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ABSTRACT. The deconvolution of a seismic signal is to separate information - both
about the ro ckrnass and about the signalin the shock source. In prospecting seismol-
ogy use is made of a variety of deconvoluting methods, but none of them was found
to be effective in the analysis of shock-induced signals gathered in the mines of the
Lubin Copper Mining District (referred to as LGOM). This lack of effectiveness stems
from the inadequacy of the model involvecl. Each of the methods dealt with in blind
deconvolut ion is based upon cert ain assumptions describing the signál model, and
unless these assumpt ions are satisfiecl- reliable results cannot be expected. Neither
can we sirup ly transfer the methods of deconvolut ion fr0111prospecting seismology to
mining seismology.

For the signals gathered in the LGOM copper mines we formulated a different
model which involved the following assumptions: (1) The signal in the shock source
is a short-term. signal. (2) The sigrial=t.ransmitt.ing system (rockmass) forms a par-
allel connection of element ary systems. (3) The element ary systems are of resonant
vibr at ion type. The adoption of such a model was justified by the seismic wave prop-
agation condi tions inh erent in the geological st ruct ure , as well as in the location of
sho ck focus and seismometers. The resona.nt nature of vibration was indicated by
physical premise, sigrial trajectories , time-frequency transformaticns of signals, and
- finally - by the results obtained via classical deconvolution. While reflections from
rockmass layer bounda.ries are un do ubt edly present in the signals, we b elieve that
the contr ibu t ion of rcsonant=type vibrat.ion is decisive.

The adequacy of the new m.odel, as well as the efficiency of the blincl deconvolut.ion
method proposed, was corroborated by the results from the approximation of the
sign al (high ap proxirnatiou accuracy with the use of a S111aUnumb er of elements;
relations between the parameters describing the signal), and by the results of blind
deconvolution (estimators obtained for the signal in the shock source).

1. INTRODUCTION

To model the travel of the seismic signal from the samce to the seismometer it
is conventional to make use of a causal and stable linear system. Let x(t) clenate
the signal emittecl by the vibrating samce (input signal of the system), and let h(t)
be the impulse response (IR) of the rackmass between thevibration source and the
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vibration receiver. Then the signal y(t) receivecl by the seismorneter (output signal
of the system) is given by the following relation

y(t) = lt

(X) x(r)h(l, t - r) dr + n(t) = x(t) * h(t) + n(t) (1)

In (1) the term 71(i) represents the aclclitive noise, ancl the asterisk * is a common
abbreviation for convolution.

Two terms on the right -hand side oť (1) are interesting for a geophysicist: x( t)
and h(t). The operation by which the two quantities, 01' one of thern, are deterrnined
is known as deconvolution. Leaving out , temporarily, the n(i), we can say that
there exist two major types of deconvalution - the deterrninistic one and the blincl
one. For the seismic signals gatherecl in mines, xCi) ancl h(t) are unknowns (the
observecl signal y(t) being the only known quantity). Thus, the separation of x(t)
an d h(t) becomes a blind cleconvolution problem. In a general case, i.e. when a
priori information on: the phenomenon model is lacking, the blincl deconvolution
problem is unsolvable. The well-known methods of blind deconvolution make use
of certain assumptions pert aining to the IR of the system and/or input signal. And
it is only on the basis of these assumptions that effective deconvolution methods
can be developed.

The principal graup of blind deconvolution methods dealt with in prospecting
seismology is of utility when the system IR can be modelled as the sum of Dirac
irnpulses shifted on the tirne axis and occurring at various arnplitudes e.g. [Stone
1984; Ziolkowski 1984]. The best known methocls clesigned on the basis of such as-
sumptions are spiking deconvolution and predictive deconvolution. Unfortunately,
both methocls failecl to be applicable to the signals gathered in the LGOM copper
rnines (these signals will be referrecl to as LGOM signals). And this failure should
be attributed to the inadequacy of the model on which the methocls have been
based. It became obvious that the deconvolution of the LGOM signals required a
new approach. The new LGOM signa1 model proposed differs from the classical
model only in one assumption.

