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ABSTRACT

Array processing techniques such as beamforming or matched field processing require accurate knowledge 
of the location of individual elements in the array. For horizontal arrays laid on the ocean floor, relative 
arrival times measured across the array from nearby implosive sources are often used to aid in estimating 
the sensor positions. However, the inverse problem of determining the sensor positions from the relative 
arrival times is both nonunique and ill-conditioned. Standard grid search techniques rely on very accurate 
measurements of the source locations and some knowledge of the array. This paper shows how simulated 
annealing can be used to solve the inverse problem with limited knowledge of the array or source locations. 
Synthetic studies show that relative sensor locations can be exactly found while tests with real data show an 

improvement in array gain comparable to the theoretical limit obtained from a perfectly known array.

RÉSUMÉ

Les techniques de traitement de signal de réseau, tel la conformation du faisceau et le traitement de champs 
appariés nécessitent une connaissance précise de la location des éléments individuels du réseau. Pour des 
réseaux horizontaux déployés sur le fond marin, les temps d’arrivée relatifs des signaux provenant de 
sources implosives proches, mesurés le long du réseau, sont souvent utilisés pour aider à l’estimation de la 
position des capteurs. Par contre, le problème inverse de la détermination de la position des capteurs à par
tir des temps d’arrivée relatifs est non-unique et mal défini. Les techniques de recherche sur une grille stan
dard dépendent de la mesure très précise des positions de la source, et d’une première approximation de la 
position du réseau. Cet article démontre comment le traitement thermique simulé peut être utilisé pour 
résoudre le problème inverse avec une connaissance limitée de la position du réseau et de la source. Des 
études avec des données synthétiques démontrent que la position relative des capteurs peut être établie avec 
précision, et des essais avec des données réelles produisent une amélioration du gain de réseau comparable 
à la limite théorique pour un emplacement de réseau parfaitement connu.

1. In t r o d u c t io n

Remotely deployed systems often contain horizontal or ver
tical arrays mounted on the ocean floor and are used to 
acoustically monitor areas of the ocean. One problem with 
remotely deployed systems is accurately determining the 
sensor positions in the array. Conventional beamforming is 
often considered to require sensor position estimates accu
rate to within A./10 where X  is the wavelength of the signal

measured.^ More advanced array processing techniques 
such as adaptive beamforming or matched field processing 
require even more accurate estimates of the sensor posi-

9 T.
tions.

Sensor positions in remote systems are often estimated by 

measuring correlations from nearby continuous sources,

or by measuring arrival times from nearby transient 

sources.^"9 For transient sources, if the location of the 
sources and the travel times to the sensors are known, then 
the location of all the sensors in the array can be unambigu
ously determined using triangulation from three sources. 
However, the source locations are often only known approx
imately and the travel times from source to sensor are often 
unknown with the arrival times at any sensor only known 
relative to the arrival times at other sensors. The inverse 
problem of estimating the sensor positions from relative 
arrival times with unknown source locations is nonlinear (the 
radial distance between a source and sensor depends linear
ly on the arrival time but the sensor position also depends on 
the bearing to the source), nonunique (unknown source 
positions can allow for a rotation or translation of the com
bined system of sources and sensors without a change in the 
arrival times), and may be ill-conditioned depending on the
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source and sensor geometry ̂  (a small error in a source 
position can lead to a large error in a sensor position).

One method of solving the nonlinear inverse problem is to 
transform it into a linearised problem and iterate towards a

solution based on an initial starting model.^>8,9 However, 
this is often found to be highly dependent on the initial esti
mate of the source locations. Another way to find the sensor 
positions from unknown source positions is simply to search 
a multidimensional space of estimated sensor and source 
positions and minimize the error between the measured and 
predicted relative arrival times. One technique designed 
specifically to search ill-conditioned, multidimensional

spaces is called simulated annealing. ̂  ̂  Although simulated 
annealing is also an iterative technique, it is not highly 
dependent on the initial estimate of the unknown parameters. 
This is important if source positions cannot be measured 
accurately, such as for sources at depth or if GPS is not avail
able. Other authors have already used simulated annealing

to localize a small vertical array with few sensors.^ This 
paper will show that simulated annealing can be applied to 
the problem of locating a large horizontal array with many 
sensors and only a limited knowledge of the source loca
tions.

