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Abstract: 
 
One of the goals of seismology is to understand the behaviour of the earth’s movements 

during the occurrence of an earthquake. This research focuses on the recovery of better 

estimation of the true ground displacements as the tilt components are inherent in recorded 

acceleration time histories. The raw acceleration time histories recorded in seismograms of 

the near field earthquake are contaminated by the effects of tilt time histories. The effects of 

tilt time histories cause non–zero baseline errors in seismic records thereby providing offset 

in the ground velocity although the final velocity never ends to zero and ground displacement 

diverges from the constant value. To perform baseline corrections it is therefore necessary to 

remove the tilt and noise components. 

 

Tilt separation was undertaken using a model designated the Tilt Separation – Independent 

Component Analysis (TS-ICA) model, and an enhanced version of the Extended Generalised 

Beta Distribution (EGBD) model. Several source distributions such as Normal, Gaussian, 

Non-Gaussian, Sub and Super Gaussian and skewed distribution with zero kurtosis has been 

modelled using EGBD and separated using EGBD-ICA. In order to refine the EGBD-ICA 

model, a randomised mixing matrix was introduced in the existing EGBD-ICA model using 

MATLAB. With the introduction of the mixing matrix, the consistency of the source 

separation has improved and particularly tilt separation was convincing for both artificial tilt 

separation from the Hector Mine earthquake data and real-time tilt separation from the real-

time acceleration time histories. The tilt separation and de-noising by the TS-ICA model has 

given better estimates of ground displacement than the tilt contaminated ground 

displacement. 

 

The estimated tilt angle can provide further scope for seismic scientists and civil engineers to 

improve their understanding of the tilt behaviour during an earthquake and can add another 

dimension to their research by making it possible to improve the stability of the building 

structures in the seismically active regions and areas which are potentially prone to 

earthquake. 
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Chapter 1 

 

Introduction 

 

1.1 Aims of the thesis 

 

The aim of this thesis is to investigate a model which will identify instrument tilts and/or 

rotational trends within seismic time histories in the case of magnitudes . The work 

will also apply the model to seismic data to evaluate their usefulness in separating tilt trends 

inherent in seismic data. This is undertaken by estimating the tilt acceleration within the main 

acceleration time histories in order to provide a better estimate of ground velocity and 

displacement. 

 

1.2 Motivation 
 

During an earthquake, accelerographs record the acceleration of ground movements against 

time. These accelerographs are the best representation and measure of the damage potential 

of structures. The purpose of the accelerograph is to record strong shaking predominantly 

when located close to the earthquake source. 

 

Baseline correction is a term used to determine the error incurred in the processing of 

accelerograms (Akkar and Boore, 2009). This method corrects the recorded signal for non – 

zero final velocity value and any long-period drift in the velocity zero level that may arise 

from instrument noise or from the digitisation of analog accelerograms. In order to perform 

baseline corrections it is necessary to remove any distortion due to noise and acceleration 

jumps due to instrument tilts. 

 

As shown in figure 1.1 the final velocity does not end to zero, which is due to tilt and noise in 

the accelerogram recording. Therefore it is necessary to perform baseline correction so that 

tilt time histories and noise can be removed (Chanerley and Alexander, 2009).  
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Tilt and noise contamination makes double integration of the accelerometer data difficult. 

The question therefore is how much of the seismogram is due to tilt and the answer is related 

to the long period Rayleigh waves and free oscillations which occur (Rodgers, 1968). 

Horizontal sensors are used to measure acceleration time histories which are sensitive to the 

second derivative of displacement and to tilt. Double integration of the horizontal axes 

equations will produce the total sum of displacement. Assuming that tilt is proportional to 

velocity (Bouchon and Aki, 1982; Trifunac, 1972; Trifunac and Todorovska, 2001), double 

integration will give results proportional to the integral of displacement. This appears to look 

like long period noise, as shown in figure 1.1. Near field source ground acceleration data are 

contaminated by instrument response to small rotational motion, and causes the tilt effects in 

the recording of raw data. 

 

A novel approach to removing the tilt component which is investigated and described in this 

thesis uses independent component analysis (ICA) to extract the time series of the 

acceleration tilt which is inherent in the acceleration. The proposed contribution to new 

knowledge in this research programme is to determine the ground displacement by extracting 

the tilt time histories, thus de-noising the signal. 
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Figure 1.1: The horizontal component of uncorrected records;  of Pacoima Dam - 

Upper Left Abutment, Northridge. MATLAB source code to plot Pacoima Dam ground 

acceleration, velocity and displacement time histories is attached in Appendix B, Page 199 

 

1.3 Expected Outcomes 
 

The outcome of this research includes an understanding of the effects of tilt in the strong 

ground motion in the near field earthquake. The work will also involve identifying and 

estimating the tilt acceleration in the original ground acceleration from the seismogram 

records and to separate and de-noise the tilt time histories from the ground acceleration, in 

order to achieve an estimate of the true ground velocity and permanent displacement time 

history. The estimates of true ground acceleration, velocity and displacement can then be 

applied to the design of buildings and bridges. 
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1.4   Outline of the thesis 
 

The introductory chapter 1 briefly reviews the literature regarding the problems due to 

instrument tilt, linear motion, angular acceleration, and cross axis excitations that provide 

background information in understanding the subsequent chapters. 

 

Chapter 2 will provide review of the literature and developments in the area of analysis of 

seismic mixtures to recover estimates of the ground velocity and displacement, including 

problems related to the tilts, baseline error and background noise in the recordings of ground 

acceleration data. 

 

In chapter 3, a novel method of seismic data analysis techniques are examined and discussed, 

which is identified as Tilt-Separation Independent Component Analysis (TS-ICA) and is an 

enhancement to ICA, which was developed to recover estimates of ground displacement and 

tilt angle separation from the acceleration records. Advantage is taken of the well 

characterised Enhanced Generalised Beta Distribution to test the applicability of TS-ICA 

method. 

