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Genetic Algorithm Inversion of the 1997 Geoacoustic
Inversion Workshop Test Case Data

Garry J. Heard
Defence Research Establishment Atlantic
PO Box 1012 Dartmouth, NS B2Y 3727, CANADA

David Hannay and Scott Carr
Jasco Research Ltd.
#102-7143 West Saanich Road, Brentwood Bay, BC V8M 1P7, CANADA

An analysis of the 1997 Geoacoustic Inversion Workshop test case data was carried out by Jasco Research
Ltd. under the auspices of a research contract let by the Defence Research Establishment Atlantic. The
analysis of the test cases served to benchmark the performance of a Genetic Algorithm (GA) inversion code
written by Jasco Research called SAGA_INV. The inversion program made use of Westwood’s ORCA
propagation model, FORTRAN subroutines, and Interactive Data Language (IDL) by Research Systems
Incorporated. The code is designed to run on UNIX (or Linux) workstations, but should be relati vely simple
to port to other operating systems. SAGA_INYV is capable of performing inversions with either Simulated
Annealing (SA) or GA optimisation schemes; however, only the GA portion of the code has been benchmarked
with the workshop test cases at the present time. Not all of the workshop test cases were processed: this study
was concerned only with the CAL, SD, SO, AT, and WA data sets. The CAL data was processed using three
different cost functions: i) standard Bartlett processor, ii) a broadband coherent processor, and iii) a transmis-
sion loss mismatch function. These processors were applied to three frequency bands: i) 76 frequencies
between 25 and 100 Hz, ii) 9 frequencies between 28 and 36 Hz, and iii) 13 frequencies between 44 and 56
Hz. The latter two frequency regimes were intended to simulate 1/3-octave bands centred at 32 and 50 Hz,
respectively. Four different receiving arrays were simulated: i) a 1550-m aperture horizontal, bottom mounted
array at approximately 1 km range, ii) a similar array at approximately 4.2 km range, iii) a 55-m aperture 12-
element vertical array located at 1 km range, and iv) a similar vertical array at 5 km range. In addition to
processing the CAL data set, all three realizations of the SD, SO, AT, and WA data sets were also processed;
however, only the transmission loss cost function and the two simulated 1/3-octave bands were considered
for these test cases.

Introduction

The Geoacoustic Inversion Workshop!, held at MacDonald-Dettwiler in Richmond BC, provided an
opportunity for researchers to try their inversion schemes in a blind test using a number of synthetic data
sets of varying complexity and to then compare results. In this paper the inversion results obtained with
a new Simulated Annealing (SA) and Genetic Algorithm (GA) optimisation program called SAGA_INV
are presented for a number of different cases involving three different cost functions, several processing
bandwidths, and simulated vertical and horizontal receiving arrays. The data sets used in the inversions
are described elsewhere? those that were considered for this paper include: CAL, SD, SO, AT, and WA test
cases. Details of the processing applied to each data set will be given in the next section of this paper.

SAGA_INV? was developed by Jasco Research Ltd. under contract to Defence Research Establish-
ment Atlantic (DREA). SAGA_INV is capable of using both SA and GA optimisation schemes. All of
the inversion results presented in this paper were obtained using the GA routines within SAGA_INV.
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Table 2.1. Known parameters and search ranges for each environment considered.

Environment
Parameter CAL SD SO AT WA
Zs [m 20 20 20 20 10-30
AR [m] 0 0 0 0 0-400
D [m] 100 100 100 100 100-120
c(0)  [mvs] 1480 1480 1480 1480 1480
cD) [ms] 1460 1460 1460 1460 1460
heeqd [M] 50 10-50 10-50 10-50 10-50

Csed(D) [m/s] 1550 1500-1600 1500-1600 1500-1600 1500-1600
Csea(D + hgeq) 1700  1550-1750 1550-1750 1550-1750 1550-1750
Psed  [orcc] L5 1.4-1.85 1.4-1.85 1.4-1.85 1.4-1.85

Ozeqd  [dBA]  0.23 0.23 0.23 0.05-0.5 0.23
C hep LMVS] 1800 1600-1800 1600-1800 1600-1800 0.23
Prsp lgfec] 2.0 1.6-2.0 1.6-2.0 1.6-2.0 1.6-2.0
Qpsp [dBA]  0.23 0.23 0.23 0.05-0.5 0.23

