle information. The distribution of the incident angles of the rays 

is shown in Fig. 4.7. It is known that the reflection coefficient varies mainly with the 

P-wave velocity and density of the two media. Variations of the P-wave velocity affect 

the reflection coefficient at all incident angles but particularly at the angles close to 

the critical angle. The effect of the density on the other hand is limited to the small 

incident angles. Fig. 4.7 thus suggests that the data contain more information about 

velocity than density.
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Figure 4.7 Reflection coefficient at the seafloor for zone 1 (left panel) and zone 3 (right 

panel). The crosses indicate the angles at which the three eigenrays for all 

source-receiver pairs are reflected at the seafloor. The vertical dotted lines 

show the value of the apparent critical angles {6d =  sm~~̂  {C^/ CPi)  and 9c2 =  

sin~^{Cw/ CP 2 )) . The angles are relative to the normal.

Sensitivity study

As mentioned above, the pressure field is not equally sensitive to all parameters. 

This is reflected in the variations of the cost function with the parameters. For
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simulated data, one way to quantify the different sensitivities to the parameters is 

to study the variations of the cost function close to the global minimum. By letting 

only one parameter vary at a time while the others are fixed to their true values, 

it is possible to see how the parameter affects the cost function. Sensitivity studies 

give a good insight to a specific environment. Their interpretation is nevertheless 

dependent on correlations that exist between parameters. The variations of the misfit 

El (Eq. 4.2) with the six sediment-surface parameters for a noise level of 1 % are given 

in Fig. 4.8. Because of the presence of noise in the data, the misfit calculated with 

the full set of true parameters is not zero: Ei{mtrue) =34.522 (the expected value 

was 33.75). The misfit shows the largest variations with the velocities indicating 

that better estimates for the velocities are expected compared to the densities or 

range limits. A similar study was carried out with larger noise levels in the data 

(see Fig. 4.9). As the level of noise increases from 1 to 20 %, the variations of the 

misfit tend to be uniform over the parameter range which is equivalent to a larger 

uncertainty in the parameter estimates. This trend was also observed for different 

realizations and levels of noise.

Inversion results

The SGA inversion method was applied to the simulated data to minimize the 

misfit El given in Fq. 4.2 for a noise level of 1 %. Approximately 20000 parameter 

sets were tested. The population size was 80. Multiple-point cross-over and tourna­

ment selection were performed. The result of the inversion is illustrated in Fig. 4.10. 

The value of the minimum misfit found was 32.805 which is smaller than the misfit 

El (mtrue) calculated for the true parameters, revealing a good performance of the 

SGA. The set of parameters corresponding to the minimum misfit represents our pa­

rameter estimates. As shown in Fig. 4.10, the six parameters are well estimated. The 

distribntions of the parameter vaines resemble the sensitivity curves for each param­

eter and provide a rough idea of the convergence of the algorithm and of the relative
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Figure 4.8 Variations of the misfit Ei  with individual parameters, the remaining parame­

ters being fixed to their true value. The dashed line indicates the true value for 

each parameter. The noise level in the data was 1 %. Note the different scales 

of misfit.
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Figure 4.9 Variations of the misfit Ei with individual parameters for difierent levels of 

noise: 5 % (blue line), 10 % (green line) and 20 % (red line). The black line is 

the reference case with a noise level of 1 %. The fact that large noise levels do 

not correspond to large misfits is due to the inclusion of noise information in 

the cost function.
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Figure 4.10 First-stage inversion for simulated data with 1 % noise. Each dot represents a 

tested set of parameters. The vertical dashed line is the true parameter value 

while the vertical solid line is the final parameter estimate. These two lines 

are superimposed in most of the panels. The bottom panel plots the minimum 

misfit for the evolving population of parameters.
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uncertainty in the estimates. In other words, the broader the distribution is at small 

misfit values, the less confidence one can have in the final parameter estimate. An­

other way of checking the convergence of the algorithm is to look at the evolution of 

the model population through generations/ iterations (Fig. 4.11).
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Figure 4.11 Evolution of the parameter population with iteration. The maximum and 

minimum parameter values in each generation are given by the dashed lines 

while the parameter value for the mimimum misfit is indicated by the solid 

line. The horizontal line is the true parameter value.
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While the parameter population is homogeneous for the most sensitive parameters 

after about 6000 iterations, the range limits show a broad distribution longer. Also, 

the parameter values at the minimum misfit of the velocities do not oscillate very 

much around the true value.

The inversion was also applied to data with higher levels of noise. In addition, 

to test the consistency of the SGA performance, the inversion was repeated 20 times 

for each set of noisy data. The average final estimates and corresponding standard 

deviations are given in Tab. 4.2. Note that the standard deviations are not uncertain­

ties of the estimates but only characterize the ability of the SGA to find the global 

minimum repetitively. Although a noise level of 0 % is unrealistic, this case was also 

investigated to “calibrate” the SGA performance. In this case, the cost function did 

not include the a term.

Param eter True 0% noise 1% noise 5% noise 10% noise 20% noise

C f i  (m /s) 

C fz  (m /s) 

Pi (g/cm̂ ) 
(g/cm=)

J^i (m)

R 2 (m)

1514.00

1626.00 

1.60 

1.90 

600 

900

1514.00 ±  0.03

1626.00 ±  0.03 

1.60 ±  0.00 

1.90 ±  0.00

605 ±  24 

893 ±  24

1513.76 ±  0.02 

1625.30 ±  0.01 

1.60 ±  0.00 

1.90 ±  0.00 

608 ±  7 

892 ±  8

1512.65 ±  0.10 

1625.30 ±  0.01 

1.61 ±  0.00 

1.86 ±  0.00 

614 ±  23 

896 ±  23

1511.15 ±  0.14 

1623.06 ±  0.12 

1.62 ±  0.00 

1.83 ±  0.01 

592 ±  18 

898 ±  25

1507.52 ±  0.09 

1623.01 ±  0.00 

1.65 ±  0.00 

1.72 ±  0.00 

580 ±  13 

876 ±  15

minimum misfit 

misfit with 

true param eters

0.000 ±0.000 

0.000

32.831 ±0.015 

34.522

33.540 ±0.005 

34.522

33.529 ±0.010 

34.522

33.585 ±0.000 

34.522

Table 4.2 Estimates of the parameters using the first-stage inversion for simulated data 

with different levels of noise. Means and standard deviations were calculated 

over 20 inversions.

Severals observations can be made:

The final misfits are very close to their expected values.

The minimum misfit determined by the SGA is always smaller than the misfit calcu­

lated with the true parameters indicating (i) that the true parameters do not corre­

spond to the global minimum and, (ii) that the SGA is not trapped in a “high” local
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minimum.

The standard deviations on the final estimates are small: the algorithm converges 

systematically to the same low-misfit region.

The presence of noise aSects the estimation of the diSerent parameters at difiFerent 

levels of noise. The relative mean errors (|irieat — mtruel/iHh-ue) on the velocity esti-

mates are smaller than 1% for a noise level up to 20 % whereas the estimates of the 

least sensitive parameters {Ri, %  and pg) deteriorated for smaller levels of added 

noise.

Inversion results in presence of mismatch

In the above, when calculating the replica, the true values of all the “known” 

parameters of the problem were used; receiver and source positions, water depth, 

shear-wave properties, geometry of the waveguide etc. In reality, this is never the case 

and the inaccurate knowledge of some of these parameters is a cause of mismatch, 

i.e., a shift of the global minimum from its true position. (In that sense, the noise in 

the data is also a source of mismatch.) Considering the experimental data conditions, 

the effect of two sources of mismatch were studied: an error in the receiver positions 

and an error in the water sound speed.

Two methods were used to perturb the receiver positions. The first method was 

to perturb the x, y and z coordinates of each receiver randomly and independently 

of the other receivers but such that the average global displacement of the receivers 

was equal to a pre-defined displacement value A. The second method was to shift the 

position of all receivers of an array by a systematic error (bias) which is equivalent to 

applying a linear displacement A of the array in any direction. This latter method was 

physically more meaningful. As shown in Figs. 4.12 and 4.13, introducing this error 

does not affect the shape of the sensitivity curves very much but there is a translation 

of the curves to larger misfits. On the other hand, the effect of mismatch caused by 

an inaccurate water sound speed is very weak for the range of error considered (see
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Fig. 4.14). The results of series of 20 inversions in the presence of mismatch are given 

in Tabs. 4.3 and 4.4 for the receiver positions (two methods) and in Tab. 4.5 for the 

water sound speed. The estimates are very stable for a water sound speed varying 

from 1480 to 1486 m/s. The two methods used to introduce error in the receiver 

positions give similar results in terms of parameter relative error. The relative errors 

increase with the displacement but not drastically.

Param eter True A = 2 .5m A =5.0m A=10.0m A=25.0m

C f i  (m/a)

C P 2 (m /s) 

p i  (g/cm=) 

(g/cm^)

i t l  (m) 

R 2 (m)

1514.00

1626.00 

1.60 

1.90 

600 

900

1513.90 ±  0.02 

1627.79 ±  0.11 

1.60 ±  0.00 

1.87 ±  0.00 

606 ±  13 

895 ±  13

1514.04 ±  0.03 

1630.60 ±  0.03 

1.60 ±  0.00 

1.85 ±  0.00 

601 ±  17 

895 ±  17

1514.40 ±  0.17 

1637.60 ±  0.73 

1.60 ±  0.00 

1.78 ±  0.01 

688 ±  14 

944 ±  43

1514.78 ±  0.14 

1651.32 ±  0.03 

1.60 ±  0.00 

1.66 ±  0.00 

704 ±  8 

949 ±  25

minimum misfit 

misfit with 

true param eter

34.381 ±0.178 

66.938

40.327 ±  0.008 

107.963

533.479 ±4.265 

990.144

544.474 ±0.199 

913.093

Table 4.3 Estimates of the parameters using the first-stage inversion for simulated data 

with random errors in the receiver positions. Means and standard deviations 

were calculated over 20 inversions. The noise level in the data was 1 %.

Param eter True A = 2 .5m A =5.0m A=10.0m A=25.0m

C f i  (m /s)

C P i  (m /s) 

p i (g/cm^) 

pa (g/cm=)

iJl (m) 

R 2  (m)

1514.00

1626.00

1.60

1.90

600.00

900.00

1513.34± 0.17 

1626.63± 0.08 

1.60 ±  0.00 

1.91 ±  0.01 

683 ±  12 

961 ±  38

1513.05 ±  0.22 

1627.97 ±  0.24

1.61 ±  0.00 

1.89 ±  0.01 

690 ±  19 

950 ±  53

1512.21 ±  0.20 

1630.80 ±  0.39 

1.61 ±  0.00 

1.87 ±  0.03 

718 ±  35 

913 ±  80

1510.02 ±  0.08 

1638.25 ±  0.16

1.62 ±  0.00 

1.81 ±  0.01 

709 ±  17 

973 ±  43

minimum misfit 

misfit with 

true param eter

305.338 ±2.034 

466.325

293.863 ±6.331 

484.635

477.640 ±  37.410 

970.815

518.758± 12.543 

1489.14

Table 4.4 Estimates of the parameters using the first-stage inversion for simulated data 

with systematic errors in the receiver positions. Means and standard deviations 

were calculated over 20 inversions. The noise level in the data was 1 %.
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Figure 4.12 Variations of the misfit with individual parameters for difierent errors in the 

receiver positions using random perturbations (first method in the text). The 

average displacements studied were: 2.5 m (magenta line), 6.0 m (blue line), 

10.0 m (green line) and 25.0 m (red line). The black line is the reference case 

with no error. The noise level was 1 %. The dashed line indicates the true 

value for each parameter.
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Figure 4.13 Variations of the misfit with individual parameters for different errors in the 

receiver positions using a systematic error (second method in the text) of 2.5 m 

(magenta line), 5.0 m (blue line), 10.0 m (green line) and 25.0 m (red line). 