This paper also includes a scherne instructing how to solve the blind decon-
volution problem for the class of finite-energy non-rninimum phase signals, ancl
such are uncloubtedly the seismic signals consiclerecl. A detailed description of the
method as a whole can be found in [Makowski 1994a]. Some elements of the method
are reported in [Makowski 1986; Makowski 1988; Makowski 1990; Makowski 1991;
Makowski 1992; Makowski 1994b]. The present paper provides an exarnple of the
results obtained frorn the deconvolution of the signals gathered in the Rudna copper
n1111e.

2. MODELS OF SIGNALS AND SYSTEM

The seismic signal model under consider ation is basecl on the following assump-
tions:
1. The signal emittecl by the source is a single short-terrn impulse.
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2. The system is a parallel connection of a small number of elementary systems.
3. The element ary systems are of resonant type.
4. The signal/noise ratio is high.
Ad 1. It is generally agreec! that the signal x(t) emittecl by the source is a single
random impulse 01' a series of such impulses. In the case of low-energy shocks
it may be expected that x(t) is a single shor t+terrn impulse. Its ranclomness is
associated not only with the randomness of the shcck focus Iocation, but also with
the randomness of the phenomenon itself ancl the time of its occurrence. Hence we
can write

x(t) = 1J(t - lx) , (2)

where 11 denotes the impulse and lx is a randorn variable, If the duration of the
impulse 77(t) is comparatively small (with respect to the duration of the IR of each
elernentary system), the signal is regarcled as a short-term one.
Ad 2. The assumption that the system is a paralIeI connection of elementary systems
is a formalization of the fact. that the signal travels from the source to the receiver
via many paths. Using such a model, we can also take into account various types
of wave propagation. The assumptian indicates tliat the system IR is the sum of
element ary system IRs. Hence, we obtain

N

h(t, r) = I:hn(t, r),
n=l

(3)

where N is the numb er of elementary systems and, cansequently

N

y(t) = I:x(t) * hn(t) + n(t) .
n=l

(4)

Ad 3. Since the shock source and the seismometers are located at a similar depth
(the distance between the source and the seismometers being generally lang), wave
propagation in the LGOM copper mines is predominantly horizontal. This is con-
comitant with the clominating occurrence of vibrations in the rack forming plates,
and such vibrations are of resonant type. The correctness of this argumentation
has been corroboratecl by the results reportecl elsewhere [Makowski 1986; Makowski
1988; Makowski 1992; Makowski 1994a; Makowski 1994b], particularly by these
obtained in terrns of time-frequency transforrnation, approxirnation and blincl de-
convolution. The anticipatecl resonant nature af vibrations rnust be clearly clefinecl
at the stage af implementation. For the LGOM signals it has been assumecl that
the element ary system IR is given by the following relation

where f3n is a multiplier, t.; clenotes tirne delay, mn is a model index, /'n ancl in
clescribe attenuation ancl frequency of vibration, respectively, ancl 6. represents
sampling period.



172 R.MAKOWSI<!

3. CONCISE DESCRIPTION OF THE BUND DECONVOLUTION METHOD

The method proposecl for the blind deconvolution of the signals satisfying the
aforernentioned assurnptions involves two basic steps - estimation of system IR and
inverse filtering wi th optirnization.

The clescription of particular steps by which the algorithm for the estimation
of the system IR was constructecl is foun d elsewhere (e.g. in [Makowski 1988;
Makowski 1992; Makowski 1994b]). The algorithm involves the approximation of
the signal, an d its characteristic feature is the cletermination of the approximation
basis for each signal separately (a basis rriatched to the signal). For the LGOM
signals such approximation was found to be highly effective. The elements of the
basis {wn(t) : n = 1, ... ,N} for the approximation were selected functions of the
form (5), for m.; = 1, normalized to unity (II o 1/ = 1).