Genetic algorithms, like simulated annealing techniques, are what are known as directed search optimisation
methods. While SA attempts to find optimum solutions to problems by emulating the annealing process
of a cooling metal, which naturally finds a minimum energy state, GA models the natural process of
genetic drift, which attempts to find the optimum adaptation of individuals to a given environment. Ge-
netic algorithms include the basic steps of fitness evaluation, selection, reproduction, and mutation. An
excellent overview on the subject has been provided by Beasley et al.*

The SA portion of SAGA_INV was derived from the GA portion and is therefore somewhat unusual
in that discretized binary gene values rather than floating point values represent the state space variables.
In other respects the SA portion of the code is quite conventional in that only one gene is perturbed at a
time and all genes are perturbed at each temperature step. Gene perturbation sizes are selected from a
cubed uniform distribution which favours smaller changes in value over large changes. The Metropolis®
criterion is used to accept state changes. One benefit of using the GA framework to implement the SA
code is that a posteriori statistics can be calculated at the completion of the SA inversions. The GA
portion of SAGA_INV was considered to be the main part of the program and because of this only the GA
routines have been used with the Workshop test cases at present. The GA code allows the user to control
the number of independent populations and the number of individuals in the populations. The user also
has control of the probabilities of mating and mutation. Individuals for mating are selected probabilistically
and the most fit individuals are favoured. All state space variables are represented by fixed length genes
and the user may select the number of bits in the variable representation. Uniform crossover masking is
used to reduce the importance of gene placement within the chromosome. Processing continues until all
populations have converged. Once convergence has been reached marginal a posteriori statistics® are
calculated using stored cost values for each generation.

The inversion package consists of a widget-based GUI (graphical user interface) written in Interac-
tive Data Language (JDL), FORTRAN subroutines, and Westwood’s ORCA’ propagation model. Cur-
rently this program suite runs on Linux-based PC systems and Silicon Graphics Indigo workstations. The
total time required for an inversion run with 76 frequencies using a 133 MHz Pentium PC varied from 19
to 72 hours. A 1/3-octave inversion typically took 2 to 7 hours.
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Seven test cases were generated for use at the workshop. This paper discusses results obtained from
inversion of data from five of the test cases: CAL, SD, SO, AT, and WA. The CAL test case was special
in that only one realization of the environment was given and all environmental parameters were known.
The other test cases were basically similar to the CAL environment except that there were varying num-
bers and combinations of unknown parameters and that there were three independent realizations of these
test cases (see solution sets A, B, and C in Table 4.1). We did not process the multi-layer test case N or the
elastic test case EL.

The next section describes the data processing in more detail. Section 3 describes the results ob-
tained with the CAL data set and Section 4 describes the results obtained by 1/3-octave bandwidth process-
ing with the SD, SO, AT, and WA data sets. Finally, conclusions are presented in Section 5.

2. Data Set Processing

The GA inversions each included 64 independent populations with 32 individuals in each population.
Eight bits were used in the gene representations providing 256 possibilities for each state variable. Since
the minimum number of unknowns was 6 and the maximum was 9, the number of state conditions varied
from approximately 2.8x10"to 4.7x10%. Approximately 60000 forward runs of the propagation model
ORCA were required for each inversion, which implies that the efficiency of solution is very high as only
a very tiny fraction of the possible states were searched.

Table 2.1 details the known values or the a priori search ranges for each of the environmental
variables in the test cases. Source depth is denoted by Z, range uncertainty by AR, water depth by D,
sound speed by c, layer thickness by #, density by p, and attenuation in dB/A by ot Subscripts sed and hsp
denote the sediment layer and basement half-space respectively.