2. E x p e r im e n t

The data analyzed in this paper were collected during the 
RDS-2 trial in November 1998 in 107 m water in the Timor 
Sea off the northern coast of Australia at 12° 200 S, 128° 200 
E. Bathymetric surveys show the area to be veiy flat with 
changes of depth of only several meters over several kilo
meters. A sound speed profile obtained using an XBT indi
cated a piecewise linear profile with a sound speed at the sur
face of 1549 m/sec, decreasing to 1544.5 m/sec at 75 m 
depth, and then increasing to 1545.5 m/sec at 107 m depth. 
The measured sound speed profile was used in estimating 
sensor positions for the real data.

The data examined were collected on the ULITE array 
deployed by the Space and Naval Warfare Systems Center 
(SPAWAR), San Diego, CA., USA. The planned deployment

of the ULITE array and light bulb sources^ is shown in 
Fig. 1. The array is a horizontal array which lies on the ocean 
floor and consists of three arms of 32 sensors each, tied in 
the center, with each arm containing a slight curvature to 
break the left/right symmetry from the arm. The sensors in 
each arm of the array are asymmetrically nested for three dif
ferent design frequencies of 24, 48 and 96 Hz., resulting in 
sensor separations of 8, 16 and 32 m for sensors 1-17, 17-25 
and 25-32 respectively. All light bulbs were imploded at 55 
m depth with the planned locations to include three light 
bulbs on each side of each arm, approximately 100 m dis
tance from the ami.

X pos (m)

Figure 1 : Trial layout plan.

The array was deployed using three boats which met at the 
center location for the array, then moved apart, each boat 
deploying one arm of the array. To keep the array from 
breaking, slow boat speeds were required to ensure low ten
sion on the cables. The slow boat speeds, low cable tension, 
and high currents of two knots resulted in the deployment 
pattern of the array differing significantly from the planned 
deployment. The estimated array shape of the actual deploy
ment is given in Sec. 4.

3. M e t h o d o l o g y

This section shows how to apply simulated annealing to the 
problem of locating a horizontal array mounted on the ocean 
floor. A set of transient sources are used near mid-depth and 
the relative arrival times of the direct arrival and surface 
reflection are measured across the array. The problem then is 
to use simulated annealing to find a set of source and sensor 
locations which will reproduce the relative arrival times.

Simulated annealing involves a series of iterations in which 
the unknown parameters (ie. source and sensor locations) are 
perturbed. For each iteration, the relative arrival times of the 
direct arrival and surface reflection are calculated for the 
modelled parameters. The modelled arrival times are then 
compared with the measured arrival times and the total time 
error E  is given as an estimate of the goodness of fit of the 
modelled source and sensor positions to their true values. 
For successive iterations, the change in error AE is calculat
ed. If the error has decreased (AE < 0), the new parameter 
configuration is accepted. If the error has increased (AE > 0), 
the new configuration has a probability P  of being accepted 
with the probability being drawn from the Boltzmann distri
bution:

P  (AE) = exp(-AE/T) , (1)

where T is a controlling parameter analoguous to tempera
ture in the physical process of annealing. Accepting some
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perturbations which increase E allows the algorithm to 
escape from local suboptimal minima in the search space. 
Decreasing T  with successive iterations decreases the proba
bility of accepting an increase in error, and the algorithm 
eventually converges to a solution which should approxi
mate the global minimum.

Two factors involved in developing an efficient and effective 
simulated annealing algorithm are the method of decreasing 
the temperature T, and the method of perturbing the 
unknown parameters. A starting temperature Tq was chosen

which allows at least 90% of all perturbations to be accept
ed. This ensures that the final result does not depend on the 
starting estimate of the unknown parameters. A number of 
perturbations h are then performed before decreasing the 
temperature according to Tj +j — a  Tj , where a  <1. The

process is terminated when further temperature steps do not 
result in a lower error or when the error is within an accept
able margin. The values of r\ and a  to use depend on the dif
ficulty of the inversion. Increasing both r| and a  should 
decrease the final error but also increases the number of iter
ations and time required. An estimate of r| and a  can be 
obtained by using synthetic data and choosing t] and a  large 
enough that the final error is zero or the resulting sensor 
locations are accurate to within an acceptable tolerance. 
With real data, r| and a  can be initialized to the values 
obtained from the synthetic study and then allowed to 
increase until there is no further decrease in the final error.