Thefirst step of the blincl cleconvolution methocl yields the estimator of the
system IR which takes the form of

N

h(t) = L O!n,NWn(t) ,
n=l

(6)

where Oťn,N is the representation of the signal y(t) in the basis {wn(t)}.
If the terrns y(t) ancl h(t) of the convolution y(t) = x(t) * h(t) are known, ancl

we want tofincl x( t), we can achieve that by inverse filtering

x(t) = y(t) * h-1(t), (7)

where h-1(t) is the IR of inverse filter such that fulfils the relation

h(t) * h-l(t) = b(t), (8)

where ó (t) is the Kronecker impulse.
ft shoulcl be noted, however , that inverse filtering makes us face the problem

of inverse filter unstability [Makowski 1990; Makowski 1994a). Another problem
concomitant with the presence of the noise n(t) in the gathered signal (by virtue of
(1)) is the ill-couditioning of inversefiltering. Thus, to obt.ain satisfactory results
it is necessary to make use of an appropriate regularization [Makowski 1994a].

As already mentionecl, the other step af the blind cleconvolution methocl involves
inverse filtering. On cletermining the estimator of the system IR by virtue of (5) ancl
(6), we can establish the estirnator of the inverse fi.lter. Since we know the inverse
filter est.im ator only, we shall obtain the estirnator of the input signal as the result
of the inverse filtering procedure. But it shaulcl be remembered that even small
errors of the system IR estimation deteriorate the quantity of the esti mator x(t).
Calculated results have shown that the system IR estimation errors are responsible
for the input signal echo es in the signal after inverse filtering. And this means that
the signal after inverse filtering includes inforrnation about these errors, so they can
be eliminatecl by optimization. ,
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Optirnization is an important part of the methacl, which allows ta abtain a good
quality of both estimators, x(t) ancl h(t). The aptimizatian proceclure requires
definition of the cost function, the minimum of which is ta be fauncl. In order to
maintain the phase relations occmring in the signál, the cost functiou N[ has been
defined in terms of higher order statistics. Hence we have

(10)

where rh4,v(kl' k2, O) is the section of the forth moment of the signal, clefinecl by
the relation

rh4,v(kl' kz, O) = l:v2(t)v(t + kJ.)v(t + k2),
t

where v(t) denotes the signal after inverse filtering .
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FIG.l Example of the results obtainecl by cleconvalution af a seisrnic
signal
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4. EXAMPLES OF RESULTS

Figme 1 shows an example of the results obtained by the deconvolution of the
seismic signal gatherec! in the Ruclna copper mine. The central part of the diagram
inclucles a schematic map of the mine with the projection of the shock focus (rectan-
gle) ancl positions of the seismometers (filled ellipses). The diagram also comprises
pairs of signals plots. The upp er plot shows the signal gathered by each seismome-
ter , and the lower plot indicates the estimator of the samce signal obt ained by blincl
decon vol u tion .

The source signal estimators (corresponding with relevant seismorneters) differ
frorn one another. These diJferences can be attributed not only to the inaclequa.cy of
the model ar estimation errors, but also to the clirectionality of the source. However,
in the majority of instances, the short cluration of the signal in the source is quite
clearly indicatcd and the differences mentioned are not such that preclude, e.g., the
possibility of determining the duration of the phenomenon.

5. CONCLUSION

The promis mg results of the deconvolutian of the seismic signal recorclecl in
the LGOM mines, as well as the high approximation accuracy obtained in a pre-
vious study of these signals, seem to corroborate the adequacy of the proposed
model which is to describe the travel of the signal frorn the source to the re-
cei vel'. If the model is aclequate, the description of the signal by the parameters
{,on) t71, ?nn) /71, In : n = 1, ... ) N} oť the approximating elernents is adequate with
resp ect to the nature of the phenomenon. Consequently, the parameters shoulcl en-
able observation of mining-incluced changes in the ro ckmass.
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