For each inversion the probability of mating, pmate, was fixed at 85% and the probability of mutation
at 3%. Mating is accomplished by selecting 32 individuals probabilistically from the fitness ordered set
of individuals. The probability that the i/ individual from the ordered set is chosen is given by exp[a/b -
i/nindiv], where a and b are the average and best cost function values for the current generation, and
nindiv is the number of individuals in the population. The scaling factor, a/b, increases the probability of
less fit individuals mating when the most fit individual is not significantly fitter than the average indi-
vidual. This scaling increases gene diversity and helps reduce premature gene convergence. Mating
employs the uniform crossover technique* which reduces the dependence on gene order within the chro-
mosome. Note that not all of the selected ‘parents’ undergo mating by gene crossover. A fraction of the
parent population 1-pmate, 15% in this case, are simply cloned into the following generation. Following
the mating process, mutation is carried out on each offspring by complementing one randomly selected
bit within the chromosome according to the selected mutation probability.

The cycle of cost evaluation, parent selection, mating, and mutation continues for each population in
turn until 95% of individuals within a population share the same chromosome. This is the convergence
condition described by Beasley.* When all populations have converged, processing stops and the mar-
ginal a posteriori statistics are computed from the stored costs for every forward model run. The mar-
ginal a posteriori distribution for parameter j was calculated according to
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where N, is the total number of models tested, m® is the v" model vector, ¢(m”) is the cost function value
for model v, and T is the temperature parameter. The value of 0, is computed for each possible value of
the j* parameter denoted by x. The temperature T was set to thc average cost function value obtained
during the inversion. This differs from Gerstoft’ who sets the temperature to the average of the best 50
cost values.

2.1. Cost Functions

The CAL test case was inverted using three different cost functions: a standard Bartlett processor, a
broadband coherent processor, and a transmission loss (TL) mismatch function. The Bartlett processor is
given by

1 < i=}
C,(m) ﬂl—ﬁz , s

where N is the number of hydrophones, M is the number of frequencies, P(®,) is the complex pressure on
the i" hydrophone at frequency k, and Q,(m,®,) is the corresponding value calculated by the propagation
model for input parameter vector m. The coherent processor previously described by Hannay & Chapman®
was modified to eliminate the search over time uncertainty T, because absolute timing of the received
signals with respect to source transmission was available. The coherent processor is given by

c(m)=1--% MI = Sl S’ 2.3
2(m.@,) 22] |
i=1 k=1 i=1 k=1

where R represents the real part of the expression in braces. The TL mismatch function is the root-mean-
square (rms) difference between the modelled and measured transmission loss averaged over all of the
hydrophones and all frequencies

§N: i [~2010g|0,(m, @, )| - (-20) log| B (@, )l]2

Cpy(m) = = S L 24
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Note that in the TL. mismatch function the difference in TL is calculated in log-space. This has been done
intentionally to emphasize the importance of nulls in the TL matching. Tests have been conducted in both
linear and log domains, and it appears that the log domain is best suited for use with moderate to high
signal-to-noise ratio data.

Only the TL processor was used on the SD, SO, AT, and WA test case data sets. This choice of
processor was partly motivated by an inversion study? currently being completed by Jasco Research Ltd.
for DREA.

2.2. Bandwidths

The CAL test case data was processed with three different bandwidths: 25-100 Hz, 28-36 Hz, and
44-56 Hz. The first band contained 76 frequencies spaced 1 Hz apart, while the two narrower bands
contained 9 and 13 frequencies respectively, spaced 1 Hz apart. The narrower bands were an attempt to
simulate 1/3-octave bands at 32 and 50 Hz. For ease of reference, the 76-frequency band will be referred
to as the broadband data and the two narrower bands will be referred to by the centre frequencies of the 1/
3-octave bands they are simulating.

At present the SD, SO, AT, and WA test case data sets have only been processed in the 1/3-octave
bands (32 Hz band and 50 Hz band). These 1/3-octave bands were considered to be more typical of the
bandwidths available in sea tests.

2.3. Simulated arrays

Each of the five test case data sets were processed using four different simulated arrays: two vertical
arrays (VLA), and two horizontal arrays (HL.A). The simulated VLA consisted of 12 hydrophones and
spanned an aperture of 50 m. The VLA was located at two different ranges from the nominal source
position (1 km and 5 km) with the hydrophones spanning the depth interval: 20—75 m. The simulated
HLA consisted of 32 hydrophones spaced at 50 m, providing a 1550-m aperture. The HLA was posi-
tioned on the sea floor (100 m depth) with the source in endfire aspect at ranges of 50 and 3450 m relative
to the first hydrophone in the array. Table 2.2 provides a summary of the array details. For ease of
reference, the different arrays will be referred to as array 1 to 4 as denoted in column one of Table 2.2.