 

In chapter 4, a novel approach is presented to analyse the tilt problem and to provide an 

alternative method to resolve the tilt data. 

 

In chapters 5 and 6, the tilt angle time histories are analysed which is extended for 

earthquakes of greater magnitude  earthquake data. Chapter 5 analyses the 

operational behaviour of lesser magnitude ( ) earthquake data. Chapter 6 provides 

the results from the earthquakes CHI-CHI 1999, Taiwan earthquake data , 

CHILE 2010, earthquake data , Kocaeli 1999, TURKEY earthquake data 

 and Christchurch 2011, New Zealand earthquake data . 

 

The chapters 6 and 7 are based on enhancements to the Independent Component Analysis 

procedures used to separate and de-noise the tilt time histories that are described in chapter 3.  
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Chapter 8 presents the results and analysis, with further more discussion regarding the tilt 

evaluation. 

  

Chapter 9 summarises the conclusions of the thesis and provides directions in which the work 

presented in the thesis can be extended. 

 

1.5   Background 

 
1.5.1 Seismology 

 

Large portions of the world’s population live in regions of seismic hazard and are at risk from 

earthquakes of varying severity and varying frequency of occurrence. Earthquakes cause a 

significant loss of life and damage to property every year. Many seismic construction designs 

and technologies have been developed over the years in an attempt to mitigate against the 

effects of earthquakes on buildings, bridges, and other structures and the contents. 

 

During an earthquake, most of the strain energy is converted into heat with only a few 

percent converted to seismic waves. But this is still enough to generate the powerful tremors 

to cause buildings to collapse. 

 

The digitisation process of analog seismogram essentially transforms the record into a series 

of coordinates for modelling and analysis but unfortunately this process introduces small 

errors (long-period noise) into the recording, which are mainly due to the imperfection of the 

tracking the digitisation process. The recording may also be contaminated with noise from the 

distortion of the recording medium. The effects of noise on these recordings are seen during 

the integration of the acceleration time history. These can include a non-zero value of final 

velocity and a final displacement that is unreasonably large. 
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1.5.2 Some background 

 

Noise enters into the recording from a number of sources including: 

• Transducer drift 

• Recording medium lateral drift 

• Speed variation 

• Trace density variations 

• The digitisation process 

 

Instrumental errors:  

• Transducer distortions of amplitude and phase 

• Instruments are limited to 3 degrees of freedom: instruments are not designed for 6 

degrees of freedom. Nevertheless instruments record some of the tilt/rotations 

experienced during an earthquake, which contribute to the baseline error. 

• With the older analog instruments the transverse movement of the recording 

paper/film causes variations of up to several millimetres as well as non-uniform time 

marks. 

• Instrument drift: over long periods, temperature and humidity effects will cause a drift 

in the original component specifications of the instrument. Such changes will affect 

the data recorded unless the instrument is recalibrated. 

• Instrument slip 

 

Digitisation errors: these are errors in strong motion records due to the digitisation of analog 

signals. 

• Digitisation rate: a large number of digitised points are required to obtain a good 

representation of the continuous accelerogram. Its accuracy is reduced due to the low 

number of digitised points. 

• Resolution: inadequacy of the digitising equipment; cost is a factor. 

• Low-Pass filtering: some instruments are designed with filtering techniques which are 

the effects of mechanical digitisation (this approximates to a continuous function by a 

sequence of discrete points) 
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•  Baseline shifts in the axes of translations and/or rotational motion can be considered 

as random long period errors. 

 

The horizontal pendulums are sensitive to the acceleration effects of: 

• Linear motion 

• Tilt 

• Angular acceleration: all transducers (vertical and horizontal components) are 

affected by angular acceleration. 

• Cross axis excitations. 

Very small tilts in the accelerogram can produce baseline shifts. These very small tilts 

produce large displacement affects, which makes it difficult to obtain reasonable estimates of 

permanent ground displacements. 

 

1.5.3  Baseline correction 

In triangulation networks the scalar distance between two benchmarks determines the scale of 

networks. In GPS, the same term means the vector difference in position between two 

benchmarks. In INSAR (Pritchard, 2006) it means the vector separation or scalar distance 

between two orbital trajectories (Aki and Lee, 2003). 

 

Difficulties in determining the baseline position: 

• A threshold is set above which the instrument will commence recording, therefore 

some of the initial ground motion may not be recorded. The same applies at the end 

portion of the time history. This contributes to the baseline error. 

• The final velocity should end at zero, but in most cases it is not zero due to the 

background noise and the offsets due to tilts. 

• It is difficult to determine the final displacement because of baseline shifts (DC level). 

 

In order to obtain true ground velocity and displacement from the seismic records of ground 

motion from an earthquake, it is necessary to remove the tilt and noise contamination from 

the acceleration of the ground motion. Currently acceleration based design of structures is the 

normal practice, however displacement based design of structures can be effective providing 

good estimates of displacements are available. 
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Chapter 2 
 
 
Review of Literature 
 
 
2.1  Past studies 
 
Bradner, H. and Reichle, M. (1973). Some methods for determining acceleration and tilt 
by use of pendulums and accelerometers, Bull. Seism. Soc. Vol. 63, pp. 1-7. 
 
Seismic records of ground motion in earthquakes ordinarily cannot separate horizontal 

accelerations from angular tilts, because tilts in a gravity field effectively introduce only a 

horizontal component which is indistinguishable from horizontal acceleration. 

 

Bradner and Reichile, (1973) have considered the use of pendulums in measuring the 

horizontal component of ground motion. From the recorded ground motion in earthquakes it 

is not easy to separate the horizontal accelerations from the angular tilt because the 

coefficient of horizontal acceleration and the horizontal components of gravity caused by tilt 

are approximately identical. 