The black line is the reference case with no error. The noise level was 1 %.
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Figure 4.14 Variations of the misfit with individual parameters for different errors in the 

water sound speed: 1480 m/s (blue line), 1484 m/s (green line) and 1486 

m/s (red line). The black line is the reference case with the true sound speed 

(1482.5m/s). Note that in the right panels, the different lines are superimposed.



Chapter 4; Verticai-Shce Geoacoustic Ibmography 52

Param eter True <7to= 1480 m /s Cur=1484 m /s Cw—1486 m /s

C P i (m/8)

C P '2 (m /s) 

Pi (g/cm^) 

P3 (g/cm^)

R l  (m) 

%  (m)

1514.00

1626.00 

1.60 

1.90 

600 

900

1513.75 ±  0.04 

1625.30 ±  0.01 

1.60 ±  0.00 

1.90 ±  0.00 

600 ±  15 

898 ±  16

1513.74 ±  0.03 

1625.30 ±  0.01 

1.60 ±  0.00 

1.90 ±  0.00 

607 ±  13 

892 ±  13

1513.75 ±  0.04 

1625.31 ±  0.01 

1.60 ±  0.00 

1.90 ±  0.00 

604 ±  17 

895 ±  16

minimum misfit 

misfit with 

true param eter

31.551 ±0.0176 

33.232

33.638 ±0.012 

35.337

34.779 ±0.019 

36.476

Table 4.5 Estimates of the parameters using the first-stage inversion for simulated data 

with errors in the water sound speed (C«,). Mean and standard deviations were 

calculated over 20 inversions. The noise level in the data was 1 %.

For comparison, a 5 m displacement of the receivers gives rise to a relative error 

equivalent to that for a noise level of 10 %. The relatively good estimates obtained for 

large displacements can be explained by simple geometric considerations. Consider a 

bottom-reflected ray propagating between a source and a receiver both fixed at depth 

Zg and separated by the horizontal distance D. If the water depth H is constant with 

range, the incident angle of the ray at the seafloor is given by

( 2 { H - Z , y
9 = tan

D
(4.7)

The variation of 9 with the distance D  is therefore:

2(j7 -  Z J
(4.8)1 + B 2 ■

A 10 m displacement of the receiver would translate into a variation of 0.2° for the 

incident angle which in turn corresponds to a very small variation in the reflection 

coefficient (Fig. 4.7). The reflection coefficient is therefore relatively insensitive to 

such a displacement of the arrays.
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4.3.2 Second-Stage Inversion

The second stage began by identifying in the data (i) the rays that propagated in 

the sediment and, (ii) the bottom-reflected rays. The rest of the time series was zeroed 

such that only these particular rays contributed to the pressure fleld (Fig. 4.15). A 

Fourier transform was applied to these windowed time series and the pressure field at 

N f  frequencies spanning the 450-750 Hz range was selected to create the simulated 

data {D(fi) ,  I = 1, Nf}.  When calculating the replica fields, the transfer function was 

calculated at 600 Hz and analytically derived for the Nf  frequencies (see Sec.3.2.1).

s u b
~Ĵ \p Aj\P̂

0 .3 6  0 .3 8  0 .4 0  0 .4 2  0 .4 4  0 .4 6  0 .4 8

0 .3 6  0 .3 8 0 .4 0  0 .4 2  0 .4 4
T im e ( s )

0 .4 6  0 .4 8

Figure 4.15 Simulated time series generated at one receiver (top panel) and eigenrays used 

in the second-stage inversion (bottom panel). To be associated with Fig. 4.4.

A study investigating the performance of the four processors described in Sec. 3.2.2 

is presented in Appendix C. Based on the results found in that study, the second- 

stage inversion was performed using the pairwise processor operating over N f =  20 

frequencies. In addition, by taking advantage of the fact th a t the pairwise processor is 

robust to inaccurate knowledge of the source spectrum, the modeled transfer functions
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were not multiplied by any source spectrum. This was equivalent to setting S  to unity 

in Eq. 3.15.

Sensitivity study

As for the first stage, a sensitivity study was carried out to investigate the effect 

of parameter variations on the cost function for different signal-to-noise (SNR) ratios. 

Zero-mean, Gaussian-distributed random noise was added on the simulated data in 

the frequency domain such that:

where P{fi)  and N{fi)  are respectively the data and noise acoustic pressure at the 

jth frequency. Fig. 4.16 shows the variations of the misfit for different SNRs. The 

cost function exhibits more local minima than when using a least-squares misfit of 

amplitudes. This is due to the fact that the cost function is sensitive to phase. The 

misfit calculated for the densities and the range limits show some extended low values 

close to the global minimum while for other parameters, narrow global minima can 

be observed. The reason a zero misfit is not reached is discussed in Appendix C. The 

presence of noise increases the misfit values but does not affect the curve shape.

Inversion results

The SGA inversion was applied to the second-stage problem with noise-free sim­

ulated data. The population size and number of iterations were increased to 150 and 

25000 respectively. Reducing the search interval of the surface parameters was done 

by first defining a misfit threshold equal to 10 times the minimum misfit determined 

in Fig. 4.10. The upper and lower limits of the reduced intervals were then set to 

the maximum and minimum parameter values of the group of parameter sets corre­

sponding to misfits smaller than the misfit threshold. Using such intervals reduced 

the total parameter space volume by a factor of 15000 approximately. The results
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Figure 4.16 Variations of the misfit with individual parameters for different SNRs: 30 dB 

(black line), 10 dB (red line) and 5 dB (green line).
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of the inversion are shown in Fig. 4.17. The parameters to which the misht is the 

most sensitive (Gi,G 2 ,Z )i,D 2 ,CFi and are well estimated. The other param-

eters exhibit a broad distribution giving a limited credence to their estimates. The 

final misfit is equal to 0.0032 whereas the misfit calculated with the true parameters 

is £ ’2(1̂ 1 true)=0-0108 indicating a good performance of the SGA. The inversion was 

repeated 8 times for each of the different SNRs. The results, given in Tab. 4.6, show 

relatively constant estimates (small standard deviations). As the noise level increases, 

the minimum misfit increases as well but the estimates of the most sensitive param­

eters do not vary significantly. The maximum relative error is around 17 % for the 

subbottom density and 6 % for the gradients.

Param eter True SNR=oo dB SNR^IO dB SNR=5 dB

C f i  (m /a) 1514.00 1513.22± 3.68 1513.32± 2.41 1514.49d: 2.43

C P2  (m /s) 1626.00 1628.41± 5.65 1628.65± 2.56 1627.044: 4.72

G i (a - i) 0.80 0.82± 0.15 0.81± 0.10 0.754; 0.09

Gz (a - i) 2.20 2.09± 0.22 2.05± 0.16 2.114: 0.19

D i  (m) 250.00 249.98± 0.11 249.99T 0.12 249.984: 0.10

D 2  (m) 270.00 269.75± 0.38 269.49± 0.93 269.494: 0.36

C P i (m /s) 1950.00 1909.67± 9.82 1899.14± 20.99 1895.034: 21.20

Pb (g/cm=) 2.00 1.79± 0.15 1.70± 0.11 1.654: 0.13

pi (g/cm®) 1.60 1.60± 0.05 1.59± 0.04 1.56± 0.04

P2 (g/cm^) 1.90 1.93± 0.09 1.93d: 0.04 1.974: 0.04

R l (m ) 600.00 599.10± 21.03 609.33d: 10.01 607.064: 5.75

R2 (m) 900.00 876.02± 14.68 890.59± 18.81 885.804: 10.89

minimum misfit 

misfit with 

true param eters

0.0052± 0.0016 

0.0108

0.0403d: 0.0037 

0.0428

0.09144: 0.0011 

0.0956

Table 4.6 Estimates of the parameters using the second-stage inversion for simnlated data 

with different SNRs. Means and standard deviations were calculated over 8

inversions.

Inversion results in presence of mismatch

The effect of an error in the receiver positions was expected to be larger dnring the 

second stage than the first stage. This is due to the fact that the processor is sensitive



Chapter 4: Vertical-Slice Geoacoustic Tomography 57

W 1,000

S 0.032 
0.001

1500 1510
C P ,  ( m / s )

1520

1.000

0.032
0.001

1617 1634 
C P ,  ( m / s )

1.000

0.032
0.001

0.2

MW

1.9 
G, (1 /s )

3.5

0.2
G, (1 /s )

1.UUU 1.000 "1"" ... .... ...... 1.000
0.032 0.032

T
0.032

nom Tl 0.001 ........ 1... ........................ 0.001
3.5 230 265

D, ( m )
300 230 265

D , ( m )
300

w 1.000 

i; 0.032(n
2  0.001

1750

1.000 1 m, [III miiiiinw*̂ 1.000
0.032! 0.032

1 ^ 0.001 0.001
2080 

Cb ( m / s )
2410 2.1 2.8

(g/cm'
3.5 1.53 1.61

f, (g/cm')
1.69

w 1.000 

IE 0.032
z  0.001

1.56

1.000 - ' ' '" " I ,# # #
0.032
0.001 1

2.20
/ ) ,  ( g / c m '

518 631
R, ( m )

744 755 922 
R, (m)

1089

cn
5  1.000 

E 0.032 
E 0.001
c 
2 0 1.25x10  ̂ 2.50x10^

I t e r a t i o n  n u m b e r

Figure 4.17 Second-stage inversion for noise-free simulated data. The x axis in the twelve 

first panels represents the search interval of the parameters. Note the reduced 
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set of parameters. The vertical dashed line represents the true parameter value 

while the vertical solid line is the final parameter estimate. These two lines 

are superimposed in some panels. The bottom panel indicates the minimum 
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to relative phases across the array. Series of SGA inversions were performed on data 

sets calculated for translated arrays. Four displacements were studied corresponding 

approximately to 1, 2, 4 and 10 times the wavelength (A ~  2.5 m at 600 Hz). Such 

large displacements were studied to model the uncertainty in the receiver positions 

during the Haro Strait experiment. Results are given in Tab. 4.7. The minimum 

misfit and the parameter relative errors increase with the displacement. Up to a 5 m 

displacement, the errors are smaller than 10 %. It is worth remembering here that 

the results of the second-stage inversion rely on those of the first stage. For the 10 m 

and 25 m displacement cases of the first stage, some parameter estimates were found 

close or beyond the limits of the reduced search intervals used in the second stage. 