The method of perturbing the parameters can have a major 
effect on the efficiency of simulated annealing. Changing 
only one parameter at a time allows the algorithm to con
verge for a sensitive parameter while continuing to search 
for less sensitive parameters. Changing multiple parameters 
in one perturbation allows for quicker convergence when 
coupled parameters are involved and also allows for easier 
jumping between local minima. Also, a parameter may be 
changed in different ways. In the algorithm used, when 
changing a parameter, either a new value is picked within a 
Gaussian distribution centered on the current value (allow
ing convergence towards a solution) or a new random value 
is chosen from the entire allowable range for that parameter 
(allowing escape from local minima).

After the simulated annealing algorithm stops, a gradient 
descent algorithm was applied using the result of the simu
lated annealing as the initial estimate. This is used to ensure 
that the absolute minimum of the current trough is found.

4. R e su l t s

For our problem, the unknown parameters used are the 
source and sensor locations along with the bottom depth. For 
every perturbation a source, sensor or bottom depth is ran-
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domly chosen to be changed. If a source is picked, the posi
tion (in x,y and z) of only a single source is changed for a 
given perturbation. If a sensor is picked, either a single sen
sor, multiple sensors or the entire array can be changed in the 
following manner. The entire array can be changed by shift
ing it horizontally or by rotating it about some angle. A sin
gle sensor can be changed by changing its distance or bear
ing from the previous sensor without moving other sensors, 
providing that the separation between pairs of sensors does 
not exceed the length of cable joining them. Multiple sensors 
can also be changed by moving all sensors before or after a 
given sensor by the same change given to that sensor. For 
both the synthetic and real data studies, a flat bottom is 
assumed with all sensors considered to be at the bottom 
depth.

Using Fig. 1 to generate synthetic data, the simulated anneal
ing algorithm was tested with the following uncertainties: 
the center of the array was assumed to be known to within 
100 m; the bearing or range from one sensor to the next was 
unrestricted except that the range between a pair of sensors 
could not be greater than the length of cable separating them; 
the horizontal position of a source was assumed to be known 
within 100 m; the depth of a source was assumed to be 
known within 20 m; the water depth was assumed to be 
known within 20 m. Although the uncertainties are larger 
than the true uncertainties in the real data, using large uncer
tainties helps demonstrate the robustness of the technique. 
With the above uncertainties, if the relative arrival times 
were known exactly (ie. not digitised), then the relative array

shape and light bulb positions were found within 10“^ m. If 
the relative times were only known within a digitisation sam
ple, then the relative position of any sensor could shift from 
its true relative position by as much as the distance travelled 
by sound within the time of the digitisation sample. 
Increasing the number of light bulbs decreases the position
al shift introduced by the digitisation.

The relative arrival times of the direct arrival and surface

Time (sec)

Figure 2: Relative arrival times.
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reflection for synthetic data using the light bulb at (100 m, 
300 m) are shown in Fig. 2. In this figure, hydrophone num
bers 1-32 represent the north arm, numbers 33-64 represent 
the south-east arm, and 65-96 represent the south-west arm.

For the real data, The estimated source positions and array 
shape of the ULITE array as determined by both DSTO and 
SPAWAR are shown in Fig. 3. Although the shape differs 
significantly from the planned deployment, this is believed 
to be due to the high currents and the requirement to deploy 
the array at low speed without cable tension. The reason for 
the change in light bulb positions from the trial plan is sim
ply because the array was known to have deviated from the 
trial plan but could not be accurately estimated on site. Thus, 
an estimate of where to deploy the light bulbs had to be made 
without accurate knowledge of the array position. The simi
larity of array shape estimated by DSTO and SPAWAR pro
vides some confidence that the correct shape was obtained. 
The SPAWAR estimate used a grid search technique to find 
the hydrophone locations assuming a fixed bottom depth of 
107 m and fixed light bulb locations at 55 m depth and at the 
recorded GPS positions. The simulated annealing technique 
used at DSTO allowed uncertainties o f 20 m in the bottom 
depth, along with uncertainties o f 100 m in the horizontal 
location and 20 m in the depth of a light bulb. The simulat
ed annealing algorithm returned a bottom depth o f 107.2 m 
and depths of 48-55 m for all light bulbs.