 

Bouchon, M. and Aki, K. (1982). Strain, Tilt, and Rotation associated with strong 

ground motion in the vicinity of earthquake faults, Bull. Seism. Soc. Vol. 72, pp. 1717-

1738 

 

Several authors have attributed some of the structural damage and failure caused by 

earthquakes to second order differential ground motions. (Bouchon and Aki, 1982). Hart, et 

al. (1975) describes a large part of the torsional response of high-rise buildings observed 

during the San Fernando (1978) earthquake and the Miyagi-Ken-Oki (1978) earthquake to the 

rotational component of ground motion. In the paper by Bouchon and Aki, (1982) they 

present the simulations of the time history of tilt, strain, and rotation generated near 

earthquake faults buried in layered media for strike-slip faults and thrust fault models as 

shown in figure 2.1.2. 
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Figure 2.1.2: Strike-slip faults and thrust fault 

 

“The computation of the corresponding time histories of tilt, strain and rotation is a straight 

forward matter because the wave field in the discrete wave number method is expressed as a 

simple sum of plane waves.” 

 

“The first earthquake source that was considered was a 30 km long vertical strike-slip fault 

buried 1.5 km below the surface and extending down to a depth of 10 km. The tilt time 

histories for the earthquake sources were considered, the large value was obtained and 

normalised to a slip of 1 m on the fault, which were  for the strike-slip and 

 for the dip-slip. Like the longitudinal strain, the tilt produced by strike-slip 

earthquake decays very rapidly away from the source while in the case of a thrust or a normal 

fault, it is efficiently radiated in the form of ,  and Rayleigh waves.” 

 

“High frequencies are associated with high phase velocities ( ) while low 

frequencies travel with lower phase velocities ( ).  This indicates different modes of 

propagation and results in a distortion of the spectrum. The shallowest part of the fault is 

where strain and tilt are the largest although the longitudinal strain and horizontal velocity 

waveforms are still quite similar. Their relative amplitude yields a phase velocity of 2.4 km/s, 

at sites the fault plane and around the epicentre the velocity waveforms differ significantly 

from the strain and tilt histories, except for the disturbance generated at the upper tip of the 

fault.” 

 

Bouchon and Aki, (1982) conclude that strain and tilt are closely related to ground velocity. 

This provides a basis for estimating the shear, rotational, and rocking motion from the 
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velocity records. Measurements of velocity, acceleration, strain and tilt (and/or rotation) at 

the same location depends on the direction of propagation of the waves and their phase 

velocities. 

 

Trifunac, M. D. and Todorovska, M.I. (2001). A note on the useable dynamic range of 

accelerographs recording translation, Soil Dyn. Earthq.Eng, no. 21, pp. 275-286. 

 

With the increase in the dynamic range of accelerograph recordings, output gain increases 

from 65 to 135 dB (decibel), this provides new possibilities in the calculation of permanent 

displacement of the ground and of structures in the near field provided all six components of 

strong motion (three translation and three rotation) have been recorded and the records are 

corrected for transducer rotation, misalignment and cross-axis sensitivity.  

 

Trifunac and Lee, (1973) adopted a more conservative approach and assumed that permanent 

ground displacement cannot be calculated from digitised analog records of translation only. 

They worked with the simplified equation because the digitisation noise in analog records is 

large: 

 

     (2.1) 
 
where, 
 

 is recorded amplitude 

is ground displacement 

is natural frequency of accelerometer 

is fraction of critical damping in the recording transducer 

is magnification factor 

 

There are many factors contributing to the noise in digitised and processed data. These 

factors depend on the type of the transducer and its mechanical and electrical properties, 

properties of the recording system and the methods of data processing. 
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Even for the most accurate digitisation of analog records, the digitisation noise is larger than 

the largest contribution from the spectra of ( ) in the pendulum equation. Therefore, for 

linear wave motion in the far-field, the contribution to ‘translation’ records coming from 

tilting of accelerographs through the angle ( ) can be neglected. 

 

For a 12 bit PDR-1 recorder, however, the effect of tilting can become comparable to or 

larger than the digitisation noise and cannot be neglected. Recording only translational 

acceleration with 18 and 19 bit recorders without recording rotation is costly and not 

considered necessary. This can allow the recording of smaller earthquakes and aftershocks, 

but cannot contribute to accurate calculations of permanent displacement of the ground and 

of structures in the near field. 

 

Trifunac (2001) emphasised that recording rotation is essential for the complete specification 

of the response of the horizontal acceleration transducers and cannot be neglected for digital 

recorders with a resolution of greater than 12 bits. Moreover, only in the linearised form of 

the differential equation of the transducer recording, the vertical acceleration is not affected 

by strong motion tilting. All transducers (vertical and horizontal) however, are affected by 

angular acceleration but the effect is relatively small in the vertical transducer either because 

 the arm of the pendulum is small or zero depending on the details of the transducer 

design. 

 

The permanent ground displacement cannot be computed without knowledge of the rotational 

components of strong motion, especially in the near field of moderate and strong earthquakes 

where the response of the ground and structure may be non-linear. On the other hand, 

simultaneous recording of all six components (three translations and three rotations) of 

motion will enable computation of permanent displacement in structures, soils and in the near 

field of ground near shallow earthquake faults. 
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Boore D. M. (2001). Effect of baseline corrections on displacements and response 

spectra for several recordings of the 1999 Chi-Chi, Taiwan, earthquake. Bull. Seism. 

Soc. Am., vol. 91, no. 5, pp. 1199-1211. 