Table 2.2 Details of simulated arrays used for inversion.

Type N;z:zg; tzf Spacing Ranges Depths
Array 1 HLA 32 50 m 50-1600 m 100 m
Array 2 HLA 32 50 m 3450 — 5000 m 100 m
Array 3 VLA 12 Sm 1000 m 20-75m
Array 4 VLA 12 5m 5000 m 20-75m
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Table 3.1. Summary of cost function and array type performance with broadband data.

Trans. Loss Std. Bartlett Cross corr.

Array 1 2 3 4 1 2 3 4 1 2 3 4
Zs e o ®© O | e e e . o e o©
D o [ [ ] (o] ® [ ) [} * L] L] L] [ ]
AR ° ° e o o o} e e o o
Nged o o e e . ° s -
c(D) e © ° .
C(D+hsed) . . . . ] 'Y
Psed ¢ © ® ¢ ©
Chsp . . I
Phsp ¢ o ©

e Parameter estimated within 25% of search range.
o Parameter estimated within 50% of search range.
Parameter not localized.

3. CAL Data Set Results

The CAL data set was first processed with the broadband data using all three of the cost functions
and all four simulated receiving arrays. From inspection of the resulting marginal a posteriori density
distributions, it is possible to draw some slightly subjective comparisons regarding the variation of the
inversion accuracy with cost function and array type. These comparisons are summarized in Table 3.1.

A large solid dot in Table 3.1 indicates that a reasonable value was obtained for the parameter of
interest with the corresponding cost function and receiving array. An open circle indicates that a param-
eter estimate was obtained, but that there is a large uncertainty associated with the estimate. A small dot
indicates that the parameter value was not estimated at all. Inspection of Table 3.1 shows that only about
half of the cost function-array choices resulted in a useful estimate of at least some parameters. This is
somewhat disappointing as a large amount of information was encoded in these 76-Hz bandwidth inver-
sions and noise was not included in the synthetic test cases.

Several general observations can be made from the results in Table 3.1. First, is that with only one
exception the arrays (1 & 3) which were closest to the source provided the best estimates of the geoacoustic
parameters. The exception to this was array 2 with the Bartlett processor. It is not clear why the more
distant array functioned best in this case. This particular solution may simply have been the result of a
fortuitous selection of the state space parameters resulting in convergence to the true solution. Second,
the coherent processor provided better overall results than either the Bartlett or TL processor. In particu-
lar, the results at close range were noticeably improved with the coherent processor. Results at greater
ranges were not as successful. This performance decrease with range may indicate the existence of
relative phase errors in the propagation models: something that should probably be investigated in further
work. Third, the TL processor was the worst performer of the three cost functions investigated. This
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Table 3.2. 1/3-Octave band inversion results using CAL test case data. Parameter search ranges were defined by the
uncertainty ranges from Table 2.1, for the corresponding environment in column 1.

CAL s AR D Nsed Cscd(D) Csed(D + h'.sed) Psed Osed Chsp  Phsp Clhsp
sd - - - 46.4 1548.3 1665.3 1.57 - 1730 1.86 -
at - - - 44.7 1548.1 1683.6 1.68 0.22 1718 1.96 0.31
f{e] 204 0.023 - 44.1 1538.5 1681.5 1.55 - 1761 1.81 -
wa 20.8 0.005 102.3 421 1556.0 1658.0 1.51 - 1699 184 -

True 20 0 100 50 1550 1700 1.5 0.23 1800 2.0 0.23

result is not particularly surprising, but there is considerable value in being able to use TL information in
this way. Measurement of TL is very simple and robust. In addition, TL data is available from many past
experiments where more detailed information is often not available. Fourth, somewhat unexpectedly, a
VLA does not appear to lead to better geoacoustic estimates than an HLA. Of course, the reader needs to
keep in mind that the number of phones and aperture of the HLA were considerably greater than those of
the VLA in this study. However, the simulated arrays are not unrealistic and when one takes VLA mo-
tions into account, bottomed HLA arrays are an attractive option. Finally, source depth, source range, and
water depth were the only parameters consistently estimated with useful uncertainties. Geoacoustic pa-
rameters were only estimated usefully in 25% of the broadband inversions.