Therefore the estimates in Tab. 4.7 represent optimal values.

Param eter True A —2.5 m A =5.0 m A =10.0 m A =25.0 m

C Pi (m /s) 1514.00 1515.20± 0.86 1513.80±2.63 1515.85±2.66 1512.26±2.93

(m /s) 1626.00 1629.96± 3.72 1630.444:3.59 1632.52±1.26 1627.38±1.18

G i (8 -U 0.80 0.81 ±  0.13 0.72 ±0.11 0.74 ±0.07 1.91±1.87

Gz ( s - i ) 2,20 1.80 ±  0.22 2.03 ±0.15 1.81 ±0.07 2.44±0.29

D i  (m) 250.00 252.73 ±  3.09 250.79 ±0.04 258.82 ±0.08 264.37±13.35

r >2 (m) 270.00 266.64 ±  2.81 268.32 ±0.42 260.74 ±0.41 261.22±2.13

CPk (m /s) 1950.00 1B83.42± 51.42 1902.41±20.73 1897.43±16.94 1847.61±50.00

Pb (g/cm=) 2.00 1.87 ±  0.24 1.81 ±0.09 1.74 ±0.07 1.57±0.47

(g/cm^) 1.60 1.54 ±  0.05 1.61 ±0.06 1.49 ±0.08 1.53±0.21

W (g/cm^) 1.90 1.92 ±  0.03 1.93 ±0.11 1.89 ±0.02 1.83±0.09

Rl (m) 600.00 584.25 ±  8.05 591.74 ±15.42 602.44 ±11.56 594.31±27.97

Rz (m) 900.00 875.03 ±  6.18 866.74 ±15.71 878.30 ±20.41 921.28±12.29

minimum misfit 

misfit with 

true parameters

0.0730 ±  0.0413 

0.1406

0.0907 ±0.0027 

0.3949

0.2354 ±0.0043 

0.4782

0.2809± 0.0566 

0.4974

Table 4.7 Estimates of the parameters using the second-stage inversion for simulated data 

with different linear displacements of the receivers. Means and standard devia­

tions were calculated over 4 inversions.
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4.3.3 Summary

The results of the two-stage inversion are promising. Although the total number 

of parameter sets tested during one inversion was relatively small, the SGA converged 

systematically to low-misfit values. Moreover, these values corresponded to parameter 

estimates close to the true parameter values. The parameters to which the pressure 

field was most sensitive were well estimated during the two stages. Following the 

general trend observed in the literature, the density appeared to be a difficult pa­

rameter to estimate accurately. The parameter estimates remained relatively stable 

when Gaussian random noise was added to the data up to a noise level of 10 % for 

the first stage and 5 dB SNR for the second stage. Similarly, a 5 m error (twice the 

wavelength) in the array positions seems to represent a threshold below which the 

estimates were not significantly affected by the mismatch.

An attractive aspect of the two-stage inversion is the low computational time in­

volved. As mentioned above, the first-stage inversion requires ray tracing only once 

for each source-VLA pair. Therefore, the inversion can typically test 20000 parameter 

sets in less than 30 seconds on a 450 MHz Pentium PC. Ray tracing is a time con­

suming operation, in particular when the arrays of receivers are not exactly vertical 

since the tracing has to be done for each source-receiver pair. However, by taking 

advantage of the reduced intervals and limiting the ray tracing to downward take-off 

angles, the second-stage inversion can test 25000 parameter sets in approximately 5 

hours.

4.4 Inversion o f the Experim ental D ata

The two-stage inversion method was applied to the Haro Strait experiment data. 

The pressure fields generated by light bulbs 20 and 24, and recorded on the NW 

and SW arrays were used to estimate the geoacoustic parameters of the vertical slice
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dehned by these arrays. Note that the corresponding geometric parameters (receiver

and source positions) were estimated first and independently of the geoacoustic pa- 

rameters (Appendix B). These source-array pairs were selected since the configuration

was close to the vertical-slice problem and the different eigenrays were relatively easy 

to identify in the time series (see Fig. 2.4 for example). In each of the receiver- 

source traces, the eigenrays corresponding to the direct, surface-reflected, bottom- 

reflected, bottom-surface reflected, surface-bottom reflected and subbottom-reflected 

paths were identified. The beginning and end of the wavelet associated with an eigen­

ray were determined automatically using a cut-off threshold equal to a pre-defined 

ratio of the maximum of the signal power. According to the processes described 

in Secs. 4.3.1 and 4,3.2, the maximum amplitudes of the group of three waterborne 

wavelets and the full wavelet of the bottom and subbottom-reflected paths were used 

to create the subset of data necessary for the first and second-stage inversion respec­

tively.

As pointed out in Chapter 1, the result of a geoacoustic inversion depends on the 

waveguide used to model the real environment but the real ocean bottom geometry is 

usually unknown. The choice of a model for the Haro Strait experiment site was based 

mainly on the acoustic data themselves. Although reflections from several sediment 

layers were visible in the measured time series, most of them were not resolved on 

all receivers and a one sediment layer model was selected. As the geological survey 

indicated in Fig. 2.3, the seafloor between the two arrays did not present strongly 

varying features. However the core samples were sparse and information about the 

subsurface sediment was not available. The range-dependent model illustrated in 

Fig. 4.1 was used to compute the replica fields. It included the bathymetry measured 

during the experiment. The receiver and source positions were fixed to the optimal 

position estimates determined in Appendix B.
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4.4.1 First-Stage Inversion

The error in real data measurements has several origins (ambient noise, equipment 

noise, signal sampling) and the statistical properties of the total error are not known. 

Here, the noise was assumed to be a Gaussian-distributed random variable with zero 

mean. An estimate of its standard deviation was obtained by considering the variation 

of the signal recorded prior to the direct-eigenray arrival. Since the result of the 

first-stage inversion depends on the standard deviations used in the cost function (a 

in Eq. 4.1), a second estimate was calculated with a different approach to increase 

confidence in the result. The second approach employed was to study the variation 

of the direct-eigenray amplitude across one array. For each array-sour ce pair, the 

mean and standard deviation of the ray amplitude recorded on the receivers were 

calculated and the value of the standard deviation was used to characterize the noise. 

The two approaches gave very similar results. For comparison with the simulation 

study above, the a  values determined this way were equivalent to a noise level of 

5 to 10 % depending on the pair considered. The search intervals for the densities 

and P-wave velocities were fixed to larger values than those used in the simulation 

study in order to cover a wider range of sediment type. A series of 20 SGA inversions 

was performed to minimize the cost function Ei given in Eq. 4.2. In each inversion, 

approximately 12000 trials of parameter set were used. The mean and standard 

deviation of the final estimates and misfit are given in Tab. 4.8. Also indicated in this 

table are the parameter estimates corresponding to the overall smallest misfit. This 

set of “best” parameters will be referred to as m i. The results show the existence of 

(at least) two distinct sediment zones. The minimum misfit is large (~  12 times the 

expected value).

The result of the SGA inversion giving rise to m i is shown in Fig. 4.18. The broad 

distribution of the parameters indicates a large uncertainty in the final estimates. The 

eigenray amplitudes calculated for m i are compared to the real data amplitudes in
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Param eter Mean and std dev Best estim ate (m i)

C f i  (m /a) 1868 ±  3 1868

C fz  (m /a) 1521 ±  1 1521

Pi (g/cm^) 2.44 ±  0.09 2.49

P2 (g/cm=) 2.49 ±  0.00 2.49

Rl (m) 371 ±  10 364

Ri (m) 587 ±  3 590

minimum misfit 435.813 ±  1.653 433.629

Table 4.8 Estimates of the parameters using the first-stage inversion for experimental data.

Means and standard deviations were calculated over 20 inversions.

Fig. 4.19 for the NW-24 pair. The discrepancy between the two amplitudes increases 

with depth. Similar results were obtained for the three other pairs. In order to assess 

the effect of the receiver position uncertainties, an additional series of 20 inversions 

was performed using the receiver positions corresponding to the largest minimum 

misfit found in Appendix B. The results are reported in Tab. 4.9 and show that similar 

estimates are obtained with the two sets of receiver position for most parameters. The 

noticeable difference is the estimate of a smaller impedance {CP  x p) in the first zone.

Param eter Mean and std dev Best estim ate (m 'l)

CPi (m /s) 1846 ±  2 1845

(m /s) 1525 ±  1 1525

Pi (g/cm=) 2.41 ±  0.08 2.50

P2 (g/cm^) 2.50 ±  0.00 2.50

Rl (m) 391 ±  12 383

Ri (m) 569 ±  70 604

minimum misfit 457.435 ±  2.393 454.298

Table 4.9 Estimates of the parameters using the first-stage inversion for experimental data 

using a different set of receiver position. Means and standard deviations were 

calculated over 20 inversions.
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Figure 4.18 Result of the first-stage inversion that led to the smallest misfit.
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Figure 4.19 Measured (+) and modeled ({>) eigenray amplitudes for the NW-24 pair. The 

length of the crosses represents the estimated error in the measurement.
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4.4.2 Second-Stage Inversion

The results of the first-stage inversions (Tab. 4.8) were used to reduce the search 

interval of the six sediment-surface parameters. To do so, the misfit threshold method 

presented in Sec. 4.3.2 was used. Considering the level of misfit, the threshold was 

fixed to 1.1 times the minimum misfit. Because of the broad distributions of the 

parameters, this relatively small threshold did not imply highly-reduced intervals. A 

series of five inversions was performed using the optimal set of receiver positions and 

the second set of positions. Results are given in Tab. 4.10. In a general trend, the 

variability in the estimates is large, allowing an overlap of the parameter estimates 

from the two sets of receiver positions. The result of the SGA inversion giving rise

Param eter Optim al set Second set Best estim ate (m 2 )

C f i  (m/8) 1850 ±  16 1832± 21 1878

CPI: (m/8) 1527 ±  2 1537± 8 1524

C l (8-^) 2.59 ±0.13 1.95± 0.18 2.64

Cz (s -^ ) 2.56 ±0.17 1.94± 0.98 2.74

£>i (m) 266 ±  9 262± 14 269

£ > 2  (m) 236 ±  3 234± 3 235

CPfc (m /s) 2010 ±  225 2137± 225 1771

Pb (g/cm=) 2.82 ±0.36 2.79±0.16 2.92

Pi (g/cm=) 1.72 ±  0.28 1.66± 0.17 2.04

M (g/cm^) 2.16 ±  0.14 2.20± 0.14 2.05

f il  (m) 426 ±  76 459± 90 338

Pg (m) 837 ±  57 770± 103 875

minimum misfit 0.688± 0.001 0.701±0.004 0.687

Table 4.10 Estimates of the parameters using the second-stage inversion for experimental 

data and for two different sets of receiver and source positions. Means and 

standard deviations were calculated over five inversions.

to the set of parameters mg corresponding to the overall smallest misfit is given in 

Fig. 4.20. The parameter distributions are very broad indicating a large uncertainty 

in the final estimates. The parameter set mg was used to calculate the impulse 

response of the waveguide associated to the NW-24 and SW-20 pairs. The impulse
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responses were convolved with one of the direct eigenray wavelets to obtain modeled 

time series. Comparison of the modeled and measured time series series are given in

Figs. 4.21 and 4.22. For the NW-24 pair, the modeled subbottom-reflected eigenray 

is much smaller and arrives much earlier than the measured one. The relatively large 

velocity gradient found in zone 1 can explain the time difference. For the SW-20 pair 

a relatively good agreement can be observed.