 

Displacements derived from many of the accelerogram recordings of the Chi-Chi (1999), 

Taiwan, earthquake show drifts when only a simple baseline derived from the pre-event 

portion of the record is removed. The appearance of the velocity and displacement records 

suggests that changes in the DC level or zero level of the acceleration are responsible for 

these drifts. The source of the shifts in the DC level is difficult to determine, but in at least 

one case it is almost certainly due to tilting of the ground (Boore, 2001).  

 

A wide range of final displacement was obtained for different choices of baseline correction 

and the results suggest that the response spectra for oscillation periods of less than about 20 

seconds are usually unaffected by the baseline correction. The digital accelerations network 

installed and maintained by the Central Weather Bureau in Taiwan produced a rich set of 

records from the Chi-Chi (1999), Taiwan earthquake of magnitude  with GPS 

measurements (Central Geological Survey, 1999) shown in figure 2.1.3. This earthquake 

produced the most complete set of strong-motion recordings ever obtained.  
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Figure 2.1.3: Map showing surface expression of fault (zigzag line), strong-motion station 

(open circles) and GPS stations (filled circles). The co-ordinates of the GPS stations are 

approximate; they were scaled from the figure from the Central Geological Survey, Taiwan 

(1999) (Ref: Figure 1. p 1200 (Boore, 2001)). 

 

A zeroth-order correction has been applied to all records by removing the mean determined 

from a segment of the pre-event part of the original record from the whole original 

acceleration record.  

 

2.2 The Need for the Baseline Corrections 

 

Modern digital instruments have the potential to allow the recovery of the complete ground 

displacement data from accelerometer records taken close to large earthquakes. The only 

correction applied to the recorded information of TCU068 EW of Chi–Chi (1999) earthquake 

was the removal of the pre-event mean from the whole records. The velocities and 

displacement are obtained by the method of integration of the accelerations. The 

displacements reach essentially constant residual values, and the velocities oscillate around 

zero after the end of the strong shaking. The almost linear trend in velocity is a direct 
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indication that the baseline of the acceleration for at least the last half of the TCU068 EW 

record is not the same as that from the pre-event portion of the record. 

 

The difference in acceleration baseline levels from zero level does not need to be large to 

produce the observed slope in the velocity and the correspondingly large final displacement. 

A small shift in the acceleration baseline from the zero level will have a large effect on the 

final displacement. Figure 2.1.4 shows the shift in the baseline due to tilt.  

 

 
 

Figure 2.1.4: Baseline shift, the dotted line is tilt contaminated acceleration 

 

A number of causes of the baseline offsets have been proposed, including tilting (either 

dynamic or permanent), the response of the transducer to strong shaking, or analog-to-digital 

quantisation error. Small tilts in the instruments can produce baseline shifts. A tilt 

of produces a shift in the baseline for horizontal components as shown in the following 

equation: 

  

      (2.2) 

 

and for the vertical component, the equation becomes: 

 

     (2.3) 

 

The shift in baseline from zero level caused by this very small tilt will produce a large 

displacement offset after a long duration, thus it will be difficult to obtain estimates of 

permanent ground displacement by double integration of the horizontal component 
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accelerations. The effect of tilt on vertical components should be much smaller and therefore 

easier to integrate. 

In conclusion, baseline corrections are needed for almost all of the digitally recorded 

accelerograms are obtained from the earthquake source.  

 

Boore D. M., Stephens, C. D. and Joyner, W. B. (2001). Comments on baseline 

correction of digital strong-motion data: Examples from the 1999 Hector Mine, 

California, earthquake. Bull. Seism. Soc. Am. pp 123-138. 

 

The residual displacements for large earthquakes can sometimes be determined from the 

recordings of modern digital instruments. High-dynamic-range, broadband digital recording 

of ground accelerations from the earthquake has the potential to yield ground displacement 

giving the residual static deformation following an earthquake (Boore, et al. 2001). This 

paper discusses records of interest in separating the complexities (repeated fault ruptures) of 

fault rupture for engineers designing large structures with very long period response. These 

digital records are often plagued by baseline offsets even for small accelerations, and these 

baseline offsets can produce unrealistic ground displacements because of the unknown origin. 

Boore, et al. (2001) suggests a correction technique by studying the character of the velocity 

obtained which can be derived from the acceleration traces by a single integration. There are 

many sources which cause the offsets, for example shaking of the sensor, static build-up in 

the analog-to-digital converter, or tilting of the ground, and there is no universal correction 

scheme that can be applied to correct these offsets. So engineers and earthquake modellers 

are looking for appropriate methods that are accurate representations of the true ground 

motion.  

 

One physical constraint of the ground motion is that the final ground velocity should be zero 

and the best way to determine whether there are baseline problems in the recorded 

acceleration is by looking at the velocity determined by integrating the acceleration. The drift 

away from zero clearly indicates a baseline problem, and this problem produces a growing 

displacement that is clearly unrealistic as the drift in velocity appears to be a straight line. 

This uncertainty about the details of baseline offsets is the reason that such offsets are 

difficult to correct. 
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These problems indicate the difficulty in understanding the true source of the offsets. There 

are a variety of potential sources, including mechanical/electrical hysteresis of the sensor, 

problems with the analog-to-digital converter, and ground tilt and rotation, due to elastic 

deformation or to inelastic deformation from slumping or cracking of the earth beneath the 

recording site. The drift in the velocity and displacement may be because of the random 

errors in the accelerogram resulting from single and double integration of the random noise. 

For older records this noise enters into the recording from a number of sources including 

transducer drift, recording medium lateral drift and speed variation, trace density variations, 

and the digitization process (Iwan, et al. 1985). The formula for the standard deviation of the 

final displacement is much smaller than the observed final displacement obtained by 

integrating the zeroth-order-corrected accelerations, and the double integration of random 

noise is not the cause of the observed drifts in velocity and displacement. The baseline 

problem for a particular transducer is attributed to hysteresis occurring because the 

acceleration going beyond . The peak acceleration for those recording is much less 

than  (Bradner and Reichle, 1973). 