Despite the negative comments of the last paragraph, useful results were obtained from inverting the
CAL data set using the 32 and 50 Hz 1/3-octave bands and the TL cost function. In fact, the inversion of
array 1 data in the 32 Hz band with the TL cost function outperformed the inversion using the broadband
data. The 32 Hz inversion was also superior to the results obtained with the 50 Hz band. Among the
possible reasons for the improved performance with the narrower processing bandwidth are that the
lower frequencies contain the bulk of the information about the bottom and sub-bottom, or that relative
modelling errors across the broadband data were sufficient to reduce the correlations. As previously, the
nearer array (#1) produced a better result than the more distant array (#2) and the HLA receivers pro-
duced better resuits than the VLA receivers. Source depth, water depth, and range were again the best
determined parameters, but the estimates were not limited to these variables. Table 3.2 summarizes the
results obtained inverting the CAL data in 1/3-octave bands. The inversions were performed using four
different sets of unknowns as indicated by the ad, at, so, and wa titles in the first column. The numbers
presented represent averages of the individual results for the four different arrays and two 1/3-octave
bands.

4. One-Third Octave Results

In this section, the results of applying the TL cost function with the four different receiving arrays to
data for the 32 and 50 Hz bands from test cases SD, SO, AT, and WA are discussed. It should be noted
here that the AT environment with a bottomed HLA caused the ORCA model to crash. This is probably
due to having searched for the mode values at the sea floor where the receiver was located and may also
involve the sediment attenuation values which covered a large range (0.05-0.5 dB/A). The results of the
1/3-octave inversions for each of the separate realizations A, B, and C are shown in Table 4.1 where the
true values are given in the bottom part of each block and the values obtained by averaging the values
corresponding to the highest peaks in the a posteriori distributions for each array and frequency band are
given in the upper part of each block.
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Table 4.1. Average results from 1/3-octave band inversions and true values.

SD Zs AR D hsed Csed (D) cscd(D + hsed) Psed Olsed Chsp Prsp Clasp
A - - - 17 1565 1705 1.75 - 1745 1.84 -
B - - - 43 1589 1685 1.61 - 1690 1.97 -
C - - - 29 1513 1640 1.49 - 1674 1.90 -
True A | 20 0 100 22.5 1565.1 1743.1 1.76 0.23 1757.7 1.83 0.23
True B | 20 0 100 38.0 1599.3 1658.5 1.64 0.23 17075 1.87 0.23
True C | 20 0 100 30.7 1530.4 1604.2 1.50 0.23 1689.0 1.70 0.23
AT Zs AR D hsed  Csed(D)  cged(D + hsed) Psed  Olsed Chsp Phsp  Olhsp
A - - - 41 1542 1609 1.47 0.18 1655 2.00 0.35
B - - - 13 1518 1710 1.67 0.27 1747 1.86 0.35
C - - - 35 1519 1575 1.42 0.09 1625 1.88 0.38
True A | 20 0 100 44.6 1546.9 1624.8 140 0.12 1676.3 1.78 0.08
True B | 20 0 100 134 1558.3 1564.6 1.77 0.03 1758.8 1.95 0.20
True C | 20 0 100 30.4 1533.9 1557.6 1.43 0.08 1615.2 1.69 0.05
S0 Zs AR D hsed  Csed(D) Csed(D + hoed)  Psed  COlsed Chsp Phsp  Opgp

A 25.0 0.38 - 18.5 1585 1710 1.62 - 1740 1.75 -

B 15.5 0.16 - 30.0 1520 1710 1.50 - 1755 1.80 -

C 28.5 0.04 - 43.0 1534 1655 1.50 - 1685 1.82 -
True A | 25.1 0.38 100 223 1592.6 1698.7 1.61 0.23 17440 1.80 0.23
True B { 15.3 0.18 100 36.0 1510.4 1745.4 1.47 023 1768.9 1.91 0.23
True C | 27.9 0.04 100 46.9 1541.8 1674.2 1.50 0.23 17644 1.87 0.23
WA Zs AR D hsed Csed(D) csea(D + ftsed) Psed  Osed Chsp Prsp  Unsp

