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Abstract 
 
This paper presents an estimation of an oil and gas seismic data acquisition process 

which incorporates a priori knowledge of noise contamination in the measured data. A 
conceptual simplicity of parameter and state estimation by a least squares computational 
algorithm was developed and a filter was postulated to define the error covariance 
matrix which yielded unbiased estimates of the measured data.    

 

Key words:  Oil and gas seismic data acquisition, stochastic prediction, least squares estimates, linear time-invariant 
systems, measurement noise filtration, Kalman filter.   

1 Introduction: 
 
The conventional seismic exploration method in the oil and gas industry is by acoustic means whereby sound waves in the 
frequency range of sec100010 percycles−  [1] are propagated into the earth’s crust. The sound wave travels deep, up to 

10 miles, in the earth and returns bringing back important information with it. In a related study involving acoustic liquid 

level surveys by data acquisition method [2], the complete acoustic signal record from the shot to the liquid level reflection 
employs digital filtering [3] and signal processing to establish a guaranteed interpretation of the liquid level position. Signal 
filtration in this application provides additional processing techniques, under operator control, to obtain accurate results in oil 
wells with shallow liquid levels and noisy well bores. This is enhanced by inclusion of an analogue filter [4] to reduce the 
interference from signals generated by the reflections at the tubing collars, and to ensure that the liquid level signal could be 
detected in the majority of the cases. In oil and gas seismic exploration [5, 6], the fundamental objective is markedly 
enhanced by increasing the signal-to-noise ratio in the recorded data. One method of doing this using the acoustic method [7, 
2] was to filter measured values to reject undesirably high frequency components. This was achieved by passing the 
measurements through simple low-pass filters before connecting to the input. The cut-off frequency of the filter would then 
be selected in conjunction with the sampling and conversion rates in order to satisfy a given sampling theorem while 
preserving the signal components of interest. This method [5] was entrenched in the estimation of parameters or states from a 
set of correlated data, using least squares method [8, 9] and has a wide field of application which includes data smoothing. 
the problem is generally concerned with identifying the parameters of noisy dynamic processes. 
 
 In this study, we developed a least squares computational algorithm for application to noise attenuation in oil and gas 
seismic data acquisition using the filter design philosophy due to Hsiao and Wang [3]. A control system was modelled 
assuming all the noise processes were independent. This reduced the problem to one of optimal control whereby a filter was 
designed to give a minimum variance estimate using the measured values of the input and output of the system. Because 
measurements invariably contain errors [10 – 12], our approach to the problem utilized the concepts of probability and 
statistics in which state estimation was addressed because noise was known to be correlated with the measured data [13, 14].  
 
Methodology 
The seismic data acquisition was preceded with laying of geophones, fibre cables, remote data acquisition units and recorder 
takeout units. The geophone arrays were connected to takeout units via fibre optic strands which also connect the remote data 
acquisition units in cascade to form an unbroken chain of cable stations and remote data acquisition units that route the 
seismic  
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wavelets to and from the recording units. The acquired data was directed from the earth through seismometers for filtration 
and digitization. In digital signal processing [15, 16], the analogue-to-digital converter (ADC) gives high resolution of the 
data based on continuous integration and oversampling in combination with carefully designed low-pass filters (fig. 1) which 
eliminates gaps in the sampling process. The negative feedback from the output (fig. 1) along the 1 bit−  digital-to-analogue 
converter (DAC) and the sum amplifier at the input were performed at a high sample rate, transferring the quantization noise 
into the stop band of the digital low-pass filter, for decimation. In the process, the sampled analogue signal was fed to the 
sum amplifier along with the output of the 1 bit−  digital-to-analogue converter (DAC). The integrated difference signal was 
fed to the strobed comparator whose output samples the difference signal at the sampling frequency many times that of the 
analogue signal frequency. The output of the comparator provides the digital input for the 1 bit−  digital-to-analogue 
converter (DAC). Thus, the system functions on a negative feedback loop which minimizes the difference signal by tracking 
the input. The integrator was continuously fed with the differential signal and there was no gaps in the analogue input signal 
as introduced by sample and hold devices. The digital information representing the analogue input voltage was coded in the 
polarities of the pulse train appearing at the output of the comparator which can be retrieved as a parallel binary data word 
applying a digital filter operator. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                 Fig. 1: A Continuous Sampling Signal Modulator 
 
The State Estimation Problem:  
 
The least squares estimation of the process was formulated on the basis of maximum likelihood and Bayesian techniques [17, 
18] using statistical information in terms of joint probability distribution functions. The estimation problem was carried out 
for a sequence of the process and the noise model until the best and simplest possible model was obtained. Estimation of the 
process was based on the assumption that some or all of the parameters were unknown even though the structure of the 
differential equation characterizing the system as well as the initial and boundary conditions were available. This reduced the 
problem to one of optimal control whereby the best estimate using the measured values of the input and output the system 
were required.  Because our measurements invariably contained errors, solution of the problem utilized concepts of 
probability and statistics in which the problem addressed state estimation because noise was known to be correlated with the 
measured data. This was obtained at the same time as the parameters during which filtration was mandatory in the processing 
of the data. Computation of the optimal estimates which relied on convergence of the iteration employed was accomplished 
through sequential filtration of the estimate.  
 