4.4.3 Discussion

Errors

Inversion of real data is never free of errors and these errors are the reason why 

the final misfit is never zero or even close to zero in our case. A small final misfit is 

not reached either because the search algorithm was not properly “tuned” to find the 

global minimum or because the forward problem was not modeled accurately enough. 

This latter case includes inaccuracy in the waveguide model and/or in the propagation 

model. Considering the results of the simulated data inversions, the performance of 

the SGA was unlikely a significant source of error during the inversions. On the other 

hand, when calculating the replica fields, several sources of errors, i.e., mismatch, can 

be pointed out:

•  The position of the sources and receivers is not known accurately enough.

The pressure field is a non-linear function of both the geoacoustic and geometric 

parameters. Effect of inaccurate knowledge of the receiver positions on the 

estimation of source location using MFP has received a lot of attention {e.g., 

Gingras 1989, Hamson and Heitmeyer 1989). It was typically found that an error 

greater than half a wavelength degrades the localization significantly. Similarly 

for geoacoustic-parameter estimation, it was found in simulations (Tabs. 4.7 and 

C.IO) that an error of one wavelength increased significantly the misfit value at 

the true parameters. However, on average in these particular cases, the global
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minimum was not displaced for the most sensitive parameters. As shown in

Appendix B, several models of receiver and source positions fit the travel-time 

data equally while the difference between the models is well above a wavelength. 

Therefore, such errors could explain the large misfit values observed during the 

inversion of the experimental data.

# The parameterization of the waveguide is not exact.

First, the three-layer model is too simple. In particular, the dispersed subbottom- 

reflected signals and the multiple subbottom signals observed in the measured 

time series (Figs. 4.21 and 4.22) suggests the presence of multiple finer struc­

tures. In their study on the effect of under-parameterization on the misfit, 

Fallat and Dosso (1999) showed a three order of magnitude decrease in the 

Bartlett misfit as the number of sediment layers increased. Second, the trea t­

ment of the range dependence (transition zone, linearly varying lower interface) 

may not be suitable for the experiment site. As mentioned earlier, fixing the 

parameters of the intermediate sedimentary zone to average parameter values 

is only an approximation of the reality. There is little information about the 

form of the interface between the sediment layer and the subbottom in the Haro 

Strait area. However, considering the complex bathymetry of the experimental 

site, the constant-slope interface used in the waveguide model is most likely 

a very simplistic representation. Finally, a small but finite error exists in the 

bathymetry measurements.

• Some acoustic propagation phenomena are not taken into account in HARO- 

RAY: beam displacement, dispersion, horizontal refraction, scattering by inho­

mogeneities and interface roughness. Such phenomena can have various ranges 

of effect on the misfit. Overall, they increase the inaccuracy of the model, as 

well as the misfit level.
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Figure 4.21 Measured (top) and modeled (bottom) time series for the NW-24 pair. In 

the modeled time series, the subbottom-reflected signal is embedded in the 

bottom-reflected signal for most hydrophones.
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■—' — —aaa—7yw\ AWwww\ - ^

_1_

0. 45

—̂  — 'ww------.—\/̂ ^vywv̂

0.50 0.55 0.60
Time (s)

0)X)
E

•vyvv-m/yW'
Jp^-4w "At̂ — VyW

VyW----

0.45 0.50 0.55 0.60
Time (s)

Figure 4.22 Measured (top) and modeled (bottom) time series for the SW-20 pair.



Chapter 4: VerticaJ-Shce Geoacoustic Ibmography 71

ComporisoM to mdepeucteut (totu

According to Hamilton (1980), the surface P-wave velocity determined in the 

inversions corresponds to a coarse sand sediment in zone 1 (close to the NW array) 

and a clayey silt in zone 2. The values found for the density are relatively large for 

such sediments. However, the uncertainty in this parameter is too large to make a 

definite conclusion. There are very few sources of independent information with which 

to compare our results. There is no direct measurement of the parameters estimated 

here. The only information available are the analysis of the sediment samples and the 

results of two previous geoacoustic inversions (Jaschke 1997; Pignot and Chapman 

2001) done on the Haro Strait experiment data set. The samples taken along the NW- 

SW plane were sparse but indicated the presence of coarse sediment (sand, pebbles, 

cobbles). The estimate of the surface P-wave velocity determined by Jaschke using 

the NW-24 pair was about 1560 ±  20 m /s. However in his analysis, only relative 

pressure fields of the bottom and subbottom-reflected rays were used. Subsequently, 

when calculating the complete impulse response of the waveguide with this velocity 

value, it was found that the ratio between the amplitude of the rays interfering with 

the bottom and the amplitude of the direct ray was not respected compared to the 

measured data.

The approach followed by Pignot and Chapman was closer to ours in the sense that 

they used absolute amplitudes to estimate the geoacoustic parameters. The value 

they determined using the SW-27 pair was 1685 ±  20 m /s. This estimate represents 

an average over depth since no vertical gradient was used.
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Chapter 5 

3-D Tomography

This chapter adresses the more general problem of 3-D tomography. The two-stage 

method developed for the vertical-slice tomography is extended to a full 3-D tomog­

raphy configuration. Although in theory, the Haro Strait experiment configuration 

permits tomography, in practice there are a number of problems that are difficult 

to surmount. First, only a subset of light bulb implosions (20-42) was recorded on 

the three arrays simultaneously. Then, the signals recorded from the shallowest im­

plosions (around 30 m deep) exhibit small amplitudes for the eigenrays striking the 

bottom, making relative errors in the amplitude too large to obtain meaningful results 

in an inversion. Finally, the distance between some of the source-array pairs is such 

that the ray arrivals are very close in time and it is not possible to differentiate the 

ray paths. Therefore, this chapter focuses on a simulation study only.

5,1 Geoacoustic M odel

The geoacoustic model used for the tomography inversion was a 3-D extension 

of the model presented in the previous chapter. The waveguide consisted of three 

layers. For simplicity, the acoustic parameters were allowed to vary with depth, range 

and cross-range only in the sediment layer. Treatment of the range dependence was 

done by gridding the sediment layer into cells in which the acoustic parameters were 

held constant. All cells had identical length and width but their height varied with 

range. The knowledge of the upper limit of the cells (i.e., the seafioor depth) was not 

required everywhere: since the HARORAY propagation code does not include 3-D
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propagation effects (ray horizontal refraction), only the knowledge of the bathymetry 

between each source-array pair was necessary. This information was considered as

known in this study. Modeling the range variability at the lower limit of the cells {i.e., 

the depth of the sediment layer/subbottom interface) can be more challenging when 

dealing with real waveguides. For waveguides such as the Haro Strait environment, 

a complex representation of the interface is most likely necessary. For simplicity, 

and since experimental data were not of direct interest here, the lower interface was 

modeled as a plane and was therefore defined by its depth at three different points. 

A sketch of the geoacoustic model for the particular case of a four-cell sediment layer 

is shown in Fig. 5.1.

Following the approach adopted for the vertical-slice problem, the parameters to 

be estimated were the density (pi), the P-wave velocity {CPi) and its vertical gradient 

{Gi) in each cell (q) of the sediment layer, the density (p&) and the P-wave velocity 

(CFb) in the subbottom, and the depth of the lower interface at three points {Di, Dg 

and Dg). All the other parameters were considered as known.

5.2 Sim ulation Study

The two-stage method was applied to a simulated data set generated for a config­

uration mimicking the Haro Strait experiment and involving three vertical arrays and 

eight sources distributed at the periphery of the VLA system. Each array consisted 

of 5 receivers spanning the 50-150 m portion of the water column. The sediment layer 

was gridded into 500 x 400 m cells that cover a 2500 x 1200 m area (see Fig. 5.2). 

The parameter values of the true environment are given in Tab. 5.1. The values of 

the velocity, density and gradient were selected such that they decreased from left 

to right in Fig. 5.2. For each source-receiver pair, the impulse response of the cor­

responding waveguide was calculated at a frequency of 600 Hz and convolved with
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Parameter True value Search interval

P-wave velocity at the seafioor [CPi (m/s)] 1520-1690 1500 - 1750

Density in sediment layer [pi (g/cm^)] 1.4-1.8 1.10 - 2.50

P-wave velocity gradient in sediment layer[Gj (s"^)] 0.5-1.5 0.10 - 2.50

P-wave velocity in subbottom [CFb (m/s) ] 1900.00 1700 - 2000

Density in subbottom [pb (g/cm^)] 2.00 1.10 - 2.50

Depth of the lower interface at point 1 [Di (m)] 270.00 220 - 300

Depth of the lower interface at point 2 [D2 (m)] 230.00 220 - 300

Depth of the lower interface at point 3 [D3 (m)] 270.00 220 - 300

S-wave velocity in sediment layer [CSi (m/s)] 80.00 -

S-wave velocity in subbottom [CSb (m/s)] 400.00 -

P-wave attenuation in sediment layer [APi {dB/m/kHz)] 0.1 -

S-wave attenuation in sediment layer [ASi (dB/m/kHz)] 10.00 -

P-wave attenuation in subbottom [APb {dB/m/kHz)\ 0.05 -

S-wave attenuation in subbottom [ASb {dB/m/kHz)\ 10.00 -

Table 5.1 Values of the geoacoustic parameters for the true (synthetic) 3-D environment. 

Also indicated is the search interval for the unknown parameters.

a source wavelet. The method used in the previous chapter was applied to the real 

part of the synthetic time series to create the two subsets of data consisting of; (i) 

the amplitudes of the group of three waterborne eigenrays; and, (ii) the full pressure 

field associated with the bottom and subbottom-refiected rays.

