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Development of New Methods for Position Estimation of
Underground Acoustic Source Using a Passive SONAR
System

Soon Suck Jarng, Je Hyeong Lee, and Heung Gu Ahn

Abstract ; The aim ol the work described in this paper is to develop a comples underground acoustic sysiem which detects
and Jocalizes the origin of an underground hammering sound using an array of hydrophones located about 100m underground.
Three different methods for the sound localization will be presented, a time-delay method, a power-attenuation method and a
hybrid method. In the time-delay methed, the cross correlation of the signals received from the array of sensors is used to calculate
the time delays between Lhose siguals, In the power-attenuation method, the powers of the received signals provide a measure
of the distances of the source from the sensors. In the hybrid method, both informations of time-delays and power-ralios are
coupled logether to produce betler performance of position estimation. A new acoustic imaging technique has been developed
lor improving the hybrid method. This new acoustic imaging method shows the multi-dimensional distribution of the normalized
cost function, so as Lo indicate the trend of the minimizing direction toward the source location. For each method the sound
localizalion is carried out i three dimensions underground. The distance between the true and estimated origing ol the source
i8 28m for a search area of radius 250m.

Keywords : SONAR, sensor array, pastion estimation, underground. tune delay, power attenuation, hybrid

I. Introduction

The ability to detect and detcrmine the position of an
underground sound source is desirable both for civilian and
mililary purposes, for example, for rescue following collapse
of mining tunnels, or for the detection of covert
underground operations [1,2,3]. Compared to the similar
problem in air or in water there are a number of features
which cause additional difficulties - the medium is likely 1o
be inhomogeneous with unknown properties, objects which
scatter sound are usually present, and there are practical
difficulties in positioning (and moving) the acoustic sensors.
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Fig. ]. An underground passive SONAR system for
rescue following collapse of mining tunnels,

A suitable acoustic gystem might consist of a number of
acoustic sensors positioned in the suspected locality of the
sound source, as shown in Fig. 1. The type of sensor
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employed depends on their location. Geophones are
velocity-sensitive transducers intended for use at or jusi
below the ground swface. Hydrophones are pressure
sensitve and designed lo operate in water; they are
therefore suitable for locating in water-filled boreholes. The
use ol such boreholes offers the advantage that the
inleiference from noise caused by activity on the surface is
reduced; also, by placing the sensors at various depths a
3-dimensional arrangement can be obtained. more so than
with ap amrangement on the surface. The maximum
operating depth of 300 m for the conunonly-used spherical
hydrophone |4] is more than adequate for the current
application,

In the work reported here, the underground material is
granitic beyond a deplh of just a few meters. The siandard
value for the wave propagation velocity in gramite is about
6000 m/s [5] bul there will be inevitable variations from
this in practice, caused by inhomogeneities such as rock
faulls and rock-soil mixtures. Each bydrophone in the array
ol sensors will receive acouslic signals from the sound
source which have propagated through a medium with
uncertain  sound speed and upknown atlenualion, and
possibly along more than one path. The informalion
available is therefore restricted to the delected arrival times
and perceived powers ol the signal, without assumplions
about the sound speed and rate of attenuation [&].

The aim of the work is to develop an underground
acoustic system which detecis and determines the location
of an underground hammering sound, using an array of
hydrophones positioned underground. Three algorithms for
estimating the location are presented and their predictions
are compared with the known location in a particular
eaperiment. A new gcoustic imaging method is presented in
which the multi-dimensional distribution of the normalized
cost function is monitored, so as to indicate the irend of the
minimizing direction toward the source location.
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II. Experimental arrangement

The general layout of the clectro-acoustic system is
shown in Fig. 2. Six holes of diameter 150 mm were hoved
vertically into the ground to depths of between 80 m and
124 m in the vicinity of an existing underground tunnel.
After drilling, these bereholes filled with water naturally. A
hydrophane, Briiel and Kjer type 8106 [7], was placed at
or near the bottom of each hole, with a 150 m watertight
low-impedance core cable (B&K AC0101) providing the
connection 1o the surface. Te eliminale the 60 Hz ground
neise caused by the potential difference between the ground
surface and the hydrophone location [8], batteries were used

to power all of the components of the system, and the cable
o each hydrophone was completely shielded [9),
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Fig. 2. The overall layout of the underground experi-
menial apparatus.