 

Boore D. M. (2003). Analog-to-digital conversion as a source of drifts in displacements 

derived from digital recordings of ground acceleration, Bull. Seism. Soc. Am., vol. 93, 

pp. 2017-2024. 

 

Displacements obtained from the double integration of digitally recorded ground 

accelerations cause drift in the actual accelerations and the drifts are much larger than those 

excepted for the true ground motion. These drifts might be due to many things like dynamic 

elastic ground tilt, inelastic ground deformation, hysteresis in the instruments, and cross feed 

due to misalignment of nominally orthogonal sensors (Boore, 2003). 
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Graizer, V. M. (2006b). Equation of pendulum motion including rotations and its 

implications to the strong-ground motion, in Earthquake Source Asymmetry, Structural 

Media and Rotation Effects R.Teisseyre, M.Takeo, and E.Majewski (Editors), Springer-

Verlag, New York, pp. 471-485. 

 

The most questionable perception brought from classical seismology into strong-motion 

(records) is the assumption of simple linear input motion of the ground, with the rotational 

(tilt) component being negligible, which leads to two consequences: 

 

1. Primitive knowledge of theoretical or indirect assessments on the rotational 

components (Bouchon and Aki, 1982). 

2. The output of the instruments was approximated as translational acceleration (by 

integrating this signal Graizer (2006b) assumed that this resulted in translation 

velocity and displacement). 

 

In the real near field of an earthquake, the rotational components may not be negligible, 

because translation acceleration is the sum of acceleration and tilt. 

 

In the real near field of an earthquake it is therefore necessary to measure all six components 

of the motion, three linear and three rotational motions. 

 

It is important to consider rotational motion because of the new trends in technology and data 

processing.  The seismological researchers apply various techniques of acceleration data 

processing including permanent ground displacement calculations although this should be 

done only if certain conditions apply. 

 

The differential equations of a horizontal pendulum oscillating in a horizontal plane are: 

 

   (2.4) 

 

   (2.5) 
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where, 

is the recorded response of the instruments, 

 is the angle of the pendulum rotation, 

 is the length of pendulum arm, 

  

is the natural frequency,  

is the fraction of critical damping of the  transducer, 

is acceleration due to gravity, 

is the ground acceleration in  direction, 

 is a rotation of the ground surface about the   axis. 

 

The equations 2.4 and 2.5 for the two horizontal directions L (longitudinal) and T (transverse) 

describe the pendulum response to low amplitude motions, when . 

 

Sensitivity of the vertical pendulum to tilts is different for small tilts, and may be negligible, 

refer to equation 2.2 and 2.3 (Graizer, 2006b). Thus, horizontal pendulum equations 2.4 and 

2.5 are sensitive to the acceleration of linear motion, tilt, angular acceleration, and cross-axis 

excitations. In the past, cross-axis excitation and angular acceleration were not taken into 

account by Golitsyn, (1912) and Aki and Richards, (1980) respectively. 

 

According to Graizer (2006b) it is important to study the sensitivity of a pendulum to the 

second, third and fourth terms on the right hand side (R.H.S) of equations 2.4 and 2.5. These 

terms are considered to be small enough to be neglected in teleseismic studies. However, 

Graizer (1989) considers that the possible impact of different terms on the R.H.S of equations 

2.4 and 2.5, based on numerical simulations performed for a number of typical strong-motion 

instruments could significantly influence the output of the horizontal pendulum. The terms 

caused by tilting are always present for the horizontal pendulum, and cannot be neglected. 

 

Simplifying only the horizontal pendulum equations 2.4 and 2.5, for small oscillations, the 

vertical seismometer is almost insensitive to tilts. Neglecting the cross-axis sensitivity terms 

the differential equations of the horizontal pendulums simplify to: 
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   (2.6) 

 

   (2.7) 

 

Thus, for a typically strong-motion triaxial instrument the two horizontal sensors are 

responding to a combination of inputs corresponding to horizontal acceleration and tilt, but 

the vertical sensor is mainly responding to the vertical acceleration. The horizontal sensor is 

sensitive to the second derivative of displacement and to tilt. By double integrating the 

equations 2.6 and 2.7 thus will produce the sum of displacement and tilt. Assuming that tilt is 

proportional to velocity (Trifunac and Todorovska, 2001), double integrating will provide 

results proportional to the integral of displacement, and the result can look like long-period 

noise. 

 

The artificial tilt generation test was performed at the Hector Station during the Hector Mine 

earthquake (N-S component, HEC-N) and it was assumed that this is an ideal ground motion 

with the corresponding ideal acceleration, and is shown in figure 2.1.5. 

 
Figure 2.1.5: Tested Acceleration signal (ref: fig-4 page 202 Graizer, 2006b) 

 

The tilt record was generated based on the assumption that the tilt spectrum is proportional to 

the ground velocity curve and was normalised to the maximum amplitude corresponding to 
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the tilt of . In this case the maximum amplitude of tilt motion  was less than  of 

the peak translation acceleration, and the result is shown in figure 2.1.6. 

 

 
 

Figure 2.1.6: Tilt with maximum amplitude of  (ref: fig-4 p 202 Graizer, 2006b)  

 

Figure 2.1.7 shows three curve of true displacement, contaminated displacement and baseline 

corrected displacement. The dashed line shows the true or ideal displacement, the dotted line 

shows the displacement obtained by double integration of true acceleration contaminated by 

tilt, and the full line shows displacement calculated using Graizer’s, (1979) algorithm for 

base line correction. 