5.2.1 First-St age Inversion

Fig. 5.2 shows the distribution at the seafioor of the refiection points for the group 

of three rays determined for each source-receiver pair. The parameters of the cells 

which did not have any ray coverage were not be estimated. Zero-mean, Gaussian- 

distributed random noise was added to the amplitude data such that the noise level
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Figure 5.1 Example of the waveguide geometry of the 3-D environment for a four-cell sed­

iment layer. For clarity, the unknown parameters are indicated for only one of 

these cells.
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Figure 5.2 Plane view of the tomographic configuration. VLAs and sources are indicated 

by squares and crosses respectively. The cells are represented by the dashed 

lines. The dots indicate where the three eigenrays are reflected on the seafioor.
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was 1 %. A series of 20 SGA inversions was applied to minimize the misfit Ei given in 

Eq. 4.2. Approximately 100000 sets of parameters were tested. Results are illnstrated 

in Fig. 5.3. Except for one inversion (#  8), the ûnal misht determined by the SGA is 

always smaller than the misfit calculated with the true parameter values, indicating 

a good performance of the SGA. The parameters are very well estimated except in 

the cells having a low ray coverage {e.g. cells 4, 13, 14) or sampled by rays having 

a incident angle close or larger than the critical angle (cell 8). In the latter case, a 

combined effect of long propagation range and relatively large P-wave velocity shift 

the ray incident angles to the upper portion of the reflection coefficient curve (see 

Fig. 4.7) making the data less sensitive to the geoacoustic parameters. The series 

of inversions was repeated for a noise level of 15 %, and for a linear displacement 

of 2.5 m of each array (different direction for different array). Results are shown in 

Figs. 5.4 and 5.5 for the two cases respectively. For both series of inversions, the 

minimum misfit determined is always smaller than the misfit calculated with the true 

parameter values. For a noise level of 15 %, the density estimates are degraded. On 

the other hand, the velocity estimates are not significantly affected. Introducing the 

array displacement increases the level of the minimum misfit. However the parameter 

estimates are very similar to the case with 1 % noise. In other words, a displacement 

of 2.5 m has less effect on the parameter estimates than a 15 % noise level.

For comparison, the two scenarios involving four VLAs shown in Fig. 5.6 were 

investigated. The first scenario was the common approach when doing tomography,

i.e., the arrays and sources were located at the periphery of the object to insonify. 

The second scenario was thought to be more appropriate for the problem investigated 

here since it involved short-propagation distances where eigenrays are in general more 

easily identified and the reflection coefficient is more sensitive to the parameters. 

Series of SGA inversions were performed on a data set having a noise level of 1 % or 

15 %. The results are given in Figs. 5.7 and 5.8 and confirm tha t the parameters of 

the cells which are in the vicinity (< 1200 m) of the arrays are well estimated.
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Figure 5.6 Plane view of the two 4-VLA scenarios investigated. VLAs and sources are 

indicated by squares and crosses respectively. The dots indicate where the 

three eigenrays are reflected on the seafloor.
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of 1 %. See Fig. 5.3 for legend.
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5.2.2 Second-Stage Inversion

The second-stage problem was investigated for the 3-VLA configuration and the 

second 4-VLA configuration (bottom panel in Fig. 5.6). The two configurations were 

compared in the following test cases:

1. The synthetic data fields were noise free;

2. Gaussian-distributed random noise was added to the data such that the SNR 

was 10 dB;

3. An error of 2.5 m was introduced in the position of the arrays when calculating 

the replica fields.

Before applying the SGA inversion, the search interval of the and pi parame-

ters was reduced to 20 m /s and 0.4 g/cm^ intervals respectively but not necessarily 

centered on the true values. Approximately 100000 sets of parameters were tested 

in each inversion. For the 10 most distant source-VLA pairs, total reflection occured 

at the seafioor and therefore neither the subbottom reflected nor refracted eigenray 

existed reducing the overall ray sampling. Overall, the region past 1200 m on the 

range axis was poorly sampled. For example, there were as few as 10 or 24 subbot­

tom reflected rays in this whole region depending on the configuration used. The 

results for the estimates of the CPi, p, and Gt parameters are given in Figs. 5.9 to 

5.11 whereas Tab. 5.2 shows the subbottom parameter estimates. Several observa­

tions can be made. The final misfit is larger than the one calculated with the true 

parameters indicating that the SGA was not tnned well enough to sample such a 

vast parameter space (50 parameters). Nonetheless, the most sensitive parameters 

are well estimated. In terms of final estimates and minimum misfit, and for both 

array configurations, the 10 dB noise case and the 2.5 m array displacement case give 

similar results. In terms of parameter relative error, the 4-array configuration gives 

better results than the 3-array configuration.
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Figure 5.9 Result of second-stage inversions for test case 1 (no noise). The 

top/middle/bottom panels show the estimates of the velocity/ density/ gradient 

in the cells using the 3 (solid line) or 4 (dotted line) arrays. The diamonds 

indicate the true parameter values. The discontinuity of the solid line is due 

to the fact that the parameters of cell 5 and 15 were not estimated with the 

3-VLA configuration .
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Figure 5.10 Result of second-stage inversions for test case 2 (10 dB SNR). See Fig.5.9 for 

legend.
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Figure 5.11 Result of second-stage inversions for test case 3 (A=2.5 m). See Fig.5.9 for 

legend.
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SNR=oo dB SNR=10 dB A =2.5 m

Param eter True 3 VLAs 4 VLAs 3 VLAs 4 VLAs 3 VLAs 4 VLAs

D i  (m) 

Ü 2 (m) 

D s  (m) 

P b ia / c m ^ )  

Cb (m /s)

270.00

230.00

270.00 

2.00

1900.00

274.14

245.82

267.47

2.37

1705.79

269.54

224.34

271.53

2.09

1880.00

258.20

298.08

266.93

1.82

1738.63

264.52

278.10

265.20

1.92

1802.78

255.96

282.93

270.24

2.03

1714.86

266.91

274.05

286.21

1.94

1857.58

minimum misfit 

misfit with 

true param eters

0.1803

0.0076

0.1277

0.0077

0.2214

0.0422

0.2061

0.0417

0.2052

0.0474

0.1765

0.0329

Table 5.2 Estimate of the subbottom parameters.



Chapter 6 

Summary and Conclusions

The overall objective of the thesis was to develop and test a tomographic inversion 

method based on matched-field processing to estimate the geoacoustic properties 

of range-dependent, shallow-water environments. This chapter summarizes the ap­

proach adopted to reach this objective. The main features of the inversion method are 

listed as well as the conclusions drawn from both simulation studies and the inversion 

of experimental data. Finally, some suggestions for further research are presented.

6.1 The Geoacoustic Inversion Problem

Geoacoustic inversion is the estimation of seabed properties using acoustic pres­

sure fields that interact with the ocean bottom. The problem treated in this thesis 

consisted, more specifically, in “inverting” the pressure fields measured on arrays of 

hydrophones to recover the geoacoustic parameters of a waveguide modeling range- 

dependent, shallow-water environments. Such environments represent coastal regions 

for which knowledge of the properties can be important.

Here, the ocean environment was modeled as a three-layer waveguide (water col­

umn, sediment layer and subbottom) and the geoacoustic parameters to be estimated, 

i.e., the unknowns of the problem, were the P-wave velocity and density in the sedi­

ment and in the subbottom, as well as the depth of the sediment/ subbottom interface. 

To treat the range dependence, the sediment layer was divided into cells. The size of 

each cell was either pre-dehned or part of the set of unknown parameters. In each cell, 

all parameters except the interface depth were constant. The number of unknowns
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was therefore relatively large.

Due to the size of the parameter space, correlations that exist between parameters,

the fact that the acoustic pressure field is not equally sensitive to all parameters and 

the non-linear character of the pressure fields, the inversion problem is usually not 

trivial to solve. A non-linear inversion method was therefore investigated.

6.2 The Two-Stage Inversion M ethod

To estimate the geoacoustic parameters, a new inversion method based on matched-

field processing was developed. In this method, broadband replica pressure fields are 

calculated using a ray propagation model. (Ray models are fast and handle range 

dependence relatively easily.) By taking advantage of the ray approach, the inversion 

problem can be split into a two-stage inversion to improve the efficiency of the esti­

mation. The two-stage inversion method relies on the identification of the different 

eigenrays propagating between a source and a receiver, and is based on the fact that 

different eigenrays are sensitive to different geoacoustic parameters. The first stage 

makes use of the eigenrays that propagate only in the water to estimate the sediment- 

surface parameters (P-wave velocity and density). The estimates obtained are used to 

reduce the search interval of the sediment-surface parameters before the second-stage 

inversion is carried out. The second stage makes use of the eigenrays that penetrate 

the sediment layer to estimate the deeper parameters (subbottom parameters, veloc­

ity gradient and depth of the interface), as well as to obtain finer estimates of the 

sediment-surface parameters. Thus, each stage involves a reduced parameter space 

compared to the global space.

In the first-stage inversion, since the paths of waterborne rays do not vary with 

the geoacoustic parameters, the paths need to be calculated only once. Therefore the 

forward modeling consists of calculating reflection coefficients rather than ray tracing.
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Moreover, since the travel times along the ray paths are unchanged, the calculation of

the full pressure field is not necessary and only the measured and modeled eigenray 

amplitudes are compared. The cost function used is a least-squares function. In the 

second-stage inversion, ray tracing is done for each trial set of parameters to calculate 

the replica pressure fields and the misfit between the replica and measured fields is 

calculated with the pairwise processor. Both stages use the simplex genetic algorithm 

as the search tool to sample the parameter space and obtain the parameter estimates 

associated with the minimum observed value of the cost function.

The advantage of breaking an inversion into two stages is the reduced parame- 

ter spaces involved. For a given problem, the complexity of the spaces is therefore 

diminished making the search for the global minimum misfit easier in general. The 

drawback of using two stages is that the results of the second-stage inversion, i.e., the 

final estimates of all the parameters, rely on the results obtained in the first stage. 

In particular, care must be given when choosing the reduced intervals. In general, 

another concern with two-stage inversion methods is the inexact assumption that the 

first-stage inversion results do not depend on the complete set of parameters. For 

example, some methods use high-frequency pressure fields in their first stage to es­

timate upper-sediment parameters. The assumption is that high-frequency fields are 

insensitive to deeper parameters. In reality, this assumption is only an approximation.

The specific advantages of the two-stage inversion method presented in this thesis 

lie in: (i) the fact that the first-stage inversion is really independent of the deeper 

parameters (the waterborne eigenrays are insensitive to the deep parameters) ; (ii) 

the speed of the first-stage inversion (calculation of reflection coefficients is orders of 

magnitude faster than ray tracing); (iii) the use of the coherence of the acoustic field 

across space and frequency, without requiring knowledge of the absolute source phase 

via the pairwise processor; and (iv) the capability of the search algorithm (SGA) to 

sample a wide parameter space while concentrating on low-misfit regions. The main 

limitation of the method is the necessity to identify the different eigenrays in the
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acoustic data. Depending on the problem geometry and the geoacoustic parameters,

eigenrays with close travel times but different paths may be difficult to separate. In 

that sense, a combined knowledge of the seaffoor bathymetry and, the hydrophone 

and source positions reduces the difficulty of the identification.

6.3 Inversion R esults

The two-stage inversion method was tested in simulation studies for 2-D and 3 - 

D range-dependent environments. The dense ray sampling necessary to recover the 

variation of the parameters with range and cross-range was obtained using multiple 

sources and arrays of receivers.