The oulput from each hydrophone was amplilied by 60
dB for all six channels and then caplured by a mulli-charnel
A/D storage unit at a sampling [requency of 10 kHz. vsing
the DT-VEE sofiware package [10]. In parallel with
observation ol the signals by a battery-aperated digital
slorage oscilloscope, a headphone was used to monitor the
sound within the boreholes.

Several locations within the 1unnel were selected for lhe
origih of the sound, which was produced by a 10 kg
hammer being struck on the tunnel wall.

ITT. Algorithms for locating the sound source

Three methods have been developed and tesled for
determining the location of the sound source, The first of
these, a time-delay method, uses the differences in the
detected arrival times of the sound signal ai  the
hydrophones. The second, a power-attenuation method, uses
the information provided by the relalive strengths of the
signals, Thc third is a hybrid method in which both the
arrival times and signal strengths are used.

In all of the methods the position of the ¥ hydrophone
(i=10,1,.., n1) is denoted by cartesian coordinales {x,, v,
#) and the unknown location of the sound source by (%, v,
z). The sound speed v and atenvation o (dB/m) are
assumed to be constant, bul also unknown. Solutions for x,
¥, % v and o are sought by minimising cost [unctions.
Although six hydrophones were used in the experimental
work, the methods are not limited 1o this number and more

could ke used 1o improve the estimating power,
1. Time-delay method

Since the time at which the sound originates is unknown,
all times in the problerm are relative and one of the
bydrophones. label i, is taken as the reference. 27T,

denotes the time of arrival, or time detay, of the signal at
the | hydiophone relative o iis airival at the i reference
hydrophone.  Ideally, +,—w,=aT, v, where  », =

:

(x,— %+ (v~ w5 (2,— 2" is the dislance from the sound
source (o the i hydrophone. However, variations in v and
SITOrs in messuring the arcival times mean that in general
it will 1ot be possible to satisiy this equation exactly.
[nstead, a soluton is sought which minimises the sum of
the squares of the residuals, given by the [unclion.

P

Fofrya = 510 5= = AT,-0 | (0
The time delays, & T, fou j=0,1,..n-1, are calculated
using unbiased cross-correlation {11] beiween the signal
from each hydrophone and that from the reference. Errors in
determining these time delays may bhe caused by
propagation effects and by the presence ol other noise
sowrces in the environment,
2 Power-aftenuation method

The acoustic waves radialed by the sound source are
assumed to be attenualed geomefrically according 1o the
imverse square of distance and by the medium at a ratc of
a dB/m, so that the inlensity at dislance r is given hy

[# = L,-(%)a-m wlon (2)
where 1, is the intensity at 1 m from the source [12]. The
matcrial atlenvation coefflicient, o, is unknown but is
assumed to be constanl.

The recorded signals consist of samples of discrete
pressares PLk), ko= Nt1, L, -4, 0, 1, o, NelL I Pow
denoics a sample conlaining the signal from the sound
source logether with background noise, and Py a sample of
background noise only, then the time-averaged acoustic
intensity of the signal from the sound sowce can be
calculated using

Mo

A= g
Fl= % Bl - % 2

2, PR (3

where € 18 a constant, equal o p,¥ for a plane wave. The
power ratio »P, of lhe | hydrophone relative to the i
reference hydrophone is defined as I(t)/I(r). According 1o
the attenuation formula of Eq. (2} this ratio theoretically
should equal (#/»M07° 7. The cost function to be

minimised is therefore
;= _ A~ i 2 ety —=4,)
Foanza = 5 14P (Rt )

3. Hybrid methed
Full vse of the available information - both time delay
and power-attenuation - may be made by taking a weighled
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sum of the above cost [unctions:

F e vzea=
= A oy z
,:_Zm {K- \zlP,,f(T_') ST = = AT, u\} (5

where K is a weighting lactor. Varigus values of K could
be used in the experiments.
4. Acoustic imaging method

Because of the likelihood that local minima of the cost
[unctions could lead o false solutions, two approaches were
previously used 1o estimate the variables x, y, % v, and
[13]. A coarse search of the variable space. wilhin
predetermined limils, was made to narrow down lhe region
where Lhe true minimum oceurs. Secondly the Nelder-Mead
simplex search algorithm [14,15] was used to refinc this
search. In {his algorithm, a simplex in n-dimensional space
is characterised by the p+] distingt vectors defining the
verlices of the simplex. At each slep of the search, a new
point in or near the current simplex is generated. The
function value at the new poinl is compared with (he
function values al the vertices of the simplex and the new
point replaces one of the vertices if it has a low funclion
value, giving a new simplex. This step is repeated until the
diameler of the simplex is less than a specified tolerance, In
both methods the value ol the weighting factor, K. is not
clearly defined.

In the present work, a new acoustic imaging method has
been developed using the idea of ihe coarse scarching
approach, The procedure of the acoustic imaging [or the
passive sonar system is as [ollows. First of all, the variable
space Wwithin predetermined limils is divided inle smaller
infervals, Tor example, x= -250m, -245m. -, +245m,
+250m with 5m interval in the x axis. Other variables, v,
z, v and g, are also processed in the same way. Then two
three-dimensional marices, [A] and [B], ate initialized. [A]
matrix iy assumed to contain X, v, z, v variables and [B]
malrix s assumed 1o conlain X, y. z, o variables. The sizes
ol [A] and [B] depends on the number of intervals in x, v,
z dimensions. Then [A] malrx s filled with the cost
[inction of the time-delay method with x, y, 2, v variables.
And [B] matrix is flled with the cost function of the power-
attenuation method with x, v, 2, a variables. Any element
in [A] matrix contains [he minimum cost (uictian Wikl
regard (o v variable, and any element in [B] matrix contains
the minimum cost finction with regard o o variable. After
calculation both [A] and [B] are normalized. Because of ¢his
normalization the value of the weighting (actor. K. is kept
to be 1. That is, [A] and [B] malrices can be added together
lor each element of [A] and [B] resulting in a third malrix
[C]. From given hree-dimensional [C] matrix the clement
of the minimum cost function is searched. The searched
minimum element actually indicales the estimated position
ol the acoustic source (%, yr. 2. Then since [C] matrix is
three-dimensional, only x- and y- dimensional informations
are extracted (e form a two dimensignal matrix [D] with (%,
v, zf). [D] is again normalized and multiplicd with 256 fo

visualization with 256 look-up color indices

IV. Results and discussion

The carlesian coordinates of the six hydrophones are
listed in Table 1. The x- and y-coordinates are distances
east and north respectively ol a fixed reference point, while
the z-coairdinales are heights above mean sea level,
determined from the known height of the ground surface
and the depihs of the borsheles. In practice there is some
difficulty in delermining precisely the %- and y-coordinates
because of devianon from the vertical in the drilling
operation,  The  hydrophene  locations and  hammering
position are shown schemacically in Fig. 3.
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Fig. 3. Schematic views of hydrophene locations (o}
and hammering position (x).

Table |. Hydrophone locations and hammering posi-

Lion,
) Distance (rom
Sensar .
N x |m] v [m] z |m] hammering
o. <
position Tmj
0 593.500 671.400 338,700 99,7646
! 608,700 655,400 366.800 98.3873
2 632,300 600.200 376 300 122 0842
3 §73.600 594.200 354,900 124.0224
4 701.000 644 800 341,700 74.9491
3 664,100 540 300 371,700 84,3264
Hammer | 682004 | 717.299 | 342348 >ﬂ

Typical lime responses and (heir corresponding FFT
spectra, for hydrophones, (—5, are shown in Fig. 4 and 3
respectively. The time response for hydrophone 4 (the
closest w0 the source} shows a clear secend arrival of the
hammering sheck, believed to 2 reflection [rom the ground
surface. Multiple paths may also result from reftaction and
scattering within the inhomogeneous medium, producing
dispetsion of the signal in 1ime This, together with
environmental noise, leads o uneecainty i calculating time
delays between the sigpals. Although the signals and their
spectra are shown [or the same hammering event, there are
significant differcnces between the spectra, indicating that
the atlenuation is frequency-dependent.
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Fig. 4. Typical time responses of the hydrophones for a

single hammer blow.