For individual arms of the array, the relative shapes estimat
ed by DSTO and SPAWAR are very similar as shown in Fig. 
4. The main difference in the estimates of the individual 
arms is that the SPAWAR estimates show smoother array 
arm shapes than the DSTO estimates. This is largely because 
the SPAWAR estimate only included the 16 sensors in each 
arm spaced by 32 m while the DSTO estimate included 
every sensor in all arms o f the array. The roughness in array 
ami shapes shown by the DSTO estimate is believed to exist 
in the real array. If  the array arms were deployed under ten
sion, then this roughness would not be expected and an

X pos(m)

Figure 3: Estimated trial layout.

Figure 4: Estimated shapes of array arms, 

inversion technique which would minimize the array curva

ture should be used.^

Although the relative shapes of individual arms are very sim
ilar, the relative shapes o f the entire array show a difference 
o f a 2° rotation in the direction of the northward pointing 
arm relative to the other two arms. The reason for the differ
ence between the two estimated shapes is believed to be 
caused by the location of the light bulbs, which were not as 
tightly concentrated along the arms of the array as in the trial 
plan. Consider a light bulb which is near endfire to one arm 
and near broadside to another. A shift in the light bulb posi
tion can cause a large change in the relative arrival times 
across the broadside array but very little change across the 
endfire array. Thus, having many light bulbs near endfire of 
one arm can cause a relative shift in the heading between two 
arms o f the array with little difference in the relative arrival 
times. This is the case for the ULITE deployment which has 
a large number o f sources, the light bulbs west o f the array, 
that are near endfire to the east arm o f the array and near 
broadside to the north arm of the array.

When the uncertainty in the horizontal positions o f the light 
bulb sources was reduced from 100 m to 10 m, the shape of 
the individual amis remained nearly identical and the rota
tion difference in the north arm o f the array as estimated by 
DSTO and SPAWAR disappeared. This gives good confi
dence in the shape o f individual arms o f the array, but does 
not necessarily indicate which o f the headings for the north 
arm o f the array is correct. To determine this, the errors 
between the measured and modelled arrival times for the 
estimated source and sensor positions must be examined.

The errors between the measured and modelled arrival times 
are shown in Fig. 5 for the case when source positions are 
only known within 100 m. Each horizontal line shows the 
error in arrival times for both the direct arrival and surface 
reflection from all light bulbs. Nearly all errors fall within
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Figure 5: Arrival time errors.

the digitisation sample size of 0.002 sec, with the average 
error being 0.0009 sec per arrival (0.45 digitisation samples). 
This provides further confidence that the true array shape is 
well approximated. Sensor 32 is the outermost sensor on the 
northward pointing arm of the array and was connected to a 
surface buoy. It is believed that the buoy was causing this 
sensor to move and thus, an accurate estimate of its position 
could not be found, and it contains large errors in the arrival 
time estimates. This was also found by SPAWAR. This sen
sor is not plotted in Figs. 3 or 4.

When the uncertainty in the source locations was decreased 
to 10 m, the average error fell to 0.0007 sec per arrival (0.34 
digitisation samples), and nearly all errors larger than the 
digitisation sample size occurred either for the first three 
light bulb sources measured on the north arm of the array, or 
for sensor number 32. The. smaller error obtained using the 
tighter bounds on the light bulb positions indicates that this 
is likely a better estimate of the heading of the north arm of 
the array than that determined from the loose bounds on the 
light bulb positions. However, the larger errors obtained for 
the north arm of the array than for the east or south arms 
indicate that the north arm of the array may not be estimated 
as well as the other two arms. This.was consistent using tight 
or loose bounds on the light bulb positions. The larger error 
in the shape of the north arm is believed to be caused both by 
the buoy which may be dragging that arm of the array in the 
high currents, and by the lack of nearby light bulb sources 
along the length of this arm of the array. Both the east and 
south arms have multiple light bulbs within 50 m of the 
hydrophones while the closest light bulb to the north arm is 
over 200 m away.