In the 2-D case (vertical-slice tomography), for scenarios close to the ideal case, 

i.e., when there is neither noise in the data nor uncertainty in the receiver positions, 

the minimum misfit determined was small and the parameters were well estimated. 

The presence of noise in the data, for SNRs greater than or equal to 5 dB, had a 

significant effect only on the estimates of the least sensitive parameters (subbottom 

velocity and density). Perturbing the arrays from their true position was found to shift 

the global minimum to a substantially larger misfit value in both stages. However, 

the sediment-surface parameter estimates were still close to the true values. This 

result was explained by the limited effect of the array displacements on the angles the 

waterborne rays striked the seaffoor. In general, the effect of array displacements on 

full pressure fields is more complex. Therefore, an additional advantage of using two 

stages is its ability to limit the effect of such a source of mismatch on the parameter 

estimation.

For the 3-D environment, three tomographic scenarios with varying array config­

urations were investigated. Not surprisingly, by increasing the number of arrays, and 

therefore increasing the number of ray paths, the parameter estimation improved.
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The necessity for relatively short range propagation was emphasized. As the distance 

between a source and receiver increases, the incident angles at the seafloor reach the 

critical angle and the rays are no longer sensitive to the deep parameters.

Overall, the geoacoustic parameters were rapidly and well estimated. The use 

of multiple sources and multiple arrays of hydrophones permitted the 2-D and 3-D 

parameter variability to be recovered.

Finally, the two-stage inversion method was applied to the Haro Strait experiment 

data. The shallow-water site was known to have a complex bathymetry and various 

types of sediment at the seafloor. Four sets of data (2 arrays x 2 sources) were used 

to estimate the properties between the two arrays (vertical-slice conflguration). The 

environment was represented by the three-layer waveguide used in the simulations. 

The inversions revealed the existence of (at least) two distinct sedimentary zones. 

However, the maximum match/ correlation was only on the order of 30 %. This poor 

match was attributed mainly to the large uncertainty in the array positions and the 

simplistic parameterization of the environment. The simplistic method (ray theory) 

of calculating the response of the environment may also be responsible for the poor 

match.

The results of a MFI can be judged in terms of final minimum misfit and parameter 

estimates. Ideally, one wants to reach a zero misfit and estimates equal to the true 

parameter values. In non-ideal cases, the minimum misfit is no longer zero but the 

estimates can still be close to the true parameters as it was shown in the simulation 

studies. In that sense, the two-stage inversion method behaved very well in simulation: 

all parameters were rapidly and well estimated, except the P-wave velocity and density 

of the subbottom. The conclusions from the inversion of experimental data were 

mixed. First, direct measurements of the parameters were not available. Therefore 

validation of the method with experimental data was not possible. Second, the final 

minimum misfit was relatively large. This latter results emphasized the necessity 

of accurate receiver positioning and good a priori information on the form of the
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experimental waveguide.

6.4 Suggestions for Further Work

Improvements in the inversion method can be obtained in several ways including 

modifying the geoacoustic model used and the two-stage inversion method itself. The 

geoacoustic model considered in this work is simple. To increase its complexity, and 

therefore model real environments more accurately, options such as multiple sedi­

ment layers, complex sediment P-wave velocity profiles, and complex representation 

of the sediment/ subbottom interface should be included. The possibility of using 

fully variable cell sizes could be investigated as well.

One weakness of the inversion method (and of MFI in general) is the absence 

of real a posteriori analysis of the solution. In this work, multiple inversions were 

performed for one problem in order to test the performance of the SGA and obtain 

an idea of the distribution of parameter sets fitting the data equally well. However 

there is no mathematical theory behind this approach. Appraisal studies have been 

conducted with both genetic algorithm and simulated annealing (Sen and Stoffa 1996; 

Gerstoft and Mecklenbrauker 1998; Dosso 2000) and have provided more meaningful 

solutions than a single set of parameter estimates. Including such appraisals would 

certainly improve the overall inversion method. In particular, means and standard 

deviations obtained in the first-stage inversion could be used to decide on the reduced 

intervals.

When considering future experiments, several suggestions can be made. An es­

sential component for successful geoacoustic estimation is the accurate knowledge of 

the receiver and source locations. This would involve ideally a continuous monitoring 

of the array positions using acoustic transponders and pressure gauges. By using 

a four-array configuration, additional short-range propagation information would be
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available and therefore an increased sensitivity of the pressure fields to deep parame- 

ters would be achieved. Using lower-frequency source signals would help in estimating 

the deep parameters, as well as reducing the effect of uncertainty in the element po­

sition. Finally, since an inversion method is really validated only when the estimates 

agree with direct measurements of the parameters, a dense ground-truth data set 

should be obtained with range, cross-range and depth.
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A ppendix A  

The HARO RAY Forward M odel

A series of benchmark cases was studied to test the accuracy of the HARO RAY 

propagation code to solve the forward problem. In various modeled environments, 

the transmission loss (TL = —20 log \p/po\) was calculated using HARORAY and 

compared with the values obtained with two well-established propagation codes: the 

normal mode (NM) code ORCA (Westwood et al. 1996) and the parabolic equation 

(PE) code UMPE (Smith and Tappert 1993). The choice of the geometric and geoa­

coustic parameters was motivated by the geometry of the Haro Strait experiment and 

the results of previous geoacoustic inversion in the area (Chapman et al. 2000).

The first benchmark case was used to compare the TL outputs of ORCA and 

HARORAY for a range-independent environment. The transmission loss was calcu­

lated at a VLA of 99 receivers spanning the 30-170 m portion of the water column 

(top plot in Fig. A .l). The source frequency was set to 600 Hz. Different source-VLA 

distances were tested while all other parameters (geometric and geoacoustic) were 

maintained constant. For distances up to about 1800 m, the two codes gave very 

close TL outputs. The example of a distance of 1000 m is illustrated in Fig. A .l 

(bottom plot). As the distance increases beyond 1800 m, some differences in the TL 

appear for the deepest receivers. This is thought to be due to the absence of beam 

displacement effects in the ray code.

ORCA is a very accurate code but it can not handle range-dependent environ­

ments. The next benchmark cases thus involved the UMPE code which is better 

designed for such environments. One limitation with codes based on PE is that 

they are not as accurate as normal mode codes, and this is particularly true when
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using high frequencies or long-propagation ranges. In the following cases, the fre- 

quency was then decreased to 80 Hz. First, the three codes were compared for a 

range-independent environment (top plot of Fig. A.2). The transmission loss was 

calculated at a horizontal line array of 100 receivers located at a depth of 88 m. The

distance between the source and the receivers varied from 500 to 1800 m. The bot­

tom plot of Fig. A.2 show the variations of the TL for the three codes. ORCA and 

HARORAY exhibit almost identical TL for a source-receiver distance up to about 

1600 m, whereas UMPE shows slightly different TL.

The next two cases were range-dependent environments; varying bathymetry and 

sediment layer thickness (case III), and varying P-wave velocity (case IV). TL cal­

culated for these two cases using HARORAY and UMPE are plotted in Figs. A.3 

and A.4. As in the previous case, the largest differences appear for distances beyond 

1600 m.
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Figure A.l Transmission loss for environment I (top figure) versus depth at a range of 

1000 m.
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Figure A.2 Transmission loss for environment II (top figure) versus range at a depth of

88 m.
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Figure A. 3 Transmission loss for environment III (top figure) versus range at a depth of

88 m.
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Figure A.4 Transmission loss for environment IV (top figure) versus range at a depth of

88 m.
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Appendix B  

Receivers and Sources Localization

As demonstrated in the simulation studies (Tabs. 4.7 and 5.2), an erroneous knowledge 

of the receiver positions can have a significant effect on the geoacoustic parameter 

estimates. Very accurate knowledge of receivers and sources positions is usually not 

available for experimental data set. This is particularly true in the case of the Haro 

Strait experiment. The nominal estimates of the elements were given by the GPS 

measurements (20 m accuracy) of the ship position during the deployment of the 

light bulbs and VLAs. Estimates of the source depths were given by the length of the 

cable used to deploy the light bulbs. Initially four VLAs were deployed. However due 

to strong tidal currents (up to three knots), one of the VLAs was dragged to deeper 

regions and eventually was lost. Thus, it is likely that the position of the three 

remaining VLAs changed from their deployment time to the light bulb deployment 

time (one week interval). Also due to the strong currents, the VLA cable and the 

source cable were expected to be tilted. Since the acoustic localization system was 

not operating, the element localization had to be done through inversion as well.

Localization is typically achieved by inverting the measured travel times of the 

direct path between a source and a receiver. In the Haro Strait experiment, the 

large uncertainties in the positions and the absence of absolute travel times make 

the localization very challenging and additional data (information) is necessary for 

a meaningful estimation. This section describes a new method of localization and 

the results of the inversion for the receivers and sources used during the Haro Strait 

experiment.
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B . l  M ethod

To overcome the lack of knowledge about the source and receiver positions, a new

method of localization was developed to use various additional information. First, by 

taking advantage of the multi-path features recorded during the experiment, hve types

of waterborne eigenrays are used to constrain the estimation of the source and receiver 

positions. In the following, the direct (d), surface-reflected (s), bottom-reflected (b), 

bottom-surface reflected (bs) and surface-bottom reflected (sb) rays are used. It is 

possible to use rays that interact with the ocean bottom since the bathymetry is well 

known over the area. Next, in order to resolve the orientation of the array/current 

direction, the pressure fields generated by two sources are used simultaneously. The 

underlying assumption is that the two sources instants are close enough in time such 

that no variation of the array position is expected. Finally, additional information is 

provided through a set of realistic constraints:

(1) The current Ü at the array is constant with depth. The horizontal displacements 

of a moored line array placed in such a current can be expressed as (Kapoor 1995):

Sr =  a\U\{z — 61n(l — zfc))U, (B.l)

where z increases towards the surface and the a, b and c coefficients depend on the 

cable and subsurface-buoy drag and, the length and weight of the cable. Eq. B .l 

represents a catenary curve. The values of a, b and c for the NW and SW arrays were 

measured at MIT and are given in Tab. B .l. Tide simulations calculated close to

a (s /̂m^) b (m) c (m)

NW 3.5 -269 417

SW 5 -269 437

Table B.l Coefficients used to calculate the displacements of the NW and SW arrays placed 

in a uniform current.

the NW and SW arrays for the period of the experiment are given in Tab. B.2. The
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simulations predict a non-uniform current (both in magnitude and direction) over the 

site.

(2) The distance between adjacent receivers of the array is constant in time and 

equals the length of the cable between them {i.e., 6.25 m or 12.5 m for the array 

mid-section). For a given current magnitude, the receiver positions on the cables are 

then calculated by numerically integrating the arc length along the catenary curve. 

Fig. B .l illustrates the relative position of the receivers of the SW array for a current 

of 1 m/s. For such a current, the horizontal distance between the shallowest and 

deepest receivers is approximately 80 m which clearly indicates that current effects 

can not be neglected.