1. Time-delay method

The measured time delays boctween the hydrophone
signals, calculated using cross correlation [16], are listed in
Table 2. Because of the sampling frequency of 10 kHz, the
values could be calculated only to the nearest 0.1 ms,
Ideally the wvalues should be anti-symmeiric { &7 ,=
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Fig, 5. FIT spectra of the time responses showin Fig. 4

— a7 ,)and related by the equation AT =27 ,—aT,,
however, deviation [rom this ideal occurs because of noise
and propagation effecis on the signals. For comparison, the
theoretical time delays, calculated for the known source
posilion and assumed velocity of sound v=6000 m/s, are
shown in Table 3.

The estimates of the location of the sound source
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obtained by minimising the time-delay function, matrix [A],
are given to the pearest metre in Table 4. The estimates
vary because of the emphasis that the time-delay function
places on the reference hydrophone. In this experiment it is
passible to compare the measured (Table 2} and theeretical
time delays (Table 3) and from the differences to determine
a measurc of reliability for each hydrophone, However, this
relies on knowing the true location of the source and so is
not feasible in general.

Table 2. Measured time delays/ms] between hydro-

phones.
Ob;. ,

Rt 0 L 2 3 } 4 5
0 o [ o2 | 43 | 44 | 34 12
IR a0 | 41 | a2 | s
EE 4.04‘ 0 02 | 81 | 53
3| <44 | L] g | o 83 | 55
4 34 | 43 ] 80 ] 82 | 0 2.8
5 2 | a4 | os2lss | as | oo

Table 3. Theoretical time delays [ms| for v = 6000

[m/s].

S 1 2 3 4 5
0 0 023 | 372 | 404 | 414 | 270
t -0.73 0 395 | 427 | 3.9
2 372 | 395 0 032 | 786
3 404 | 427 | 032 0 818 | -6.74
4 414 | 391 | 78 | 818 0 144
500270 L2497 | sa2 | 67 | -1as | 0

Table 4. Dilfernces between estimated positions of ihe
sound source and known location, distance
ertors ¥ de’+dv'+de’, and sound speed
estimates using the time-delay method.

I ref dx [m] T dy [m] 1 dz Jm]
._\o 3.9960 140010 | -11.0480
1 -1.0040 -0.8990 -11.0480
2 139960 | 29.1010 -21.0480
3 8.9960 1% 1010 -16.0480
4 1R.9960 44.1010 -26.0480
3 18.9960 39,1010 -21.,0480
Average 13.9960 34 1010 -21.0480
I Distance etror from v Value of
ref hammering position [m] [m/sec] Cosl Funelion
0 18 3539 6600.0 2653630
L 11.12%9 S050.0 5.003430
2 38 5457 6500.0 3.698070
3 26.5201 6350.0 3.877470
4 54.6282 OS50 N 1.135950
5 48,2986 6350.0 1305480 |
Average 42,4474 |

The values shown in the final calumn of Table 4 indicale
that this provides a useful, if not infallible, guide - the
lowest value of the time-delay function is that oMained
when taking hydrophone 4 as the reference, and this may
correspond 1o the best estimate. However, the corre-
spondence is not universal, for example, using hydraphone
1 as reference produces a higher value of the cost function
than in any other case but provides the besl estimate of the
location. The averaged value of the estimaled locations with
different references may therefore provide an assessment of
the reliability of the measuremecnls for each hydrophone.
The averaged valve of the estimated locations was not
simply calculated in average from 6 estimated locations with
regard to each of reference sensors. In lhat case any
particular reference sensor could strongly affect the position
estimation neglecting other reference sensors. The averaged
value of Table 4 was in fact calculaied from searching a
minimum value of the sumed elements of six [A] matrices
where six [A] matrices were first calculaled with every six
veference sensors. By means of using all six normalized [A]
matrices, the position estimation method can be equally
affected from all six reference sensors, Since the averaged
value of the estimated locations is calculated from &
normalized [A] malrices. values of sound speed and cost
function are meaningless in average.