A 26 0.20 117 31 1520 1605 1.55 - 1720 1.75 -

B 27 001 107 22 1555 1725 1.71 - 1745 1.71 -

C 28 0.24 119 34 1530 1680 1.61 - 1680 1.89 = -
True A | 26.4 0.22 115.3 27.08 1516.2 1573.2 1.54 0.23 1751,3 1.85 0.23
True B | 26.5 0.11 106.7 31.84 1584.3 1722.7 1.80 0.23 1779.0 1.86 .0.23
True C | 28.2 0.29 119.9 28.95 1565.7 1591.8 1.68 0.23 1707.1 1.88 0.23

The a posteriori distributions for these 1/3-octave inversions ranged from well-defined narrow peaks
to essentially uniform (with spikes) distributions over the entire search range. Itis interesting to note that
some of the inversions produced excellent results, while others gave very poor results. It is not readily
apparent what distinguishes these cases. Perhaps the difference in behaviour, between similar inversions,
occurred because the global minimum does not always lie within the sampled parameter space of the GA
populations. If this situation arises early in an inversion then mutation is the only process which can
"find" the global minimum, and it is not always successful. It is also interesting to note that several very
well-defined distributions were observed that led to incorrect solution states. In these cases, it would
appear that there were solutions that were very close in cost value to the true solution and the GA was
trapped in the wrong minima.

Some general observations can be made from the GA 1/3-octave results with the TL processor. First,
the HLA receivers did better than the VLA receivers. This result was not very surprising since the HLA
sees more variability of pressure amplitude along the receiver than the VLA in this situation. Second, the
closest arrays (1 & 3) provided better results than the more distant arrays (2 & 4) most of the time; there
were some notable exceptions to this. Third, there was not a noticeable change in performance with a
change in the number of unknown variables. Searching for more unknowns did not generally result in
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poorer quality answers. Finally, source depth, water depth, and range were again the most reliably esti-
mated parameters. Geoacoustic parameters were usefully estimated, but with considerably less success
than the localization parameters. Averaging the best values for each parameter for multiple independent
inversions (different arrays, different bandwidths, etc.) resulted in reasonable estimates for most of the
geoacoustic parameters.

5. Conclusions

The CAL, SD, SO, AT, and WA test case data sets from the Geoacoustic Inversion Workshop were
inverted using a GA optimisation scheme. It was shown that while source localization parameters can be
obtained more readily than geoacoustic parameters, it was possible to invert both complex pressure field
data and real-valued TL data to obtain estimates of the primary geoacoustic parameters. In the data sets
considered, the most important geoacoustic parameters appeared to be water depth, sediment layer thick-
ness, and sediment sound speed. Other geoacoustic parameters may be obtained by inversion with vary-
ing degrees of success. The most difficult parameters to obtain with the simulated receivers that were
considered in this study appear to be the basement density and the attenuations in both the sediment and
basement. In summary, individual inversion attempts may fail to produce useful estimates of geoacoustic
parameters; however, repeated efforts with variations in the search space, parameter ranges, cost func-
tions, and sampled data on average yielded good results.

Broadband information was very useful in performing inversions, but in some cases superior results
were obtained using limited bandwidths. Exactly why this should be the case is not known, but it may be
related to the preferential penetration of lower frequencies into the sub-bottom which then in turn carry
most of the sub-bottom information. Useful future work would be to investigate the relative performance
of 1/3-octave bands with higher centre frequencies and determine if performance degrades. Additionally,
it would be useful to compare the phase differences with frequency in the two propagation models used in
this work.

The coherent processor performs best, followed by the standard Bartlett processor. The TL processor
discards much of the available information and is the worst performer of the three cost functions exam-
ined. However, the calculation of TL is simple and much data of this sort is available. The performance
of this processor was sufficient to warrant future attention.

In general, the nearer arrays performed better than more distant arrays. This may be due in part to
energy travelling by steep angle paths to the nearer arrays that sample the bottom more completely. The
use of HLA receivers also warrants attention as the straightforward deployment of bottomed arrays and
the lack of movement in the hydrophones are both desirable features in actual receiver deployments.
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