The Computational Algorithm:  
 
We modelled the process mathematically as follows:  

  iii vaxx +=+1          (1) 

  111 +++ += iii whxy         (2) 

 and the predictor 

  
i

i
i
i axx =+1          (3) 

  i
i

i
i hxy 11 ++ =          (4) 

Now, if we ignore the control input and assume that at time 0=it  a best estimate 
i

ix  of the state is available, then the best  
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prediction of x  at time 1+it  is expressed as 

i
i

i
i axx =+1          (5) 

where 






 +≡+ i

i
xx i

i

1
1

. At time 1+= itt , a measurement is available as follows 

  111 +++ += iii whxy         (6) 

Now let 

  i
iii yyy 111 +++ −=δ  

           i
ii haxy −= +1          (7) 

To improve on the estimate iix 1+  we required an addition of a proportion of 1+iyδ , that is, 

  ( )111
1
1 +++

+
+ += ii

i
i

i
i ykxx δ  

         ( )i
iii

i
i haxykax −+= ++ 11        (8) 

where i
iax  are the prediction and ( )i

iii haxyk −++ 11  the desired correction. We now define 1+ixδ  as follows 

  1
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and  [ ]2
1

1
1 +

+
+ = i

i
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Then  ( ) ( ) 11111 +++++ +−++= iiiiiii wkvhkIxahkIx δδ      (11) 
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We required 1+ik  such that 1
1

+
+

i
ip  is a minimum. We did this by evaluating the differential 
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and then substituting 

  TTi
i

i
i GQGaapp +=+1         (14) 

to obtain 
  ( ) 1

111

−
+++ += Rhhphpk Ti
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ii
        (15) 

Now with the process given by 

  iii vaxx +=+1          (16) 

  111 +++ += iii whxy         (17) 

with the predictor 

  i
i

i
i axx =+1          (18) 

  i
i

i
i hxy 11 ++ =          (19) 

the time-varying gain 1+ik  was evaluated by defining the estimation error 

  1
111

+
+++ −= i

iii xxxδ         (20) 

The mean value of 01 =+ixδ  and the variance of 1+ixδ  was obtained as 

  ( )[ ] 1
1

2
1

+
++ = i

ii pxE δ         (21) 

which is a function of 1+ik . From the process and filter equations, we obtained 

   1
111

+
+++ −= i

iii xxxδ  

           ( )[ ]i
iii

i
iii hxykaxvax 111 +++ −+−+=  

           ( ) ( )[ ]i
iiiii

i
iii axhwvaxhkaxvax −++−−+= ++ 11  

           ( ) ( ) 111 +++ +++−−−= iiii
i
iii

i
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           ( ) ( ) 1111 11 ++++ +−+−= iiiiii wkvhkxahk δ      (22) 
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Therefore 
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since  
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All noise processes were assumed to give a minimum variance estimate of 1
1

+
+

i
ix  as follows 
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then the predicted variance becomes 
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and 

  [ ] ii QvE =2
         (31) 

 
RESULTS AND DISCUSSION 
A set of oil and gas seismic data was defined for a single-input single-output system as follows: 
 

Time (i) 0 1 2 3 4 

Input ( )iu  1 1−  1−  1 1 

Output ( )1+iy  1.0−  56.0  34.0−  63.0−  42.0  

 
The system was identified using a discrete weighting sequence 
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Here, we formulated a sequential least squares procedure for ( )0ĥ  and ( )1ĥ  as follows 
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This result gives an unbiased estimate of the sampled data. 
 
 

Conclusion 
 
 A stochastic time-invariant model has been developed for linear filtering and prediction of state in oil and gas seismic 

data acquisition. The model provides a processing technique under operator control for eliminating the interference from 
signals generated by seismic wave reflections further down in the earth’s crust. The convergence approach described in this 
work operates on the basis of data filtration. The plant itself is represented by a stable, linear, parameter-dependent state 
model. The filtration algorithm guarantees stable generation of the residuals.  
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