By using Eq. B.l, the absolute position (x, y and z coordinates) of each receiver can 

then be inferred from the x, y and z coordinates of the cable mooring point, and the 

direction and magnitude of the current at the array.

200

150

100

50

0
0 100 150 20050

r m

Figure B.l Relative position of the SW array in a current of 1 m/s. The receivers are 

indicated by the crosses. The mooring point is located at the axes origin (0,0).
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(3) The two selected implosion instants are close enough in time such that the position 

of the array is constant.

In principle, one array would be enough to perform the inversion. However, by 

using two arrays, the number of data (travel times) is doubled while the number of 

unknowns in the problem is “just” increased by four. This latter case was then inves­

tigated. With the above constraints/ assumptions and since the bathymetry is known 

over the Haro Strait experiment site, the number of parameters to be estimated is 

reduced to 14; the coordinates of the two sources (Xf ,  ¥ / ,  Z^, i = 1 ,2), the horizontal 

coordinates of the two array moorings % =  1,2), and the amplitude (f/i, fVg)

and direction (ûi,0 2 ) of the current at the array locations (as shown in Tab. B.2, the 

tidal model predicts a non-uniform current over the experiment site). The estimation 

of these parameters is set as an optimization problem based on the travel times of the 

five paths between each source-receiver pair. Assuming tha t the error in the measured 

travel times is an independent Gaussian-distributed random variable with zero mean 

and standard deviation a  (identical for each datum), the misfit function is given 

by:

- 2 2 Nrec

^  i=l j=l k=l
(B.2)

where Ujk is the measured travel time between the source and the receiver of 

the VLA, and is the corresponding modeled travel time. Since no absolute 

time is available, calibration is done for each VLA-source pair by adjusting all the 

measured travel times by The modeled travel times were calculating using

the range dependent HARORAY propagation code. If Nt is the total number of data, 

the misfit function to minimize can be defined by:

(B.3)
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In practice, Nt had to be replaced by Nt-4 due to the calibration. Although the 

function in Eq. B.3 does not lead to the maximum likelihood solution, it was used 

because of its larger variability of solutions compared to the function. The different 

models leading to similar misffts could then be used to study the effect of the receiver 

position uncertainties in the result of geoacoustic inversions.

B.2 Inversion of Experimental Data

The localization was applied to estimate the location of the receivers of the NW 

and SW arrays, and the location of light bulbs 20 and 24. These light bulbs were 

imploded 10 minutes apart and the five multi-paths on most receivers were relatively 

easy to identify. The identification was either direct or required the calculation of 

the analytic signals. In the latter case, by using the envelope of the signals {i.e., 

the square of the analytic signal), close arrivals could be separated. The paths that 

were not clearly identified were not included in the misfit function. A value of a  =  

1/1750 s, i.e., one sample point in the raw signal, was used to characterize the noise. 

Since the data were relative travel times, picking the onset of the different paths to 

determine the travel times was not required. Instead, the arrival time of each eigenray 

was defined as the time of the peak of the corresponding waveform. The advantage 

of doing so was that, since the waveform peak is usually easier to identify than the 

onset (or first break), potential errors in time picking were diminished. Eleven SGA 

inversions were carried out to minimize the misfit E  given in Eq. B.3. The final 

misfits and parameter estimates are given in Fig. B.2. The distribution of the final 

estimates of all parameters except the current parameters U\, U2 , 0 2  is very wide, 

indicating a large uncertainty in these parameters. Several sets of parameters lead to 

travel times that fit the data almost equally. Although the search intervals (indicated 

by the range of the y-axis) for Ui, U2 and 6 2  were quite large, the final estimates
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16.194
16,181

16.307
16.274

16.011
15.976

16.372
16.358

16.167
16.154

16.240
16.207

15.941
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72.194
72.180
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I n v e r s i o n  n u m b e r I n v e r s i o n  n u m b e r I n v e r s i o n  n u m b e r

Figure B.2 Parameter estimates and final misfit given by 11 SGA inversions. All longitude 

and latitude data were translated into cartesian coordinates relative to an ar­

bitrary origin. The current directions are relative to the North with positive 

values indicating a West component. The asterisks indicate the best model and 

overall minimum misfit.
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for these parameters are consistent with the results from the tide model. The high 

variability of the estimates of is thought to be due to the geometry of the problem. 

As shown in Fig. 4.2, the two sources and the NW array (array #  1) are roughly

on a straight line which makes the estimation of the current direction difficult. This 

particular geometry also prevents accurate estimates of the array position relative to 

the normal to the sources-array line. The x and y coordinates of the sources and 

receivers are very poorly constrained by the data. This result could be explained by 

the configuration of the problem (as shown by Dosso and Sotirin (1999), the accuracy 

of receiver localization depends significantly on the configuration used) and by the 

relatively fiat seafloor in the region of interest (slope < 2 deg.). It is worth noting 

than for the 11 final configurations of the two arrays, the depth of the receivers has 

relatively small variations: 5 m for the shallowest receiver and 1 m for the deepest 

receiver. Fig. B.3 compares the travel times of the five eigenrays connecting the 

light bulb 24 to the NW array, and the modeled travel times for the parameter set 

corresponding to the lowest misfit found over the 11 inversions. A good agreement 

can be observed. Unless otherwise specified, this optimal set of parameters was used 

to calculate the replica during the geoacoustic inversion of experimental data.
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NW array SW array

Time Amplitude Direction Amplitude Direction

12:00 0.579 -128 0.515 -162

12:30 0.579 -129 0.547 -160

13:00 0.531 -128 0.482 -157

13:30 0.482 -122 0.418 -152

14:00 0.402 -118 0.354 -145

14:30 0.321 -108 0.257 -130

15:00 0.289 -85 0.225 -98
15:30 0.257 -50 0.241 -62

16:00 0.321 -25 0.354 -35
16:30 0.418 -10 0.482 -25
17:00 0.547 0 0.643 -20
17:30 0.675 5 0.772 -15

18:00 0.804 8 0.869 -12

18:30 0.901 9 0.965 -11

19:00 0.965 9 0.997 -11

19:30 0.997 10 0.997 -10

20:00 0.997 10 1.030 -10

20:30 0.965 9 0.965 -10

21:00 0.933 7 0.869 -11

21:30 0.901 5 0.804 -12

22:00 0.772 2 0.740 -15
22:30 0.708 0 0.611 -16
23:00 0.772 -8 0.515 -20

23:30 0.515 -15 0.418 -25

Table B.2 Variations of the magnitude and direction of the tidal current with time on June 

19. Magnitudes are given in m/s and directions in degrees relative to the North 

with positive values indicating a West component. Data were obtained with the 

Tide View software which was used to predict the tidal current at sites close to 

the NW and SW arrays. Light bulbs 10-45 were deployed between 17:45 and 

20:45.
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pair.
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Appendix C 

Processor Performance Study

The purpose of this study was to test the performance of the four processors presented 

in Sec. 3.2.2, i.e., to evaluate the robustness of the processors in presence of noise or

mismatch. There is no standard procedure to compare processors and conclude that 

one processor is better than another. This is due to the fact that the performance 

of a processor is usually case dependent. For example, high-resolution processors are 

known to give very good results in source localization in mismatch-free cases whereas 

they quickly degrade in presence of mismatch (Tolstoy 1993).

Here, the four processors are compared through geoacoustic inversions of sim­

ulated data. Second-stage inversions are carried out for the vertical-slice problem 

described in Sec. 4.3. For computational efficiency, the following simplifications of 

the problem are made; (i) a single source-VLA pair is considered (source 2, VLA 1 in 

Fig. 4.2); (ii) the sediment/ subbottom interface is horizontal {Di =  Dg in Tab. 4.1) 

and; (iii) the VLA is perfectly vertical. The first two simplifications imply that, in 

this particular study, the only range-dependent parameters are the bathymetry and 

sediment thickness. Since the bathymetry is considered as known, the total number 

of unknowns is therefore reduced to six: m ' =  {CPi, pi,Di,Cb,Gi,pb}. W ith these 

parameters set to their true values (defined in Tab. 4.1), the simulated time series are 

calculated for the source-VLA pair and the pressure fields associated with the bottom 

and subbottom-reflected eigenrays are used to create the subset of data involved in 

the second-stage inversion. Replica fields calculated for trial sets of parameters are 

compared to the simulated data using the different processors.

Before testing the processors for various scenarios of mismatch, the effect of two 

mismatches intrinsic to the second-stage inversion implementation is quantified.
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C .l Sources of Mismatch in the Second-Stage Inversion

In simulation studies, when the data are noise free and there is no source of 

mismatch (this case implies an identical method to calculate the data and replica 

fields), the global minimum misfit is reached for the replica corresponding to the 

true parameters. The value of this minimum misfit is in theory zero but is in practice 

limited by the computer accuracy 10'^®). As soon as there is a source of mismatch 

(the noise on the data can be considered as a type of mismatch), the global minimum 

misfit is unknown and is no longer assured to correspond to the true parameters. 

At this point, it is important to keep in mind that there are two intrinsic sources of 

mismatch in the way the second stage is implemented. Both mismatches are related 

to our approach to compute the synthetic time series (Eq. 3.8). Note that if one uses 

the more commonly method to generate time series (Eq. 3.7), these mismatches do 

not exist.

First, some of the phase information (imaginary component) in the simulated data 

is discarded, whereas the replica field contains this information (phase mismatch). 

Although it is possible to use the full information when dealing with simulated data, 

the idea here is to have a realistic simulation of the experimental pressure fields 

which are real time series. The solution to suppress this approximation would be to 

transform the replica field into the time domain, take the real part of the complex 

time series and transform the series back into the frequency domain. However, such 

a process is time consuming while the error introduced by the approximation is small 

compared to other errors (shown below).

The second source of mismatch is related to the travel times. When calculating the 

time series directly in the time domain, one has only a discretized time representation, 

the time interval between two samples being the inverse of the sampling frequency. 

Since in general the calculated travel times of the rays do not correspond to the 

sampled times, errors are introduced in the data field. One solution to decrease the
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effect of this mismatch is to use the upsampling technique.

To quantify the effect of the two sources of mismatch, the misfit was calculated 

for the true parameters when no source of mismatch other than these two were po- 

tentially present. The following two cases were investigated:

(1) The complex time series were Fourier transformed to form the simulated data. In 

such a case, only the time-discretization mismatch was present. Values of the misfit 

calculated for different upsampling factors and for the different processors are shown 

in Fig. C.l. As expected, the larger the upsampling factor, the lower the misfit. All 

processors show similar behavior and give misfits of identical order of magnitude for 

a given upsampling factor (~  10“  ̂ for an upsampling factor of 16).

(2) Only the real part of the time series was Fourier transformed to form the sim­

ulated data. Values of the misfit calculated for an upsampling factor of 16 and for 

the different processors are shown in Fig. C.2. The error introduced by the phase 

mismatch is an order of magnitude less than the error with the time-discretization 

mismatch. In the following, an upsampling factor of 16 and simulated data derived 

from real time series is implicitly used.