 



 
 
 

 
0223861  33 
Research Thesis  University of East London 
 

 
 

Figure 2.1.7: True displacement calculated from the test acceleration (blue, dashed line) 

signals and displacement calculated from the record contaminated by tilt (purple, dotted line), 

and displacement obtained from using Graizer’s algorithm for baseline correction). (ref: fig.4. 

page 202 Graizer, 2006b). 

 

In conclusion, numerical experiments demonstrate that ignoring the tilt effects in strong 

motion studies can introduce long-period errors in calculating residual displacements. In 

contrast to horizontal sensors, vertical sensors are less sensitive to tilt. Digital filters can 

eliminate the long-period components partially introduced by tilt but they can also eliminate 

the low frequency of the strong motion. 

 

Cochard, A., Igel, H., Schuberth, B., Suryanto, W., Velikoseltsev, A., Schreiber, U., 

Wassermann, J., Scherbaum, F., and Vollmer, D. (2006). Rotational Motions in 

Seismology: Theory, Observation, Simulation. BMBF-Geotechnologien. 

 

The rotational component of earthquake-induced ground motion has basically been ignored in 

past decades, compared to the substantial research in observing, processing and inverting 

translational ground motion, even though there are theoretical considerations suggesting that 

the observation of such motions may indeed be useful and provide additional information 

(Cochard, et al. 2006). This paper focuses on studies of the vertical rotational components 
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(twist, spin, or rotation around the vertical axis) and reviews the recent results on the 

fundamental concepts that are necessary to understand current broadband observations.  

 

The rotational ground motion of teleseismic (pertaining to earthquakes at distances greater 

than 1,000 km from the measurements site) events illustrate the accuracy with which 

observed horizontal phase velocities match with theoretical predications, even though the 

precise waveforms are quite different due to inaccuracies in crustal models or rupture 

properties. This may have implications for sparse networks or situations where extremely few 

or even single-station observations are taken. To fully characterise the motion of a deformed 

body at a given point in the context of infinitesimal deformation, one needs three components 

of translation, six components of strain, and three components of rotations. Rotation motions 

induced by seismic waves have been essentially ignored for a long time, first because 

rotational effects were thought to be small (Bouchon and Aki 1982), and second because 

sensitive measuring devices were not available. “However as an approximation, rotations are 

proportional to displacement divided by the phase velocity” (Cochard, et al. 2006). When the 

wave velocity becomes smaller, rotations become comparatively larger. Thus, it is not 

unlikely that, near seismic sources, where rotations and strain can become relatively large 

even in normal media, rotations and strains become really large and can be responsible for the 

substantial damages. There is also growing seismological evidence that rotational amplitudes 

have been underestimated (Castellani and Zembaty, 1996). 

 

In an attempt to measure rotational motions with high sensitivity, during the past years ring 

laser gyroscopes were developed, primarily to observe variations in the earth’s absolute 

rotation rate with high precision (Stedman, et al. 1995; Stedman, 1997). These observations 

gave evidence that optical sensors provide sufficient accuracy to record seismic rotations. 

However, the recordings were not fully consistent in terms of phase and amplitude with 

translational motions and also limited consistency being obtained only for a narrow frequency 

band. The previous attempt to observe ground motion with other devices like solid state 

rotational velocity sensors were limited to large signals close to earthquake sources and 

simulated results (Nigbor, 1994). Aki and Richards (2002) mention that “as of this writing 

seismology still awaits a suitable instrument for making measurements”. Although in recent 
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years the subsequent development of ring laser technology indicates that a significant part of 

the gap has been filled, as demonstrated by Schreiber, et al. (2003b) and Igel, et al. (2007).  

 

Rotations can also be determined with array measurements, but with important limitations 

like the instruments should be as close as possible for the finite difference approximations to 

the true gradients. The uncertainty in the gradients will be larger if the instruments are closer 

together and finally, the assumption made by the researchers (Cochard, et al. 2006) that 

linearity of the displacement will be greatly affected by side effects at the station. 

 

The recording of even smaller, potentially non-damaging, rotational motions is expected to be 

very useful. First, translation recordings are polluted by rotations. There is a purely 

geometrical effect when the reference axis of the seismometer is rotated, introducing a cosine 

factor, which will be negligible for very small deformations. However, this could become 

significant in the case of very strong ground motion and the inertial contributions are also 

very important. It is also well known that surface tilt (horizontal rotations) induce a 

translation signal (Aki and Richards, 2002). 

 

In conclusion, at the earth’s surface, horizontal rotation corresponds to tilt. As a consequence, 

 waves generate horizontal rotation at the surface whereas they are ir-rotational in the 

mass. There is an additional contribution to horizontal rotation due to  converted 

waves at the surface. ‘It is still an open question what technology is best suitable for the 

various components of rotation’ (Cochard, et al. 2006) 

 

 
Graizer V. M. (2006a). Tilts in Strong Ground Motion. Bull. Seism. Soc. Am., vol. 96, 
no. 6, pp. 2090-2102. 
 

Most instruments used in seismological activities to record ground motion are pendulum 

seismographs designed to measure translational motion. In most cases it is assumed that 

seismic instruments are only sensitive to the translational motion, and this paper by Graizer 

(2006a) focuses on the equation of pendulum motion, including the inputs of rotations and 

tilts. 
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Graizer (2006a) concludes that the rotational component can be neglected during 

seismological investigation which gave birth to the two independent branches of research. 

 

1. Seismometry (the measurement of ground displacement, velocity, and acceleration) 

2. Inclinometry (the measurement of tilt) 

 

Sometimes instruments of the same pendulum type as used in seismometery were used to 

measure tilt. Graizer (2006a) concentrates on strong motion seismology and also brings 

attention to the classical seismologists with the development of super long period seismology, 

although these long periods ground motions may be contaminated, in some cases, by 

pendulum response to rotation. Cochard, et al. (2006) made successful measurements of 

rotation performed at telesesmic distances using ring laser gyroscopes but this technology 

gives uncertainty in the gradients which will be larger if the instruments are closer together. 