Determining the number and location of light bulbs required 
to accurately estimate an array shape is array dependent. A 
study of a single, nearly linear array of 200 m length showed 
that four light bulbs with two along one side, one along the 
other side and one near endfire always provided solutions

accurate to within the distance travelled by sound within the 
time of the digitisation sample, provided that the light bulbs 
were within 200 m of the array. A more complete analysis of

optimal source locations is available in Dosso and Sotirin.10

A final indication of the accuracy of the estimated array 
shape can be obtained by beamforming on real data that con
tains only a single target with a large snr. Under this condi
tion, the total energy measured across the array (or averaged 
into a covariance matrix) should be reproduced when beam- 
forming at the target location. During the trial, an 80 Hz 
tonal target was deployed at 100° relative to North and 3200 
m from the center of the array. The conventional beamformer 
reproduced 80%, 97%, 97% and 75% of the total power 
measured across the north arm, east arm, south arm and lull 
array respectively when steered at this target. This represents 
a loss of only 1.0 dB, 0.1 dB, 0.1 dB and 1.2 dB respective
ly. Thus, the shapes of the east and south arms are assumed 
to be very accurately estimated while the north arm still con
tains some error. This was also indicated in Fig. 5 which 
showed that the largest arrival time errors were from the 
north arm.

The beamformed output of each individual arm of the array 
and of the full array is shown in Fig. 6. This figure shows the 
results of conventional focussed beamforming on the real 
data (solid line), conventional focussed beamforming on 
synthetic data for a source at the known target location and 
in infinitely deep water (dashed line), and adaptive focussed 
beamforming on the real data (dotted line). The minimum 
variance distortionless response (mvdr) beamformer was 
used as the adaptive beamformer. The close agreement 
between the real and synthetic data for the east and south 
arms again shows that the shapes of these arms are well esti
mated. The close agreement also indicates that very little sig
nal loss occurs due to the multipath effects of the shallow 
water environment for this frequency and range. Finally, the 
shapes of the east and south arms are estimated accurately 
enough to give good performance for the adaptive beam- 
former, which is known to be highly sensitive to errors in the

array shaped Note that the adaptive beamformer nearly 
eliminates the large sidelobes of the conventional beam- 
former. Although the adaptive beamformer still returns the 
correct signal directions for the north arm and the full array, 
the array gain is poor.

5. Su m m a r y

This paper has shown how simulated annealing can be used 
to accurately perform array element localisation on remotely 
deployed systems. Synthetic studies have shown that the rel
ative sensor positions can be determined within the distance 
travelled by sound during the time of the digitisation sample 
size if sufficient light bulbs are employed nearby along the
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Bearing

Figure 6: Beamformed output (in dB) of the north arm, east arm, south arm and full array. Results show the con
ventional beamformer on real data (solid line), the conventional beamformer on synthetic data with a target at the 
known true target location (dashed line), and the mvdr adaptive beamformer on real data (dotted line). The true 
target is at 100°, 3200 m.

array and at endfire to the array. Although ground truth was 
not available on the real data trial, there are four indications 
that the array shape is well estimated. These are: agreement 
with an independently performed localisation estimate; 
reproduction of up to 97% of the total energy measured 
across an individual arm of the array when beamformed at a 
dominant source; close agreement between the beamformed 
results for real data and for synthetic data using a single tar
get at the known source location; and finally, good beam- 
forming performance using the adaptive beamformer which 
is known to be sensitive to errors in array shape.
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ANNOUNCEMENT

To all my colleagues:

Many of us perform both acoustic and vibration work. Obviously those of us in the acoustic 
side are members of the CAA. We interact with our peers by reading the journal and attend
ing the annual meeting. For the vibration side, I would like to suggest participation in the 
Canadian Machinery Vibration Association, CMVA. There are regular Chapter meetings 
across Canada, with two chapters here in Ontario (Central and Eastern). For further infor
mation see the website www.cmva.com, or call me directly.

Chris Hugh
Chair - Central Ontario Chapter 
CMVA Central Ontario Chapter 
Acoustics & Vibration 
Tel: (905) 403-3908 
email: chugh@hatch.ca
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