2. Power-attenuation method

The measured power factors for each hydrophone, given
by ihe right hand side of Eq. (3), are piotted in Fig. 6 (X)
against distance from the known source location. Theoretical
curves are also shown for a best-fit attenuation coefficient
0=0.0164 (continmous line) and for upper and lower bounds,
a=0.0131 and a=0.0205 respeciively (broken lines). The
power ratios between the hydrophones, determined from the
measured power factors, are listed in  Table 3.
Corresponding theoretical power ratios, calculated for o
=0.0164 and the known source location, are given in Table
6, The preatest discrepancy occurs in the values relating
sensors 1 and 2, where the measured power ratio of sensor
2 relative 10 sensor 1 is over five times the theoretical ratio.
This is also illustrated in Fig. 6, where the measured power
factors for hydrophones 1 and 2 can be seen to lie at
opposile extremes ol the attenvation bounds. Further
comparison of the measurcd and theoretical power iatios
indicates lhat the discrepancy persists in all of the valves
with hydrophone | as the reference.

The sclutions obtained for x, ¥, =, and a using the
power-atlenuation method are searched in matrix [B] and
given i Table 7. The lowest value of the cost fNmction
ocours for reference hydrophaone 4 and this corresponds ta
the worst estimate of position. The estimates of the source
location are all similar although the values for reference
hydrophones 2, 4 and 5 show considerable variation, The
best estimate is that oblained with hydrophone 1 as
reference. The averaped value of Table 7 was also
caleulated in the same way as Lhat ol Table 4.

3 Hybrid method
It may be expecled that the hybrid method should give
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Table 5. Measured  power

ratios( 4F ) between

hydrophones,
pepbi-l 0 L 2 3 4 5
0 1.0000 | 0.3842 | 0.5637 | 0.3320 | 4 1197 | 2.6409
1 2.6030 | 10000 | L4673 | O.B643 | 10 7236 6 8744
2 1.7740 | 0.6815 | 1.0000

05890 | 73082 | 4,0849

30116 | 11570 | 16977

100G0 | 124070/ 7.9535

0.0806 | 1.0000 | D.6410

k]

3
| 4 02427 | 00933 | 0.1368
0.3787 | 0.1455 | 0.2135 ‘ 01257 | 1.5599 | 1 0000

Table 6. Theoretical power ratios for 0=0.0164 dB/m.

roft-| o 1 2 3 4 5

L o 1.0 1.08 | o288 | 0239 | 452 | 2.5
I 0.923 1.0 | o265 | 0239 | 417 | 231
2 347 3.76 10 0.501 15.7 8.70
3 3857 | 418 | L11 1.0 174 | 9.66
4 0221 | 0240 | 0064 | 0057 | 1.0 | 0555
5 039 | 0432 [ ¢115 | 0104 | 1.80 10

]

Table 7. Differnces between estimated positions of the
sound source and known localion, distance
crrors Vil + ¥ +d25,  and  attenuation
estimates wsing the power-attenuation method.