Graizer (2006a) focuses on the normal response of a typical pendulum to the complex input 

motion consisting of translation and rotation. 

 

Equation of Pendulum: 

 

The differential equations of small oscillations of horizontal pendulum motion: 

 

   (2.8)  

 

where, 

is the recorded response of the instruments;  , 

 is the angle of the pendulum rotation, 

 is the length of pendulum arm, 

is the natural frequency,  

is the fraction of critical damping of the  transducer, 

is acceleration  in the  direction, 

 is a rotation of the ground surface about the   axis 
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The sensitivity of the vertical pendulum to tilts is different for a small tilt as it is proportional 

to: 

 

   (2.9) 

 

The equations of the vertical pendulum then can be written: 

 

   (2.10) 

 

Where, 

is the cross axis excitations 

  

The second item on the R.H.S. of equation (2.10) is the tilt sensitivity , which 

becomes small for angle , and for angles   then  , and 

consequently can be neglected. 

 

Therefore neglecting  gives: 

 

   (2.11)  

 

Where, 

is the cross axis excitations 

 

Thus, a horizontal pendulum is sensitive to the acceleration of linear motion, tilt, angular 

acceleration, and cross-axis excitations (equation 2.8), and a vertical pendulum is sensitive to 

the acceleration of linear motion, angular acceleration, and cross-axis excitations equation 

(2.11). The difference in tilt sensitivity of vertical and horizontal pendulums is well known to 

the instrument designers, but is usually ignored in data processing and analysis. 

 

The vertical accelerometer is almost not sensitive to tilts and neglecting the cross-axis 

sensitivity term because of the short pendulum arm for small oscillations of the pendulum, 
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this simplifies the differential equations of the horizontal and vertical pendulums respectively 

to be: 

 

   (2.12) 

 

and, 

 

     (2.13) 

  

From equation 2.12, the second term on R.H.S. of the equation shows the tilt sensitivity , 

whereas equation 2.13 for vertical sensor is mainly responding to the vertical acceleration. 

 

“To what extent is tilt responsible for the differences between horizontal and vertical 

components in long periods during a real earthquake?” (Graizer, 2006a). 

 

Akkar, S. and Boore, D. M. (2009). On Baseline Corrections and uncertainty in 

Response Spectra for Baseline Variations Commomly Encountered in Digital 

Accelerograph Records. Bulletin of the Seismological of America, vol.99, No.3, pp. 1671-

1690. 

 

Most digital accelerograph recordings are plagued by long period drifts, these drifts are best 

seen in the velocity and displacement time series obtained from the integration of the 

acceleration time series. The initial velocity of the acceleration should start with zero and the 

final velocity drifts often result in velocity values that are non-zero near the end of the record. 

This is due to noise in the acceleration signal which can lead to inaccurate estimates of peak 

ground displacement and the long period spectral response. The source of the long period 

noise seems in many cases may be due to variations in the acceleration baseline. These 

variations could be the result of the true ground motion, tilting and rotation, local permanent 

ground deformation, instrumental effects, or analog-to-digital conversion. 

 

There is a need for ground motion estimations over longer periods, and recent ground motion 

predication equations (GMPEs) have extended their spectral estimations to periods well 
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above those previously obtained (Akkar and Bommer, 2007; Boore and Bommer, 2008). 

GMPE requires the specification of ground motions over long periods to estimate the peak 

nonlinear oscillator displacements. The main obstacle in obtaining long-period ground 

motion data is the noise in the acceleration records, due to this distortion to the signal it can 

lead to apparent errors in long period motions and the source of the noise can be due to 

dynamic rotation and tilting produced by wave propagation (Boore, 2003). A small noise 

component confined to narrow duration segments of the time series, not necessarily 

distributed in a stationary manner throughout the record, can cause drift in the displacement. 

This noise is embedded in records from both analog and digital accelerographs. From figure 

2.1.8c the noise is easy to see on the displacement time series, where it most often takes the 

form of wavering. 

 

 
Figure 2.1.8a: Recorded accelerograms from 1999, Chi-Chi Earthquake, TCU068 Station NS 

component 

 

 
 

Figure 2.1.8b: Noise in the velocity, so the final velocity is nonzero near end of the record 
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Figure 2.1.8c: Displacement drift after double integrating the acceleration time series 

 

In digital records, the noise is generally easier to describe since it appears as a drift in 

displacement (and may be contaminated by tilt), corresponding to one or several linear trends 

in velocity. A small variation in the acceleration baseline often occurs near instantaneous 

shifts in the baseline level because the velocity does not lead to zero at the end of the record, 

which is shown in the figure 2.1.8b. The contaminated ground velocity obtained by single 

integration from the ground acceleration of TCU068 Chi-Chi (1999) earthquake is shown in 

figure 2.1.8a. 

 

In conclusion, Akkar and Boore, (2009) have contributed the Monte Carlo Based (MCB) 

baseline correction procedure which can be used to provide some level of confidence in 

spectral displacements at periods longer than normally considered in routine processing. 

Iwan’s, et al. (1985) method has modified the work of Akkar and Boore, (2009) to describe a 

robust way of determining spectral displacement. The method MCB can be used to assess the 

relative reliability of different recordings (there are 16 different station recording used in this 

paper). The observation that the long period noise in digital accelerography recordings is 

often in the form of a linear trend in the velocity time series after the strong shaking has 

stopped. If the long-period noise is due to variations in the acceleration baseline, no baseline 

variations could have occurred after the beginning of the linear trend due to the linearity of 

this trend in velocity. These observations put constraints on the time interval in which 

baseline variations could have occurred, but the MCB method is subject to these constraints 

for four models (Model-1 to Model-4) of the base line variations in order to find a suite of 
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baseline corrected acceleration time series. Finally, differences of the mean values from the 

various noise models would imply that the values are not accurate. 