In order to compare these errors to the effect of noise in the data, zero-mean, 

Gaussian-distributed random noise was added to the simulated data in the frequency 

domain, according to Eq. 4.9. The misfit was calculated for the true parameters using 

the four processors and for several noise levels. The results, illustrated in Fig. C.3, 

show a change of two orders of magnitude for the misfit as the SNR decreases from 

oo to 5 dB. The four processors have similar behavior.

In summary, due to the different approaches used to calculate the synthetic data 

and replica fields, a perfect match between the pressure fields is not expected to occur 

when using the true parameter values, whichever processor is used. This is the reason 

why a zero misfit is not reached in Fig. 4.16 for example. For realistic simnlations 

where there is noise in the data (SNR <20 dB), the effect of the noise on the misfit 

at the true parameters surpasses the effect of the intrinsic sources of mismatch.
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Figure C.l Variations of the misfit calculated for the true parameters with the different 

processors when only the time-discretization mismatch was present. Three 

upsampling factors were used: 4 (*), 8 (A) and 16 (<C>)-
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Figure C.2 Variations of the misfit calculated for the true parameters with the different 

processors when (i) only the time-discretization mismatch was present (*) and 

(ii) both time-discretization and phase mismatches were present (A).
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Figure C.3 Variations of the misfit calculated for the true parameters with the different 

processors for different levels of noise: oo (*), 30 (A), 20(0) and 10 (+) dB.

C.2 Inversion R esults

To compare the performance of the processors, inversions were carried out to 

estimate the six parameters of the range-independent waveguide described at the 

beginning of the section. Ideally, one would like the result of the inversions to be 

independent of the search algorithm. Such a case occurs when a grid search is used. 

However, for practical reasons, grid searchs are usually limited to problems involving 

a small number of parameters (2-3 typically). To evaluate the influence of the SGA 

used below, multiple inversions were performed.

Five scenarios were studied to investigate the performance of the processors in 

presence of various sources of mismatch: (1) the two mismatches intrinsic to the 

inversion method; (2) Gaussian-distributed noise; (3) an inaccurate source spectrum;

(4) an inaccurate position of the array; and (5) an error in the receiver gains.
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C.2.1 Scenario 1

The performance of the four processors were compared in the pseudo-ideal case 

where the only sources of mismatch were the two approximations discussed in the 

previous section. Fig. C.4 shows the 1-D cross-sections of the misfit functions close to 

the global minimum (sensitivity curves) for the four processors. The processors have 

similar behavior. The global minimum occurs at the true parameter values for CPi, 

Gi and Di- A series of 10 inversions was performed for each processor. Approximately 

20000 trial sets of parameters were used per inversion. Since the same data set was 

inverted each time, the results of the multiple inversions (see Fig. C.5) gave only an 

idea of the ability of the SGA to reach regions of small misfit value consistently. For 

the particular problem treated here, the SGA performed differently depending on the 

processor employed: the SGA failed to reach small misfits consistently, except when 

the pairwise processor was used. Increasing the number of parameter sets during the 

inversion to 30000 did not change the trend of the results significantly. The topology 

of the parameter space associated with the pairwise processor seems therefore “easier” 

to search than with the other processors. Also, the parameter estimates obtained with 

the pairwise processor were the closest to the true parameter values, except for the 

subbottom parameters.

To verify the apparent dependence of the search algorithm on the cost function, 

a second series of 10 inversions was carried out for the same data set. In this series, 

only one processor was used during the inversions. The misfit between the replica 

fields corresponding to the parameter estimates and the simulated data was then 

calculated with the three other processors. The results obtained when the inversions 

were performed using the pairwise processor and the coherent Bartlett processor are 

illustrated in Fig. C.6. The results show that the misfit values associated with a 

particular set of parameters are similar with the four processors indicating that it is 

the form of the global space that made the search of the global minimum more or less
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Figure C.4 Variations of the misfit calculated using the four processors with individual pa­

rameters for scenario 1. The output of the different processors are indicated by 

different colors; black (pairwise), blue (incoherent Bartlett), green (coherent 

Bartlett) and red (optimum pairwise). The green and blue lines are superim­

posed in the last three panels. The dashed lines represent the true parameter 

values. For each case, the parameters that were not varied were fixed to their 

true value. Note that the steps in the last three panels are real features and 

are not due to the discretization.
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difficult. Note that, this result is consistent with the sensitivity curves in Fig. C.4.
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Figure C.6 Means and standard deviations of the misfit calculated for the parameter es­

timates obtained with the pairwise processor (left panel) and the coherent 

Bartlett processor (right panel). In each case, the inversions were carried out 

with one of the two processors. The outputs of the three other processors were 

calculated for the final parameter estimates only. See Fig. C.5 for legend.

C.2.2 Scenario 2

The performance of the four processors were compared when Gaussian-distributed 

noise was added to the simulated data. Fifty different realizations of noise were used. 

For each realization, the SNR was fixed to 10 dB at all receivers. The final misfits 

and the distribution of the parameter estimates are given in Fig. C.7. As in the first 

scenario, the performance of the SGA varies with the processor used. Small misfits 

are systematically reached with the pairwise processor only. Parameters CP\ and 

Gi are relatively well estimated with all processors, as well as D\ and pi with the



Appendix C: Processor Performance Study  123

two pairwise processors and the incoherent Bartlett processor. However, the estimate 

distributions are narrower for the pairwise processor.

In the above, the data and replica helds comprised 20 frequency components 

within the 450-750 Hz band. Two additional series of inversions were conducted with 

a number of frequencies fixed to 5 and 50. The inversion results obtained with the 

pairwise processor are illustrated in Fig. C.8. As the number of frequencies increases, 

the distributions of the parameter estimates narrow and the final misfits decrease. 

This result was expected since, as mentioned in Sec. 3.2.2, the more frequencies 

used, the more information is available to reduce the non-uniqueness of the solution. 

However, a factor to take into consideration when choosing the number of frequencies 

to be used is the computational time involved. For the example studied here, one 

inversion was completed approximately in 7, 10 and 20 minutes for 5, 20 and 50 

frequencies respectively. Thus, using 20 frequencies appears as a good compromise 

between the accuracy of the estimates and the computational time.

C.2.3 Scenario 3

The pairwise and the coherent Bartlett processor outputs were compared when the 

simulated data and replica fields were calculated with different sources. The source 

wavelet used to calculate the synthetic data was modified and Gaussian-distributed 

noise was added to its spectrum before calculating the replica fields. Fig. C.9 shows 

the true and the inaccurate sources, as well as the inversion results. As expected, 

the results obtained with the pairwise processor are very similar to those in Fig. C.5 

indicating that the processor performance is not affected by such an error. The 

comparison of the final misfits shown in Figs. C.5 and C.9 is not straightforward for 

the coherent Bartlett processor due to the poor performance of the SGA. However it 

can be noted that the misfit calculated with the true parameter values is significantly 

larger in the latter case. Some variability exists in the parameter estimates.
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C.2.4 Scenario 4

The four processors were compared when a systematic error in the array position 

was present (second method in Sec. 4.3.1). Fifty different realizations of random error 

uniformly distributed over the [0-2.5 m] interval were tested. (2.5 m is approximately 

equal to one wavelength at the central frequency used.) The inversion results are 

given in Fig. C.IO. Here again, the final misfits reached with the pairwise processor 

are significantly smaller than the misfits reached with the Bartlett processors. The 

estimates for CPi, Di, Gi and pi are very good for the pairwise processor. Overall, 

the parameter estimates are similar to those obtained in scenario 2.

C.2.5 Scenario 5

The four processors were compared when an error in the receiver gains was present. 

To simulate such an error, the simulated data pressure field at the different receivers 

was multiplied by a random factor (different factors for different receivers). Twenty 

different realizations of random error uniformly distributed over the [0.5-1.5] interval 

were tested. The inversion results are given in Fig. C .ll. By comparing Figs. C .ll 

and C.5, one can see, as expected, that the performance of the pairwise processor 

is not affected by such a mismatch. The final misfits and parameter estimates are 

very similar in the two cases. Both the final misfits and the misfits calculated at the 

true parameter with the three other processors are larger than those determined in 

scenario 1.

C.2.6 Conclusions

There is no criteria to decide on the absolute superiority of a processor over oth­

ers. Here, the four processors were compared in terms of final misfit and parameter 

estimates. In the latter case, the goodness of a processor performance was evaluated 

by comparing the estimates to the true parameter values: the closer the estimates.
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the more robust the processor. For the final misfit, the decision is generally less 

straightforward. First, the misfit values depend on the form of the processor. For 

example, the pairwise processors are similar to squared forms of the Bartlett proces- 

sors. Second, one would want to reach the global minimum misfit while, in most cases, 

the global minimum does not correspond to the true parameter values. Due to the 

existence of correlations between parameters, the topology of the multi-dimensional 

parameter space is usually highly complex and case dependent. The efficiency of the 

algorithm used to search the parameter space is therefore a concern since, ideally, one 

would like to compare the performance of the processors without the search algorithm 

influencing the inversion result. To evaluate the influence of the algorithm, multiple 

inversions were carried out.

From the particular inversion scenarios studied here, the following features were 

observed:

» The pairwise processor gave the smallest final misfits in all scenarios.

For the scenarios where errors were introduced in the source wavelet, array posi­

tion and the receiver gains, the final misfit obtained with the pairwise processor 

was significantly smaller (2 orders of magnitude) than both the final misfit and 

the misfit calculated at the true parameter values with the other processors.

In theory, for the pseudo-ideal case and the 10 dB noise case, smaller misfits 

could be reached with the two Bartlett processors {e.g., misfit calculated at 

the true parameter values). In practice, the SGA failed to reach small misfits. 

This was particularly true with the coherent Bartlett processor. Therefore, the 

pairwise processor is believed to lead to an easier topology to sample than the 

Bartlett processors. This result emphasizes the fact that care must be taken 

when interpreting sensitivity curves. (For the pseudo-ideal case, the curves 

given in Fig. C.4 showed a similar behavior of the four processors.)

• In terms of parameter estimates, all parameters except the two associated to the
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subbottom (the least sensitive ones) were well estimated in all scenarios when 

the pairwise processor was used. As a general trend, the subbottom parameters 

were poorly estimated with all processors. Their estimates were also dependent 

on the error introduced. On the other hand, C f i  and Gi were systematically 

well estimated with the four processors in all scenarios. Therefore, it seems that 

the different types and ranges of mismatch used did not significantly modify the 

relative topology of the parameter space.

•  Although not directly related to the performance of the processors, it is worth 

noting that the parameter estimates obtained with the four array-source pairs 

(Tabs. 4.6 and 4.7) were better than those obtained with the single pair.

In summary, for the particular problem treated and the different sources of mismatch 

studied here, the pairwise processor showed the smallest misfits and the parameter 

estimates the closest to the true parameter values. In particular, no evidence was 

found to favor the optimal pairwise processor to the pairwise processor. The pairwise 

processor seemed therefore a good candidate for further investigations.