[ ter ax [m] | dy [m] dz Il
0 28,9960 49.1010 289520
1 18.9960 -25.8990 28.9520
2 38.09960 64 1010 ‘ 389520
3 38.9960 36.1010 38,9520
4 38,9960 &:4.1010 38.9320
3 38,9960 , 64,1010 38.9520

Avergge | 38.9960 ‘ 64.1010 38,9520
Laf Distaulcc errar {rom a N Vah}e Qf.

hammering position |m] [dB/M] Cost Function

0 63 9323 1.5000E-2 0.204530
[ 43.2415 L.2000C-2 | 2518710
2 84.5392 LB000E-2 1605800
3 40.8138 1.00D0L-2 2.812910
4 84,5392 L 6000E-2 (0.214230
3 84,5392 1 6000E-2 0.334540

Average 84.5392

—
a1

Ponar{la-7¥]

o = Theorelical, x = Maasurea

100
Dustenco (k]

Fig. 6 Mcasured acoustic power (x) and theoretical
power () of the hammering shock vs. distance.
- Contmuous line: a=0.0164.

- Broken lines: (upper} 0=0.0131, ¢=0.0205.

intermediate values. unproving the estimales of %, y and =z
This is borne out in most cases by the estimates [ar the
sourge location oMained from mairix [C] and shown in
Table 8.

The finally averaged value of the estimated locations is
calculated from 6 nommaiized [A] matrices and 6 normalized
[B) matrices. The averaged value of the estimaied location
has 28m dislance error. The resulis of Table & are the same
as those of Table 4 with regard 1o cach of relerence sensors
except ihe averaged values. That is, the averaged value of
Table & shows betler results than that of Table 4. This
means that the time-delay information is wmore strongly
affocts [or the position estimation than the power-attenvation
method. Also the hybrid method produces the best posilion
cstimation because the hybrid method uses both time-delay
and power-alienuation informations. Fig. 7 shows the malrix
[D] in a colorful imaged pattern. The acousiic imaging
method certainly shows the multi-dimensional distribution of
the normalized cost [unclion, so as 1o indicate the trend of
the minimizing ditection toward the source localion.
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. The acouslic imaging pattern of matrix [D]
derived as esplaired in acoustic imaging method.

Table 8. Diflernces between estimated positions of the
sound source and known location, distance
airors using ¥ di - v+ dz" the hybrid method,

l Distance errorﬁ|
rel dx [m] dy [m] dz [m] ftom hammering
posilion [mi
0 39960 14,1010 -11.0480 18.3539
1 -10040 -0,8990 -1].0480 11.1299
2 13.5960 291010 -21.0480 38.5457
3 3 9950 19.1010 -6 0480 26.5201
4 18 9960 44 1010 -26.0480 34 6282
J 5 18 9960 39,1010 -21.0480 48.2986
Average| 89960 24,1010 -11.0480 27.9672

V. Conclusions

Three methods for  estimating the location of an
underground sound source using measurcments from an
array of hydrophones have been presented. In the ex-
periment reported, where the source was on one side of Lhe
array, the time-delay method gave better estimated locations
than the power-attenuation method. The hybrid method is
capable of steering a middle path to give more accurate
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estimates. OFf (he three methods, ihe power-alienuation
method was the slowest to converge. This new acoustic
imaging method can be practically used to verify any
algarithin of [aster searching for the posilion of the source
[or the next work.

Various matlers remain 1o be addressed. All of the
melhods rely on the choice of a reference hydrophone; some
atlempl has been made (o assess the reliability of the
information provided by each hydrophone but this wok
needs 1o be extended o enable the choice to be made
without prior knowledge ol lhe location of the source.
Allernatively the methods could be recast to be independent
of such a choice.

The experimental data could be improved by using higher
sampling rates in recording the ifime signals and by using
statistical averaging over a number of deleclions of sound
fiom the sound source

In the experiment reported the hydrophone sensitivity is
sufficient to record the hammering shock up to a range of
at least 250 m and the resulls suggest that an cstimation of
location can be made to within 28 m. The use of geophones
in the suspected area may then be a feasible approach Lo
determine the location more accurately [2,3].

Other features of the pioblem are more difficull io
address. The assumption of uniform sound propagation
velocity and aitenuation coefficient is open to question and
could be improved only with prior knowledge of the
undarground medivm. Other propagation phenomena -
reflection, reverberation, scatfering. cefraction - also need (o
be taken inlo account.
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