 

2.2 Conclusion 

 

In conclusion, from the studies of previous research it is reported that instrument tilting 

causes baseline shifts in velocity and acceleration. The tilt angle is contaminated with ground 

acceleration data and it is often difficult to find the true ground displacement. The main aim 

of this research is therefore to investigate the tilt angle and separate the tilt and/or tilt plus 

noise from the ground acceleration time histories. 
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Chapter 3 
 

Enhancement of Generalised Beta Distributions 

 

This chapter describes the methods used in the TS-ICA algorithm to process and analysis raw 

seismic data signals from the accelerogram recordings. In the first section 3.1 discusses the 

reasons relating to the choice of Independent Component Analysis and discuss how the TS-

ICA algorithm is used to correct the offsets in the final displacement and separation of tilt 

time histories. Section 3.2 describes the numerical simulations for processing and analysing 

the seismic data, the MATLAB 7.x statistical tool is used to develop the code of the TS-ICA 

algorithm to quantitatively estimate and measure the tilt angles. Section 3.3 describes the real 

time seismic data recording configuration used in this research. Three different sources 

including  (density of negative kurtosis),  (density of 

positive kurtosis) and Gaussian distributions with a mean of zero and a variance of one 

(density of zero kurtosis) are mixed with random noise and separated using the proposed TS-

ICA model. The de-mixed signal results are discussed in sections 3.4.1, 3.4.2 and 3.4.3. Also 

the TS-ICA procedure for estimation of tilt components from raw seismic data recordings is 

discussed in section 3.4.4. Finally section 3.5 considers the hypothesis for the tilt problem 

which often affects the estimate of the true ground velocity and displacement. 

 

3.1 Introduction 

 

The general model of separation is shown in Figure 3.1. It shows that the only information 

available to for the separation system is the observation mixed signal set. In this model, no 

assumption is made about the number or type of input signals and the selection of the mixing 

matrix, which may be quite different from the observed signals. 

 
 

Figure 3.1: General separation model 
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3.1.1 Enhanced GBD Model 

 

In the source separation model, the linear instantaneous model of independent sources is the 

most useful model in separating the tilt component. The separation within this algorithm is 

called the independent component analysis (ICA), where the independent components are the 

separated signals. The assumptions made about the source signals are as follows: 

 

1. The source signals are all statistically mutually independent from one another. 

2. Each source signal has a zero mean value and a stationary probability distribution. 

3. Source signals include sub-Gaussian, super-Gaussian, and skewed distributions with 

zero kurtosis. 

4. Apply enhanced Generalised Beta Distributions (EGBD) to correct the input signal 

and extract the tilt component. This can be achieved by the selection of appropriate 

values  and  from the EGBD method. 

5. The number of linearly independent output signals is greater than the number of 

source signals. 

 

3.1.2 Independent Component Analysis 

 

Independent component analysis (ICA) is a method for finding underlying factors or 

components from multidimensional statistical data. An ICA method looks for components 

that are both statistically independent and non-Gaussian. Here the basic concepts, 

applications, and estimation principles of ICA are introduced. 

 

Considering the classical ICA model, given an observation set of random variables 

 

   (3.1) 

 

where  is the time or sample index. Assuming that the random variables are linear mixtures 

of statistically independent components then:  

 

   (3.2) 
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Hence    (3.3) 

 

where  is the unknown mixing matrix and  is the mixing matrix in equation 3.2. ICA 

analysis now consists of estimating both the mixing matrix  and the statistically 

independent component , from the observations of . The sources 

are mutually independent random variables and is the unknown 

invertible mixing matrix.  The only observation is the random vector , and both and  

are estimated from this observation based on general assumptions. 

 

The starting point for ICA is the assumption that the components is are 

statistically and that the independent components must have  

distributions. For simplicity, assume that the unknown mixing matrix is square. After 

estimating the matrix  which computes its inverse  and obtains the 

independent components from: 

 

    (3.4) 

 

3.1.3 Principles of ICA 

 

One might try to de-correlate the mixture signals  to obtain the sources. However, this 

process does not have a unique solution and will not give the independent components. From 

the figure 3.2 two sources   are represented as the joint amplitude density. 

 

By knowing the value of does not help in guessing the value of  which implies 

 are independent components. 
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Figure 3.2:  Independent components  (horizontal axis) and  (vertical axis) with uniform 

distributions. MATLAB source code to plot the independent components  and with 

uniform distribution is attached in Appendix B, page 200 

 

3.1.4 Non-Gaussian Independent Components 

 

According to Hyvarinen et al, (2000), the central limit theorem which is explained in the next 

chapter 4, section 4.1 is the sum of non-Gaussian random variables which are closer to a 

Gaussian distribution than the original signals. ICA has several practical applications like 

noise removal from signals and feature extraction for signals. 

 

For the linear combination of the observed mixture of variables with the linear combination 

of the independent components, then its non-Gaussian distribution will attain a local 

maximum whenever it equals any one of the independent components because if it were a 

mixture of two or more components, it would be closer to a Gaussian distribution due to the 

central limit theorem which is shown as an example in figure 3.3. 

 

Seismic signals are non-linear, and the resulting mixture of the various tilts and cross-axis 

coupling may not be regarded as a simple linear superposition of the signals which makes the 
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process much more complicated (Almedia, 2006). However, some simplifications can be 

made if the form of the non-linearity is known. This situation arises most of the time if the 

system uses a reference signal. 

 

 
 

Figure 3.3: Sample of uncorrelated but not independent mixtures  (horizontal axis) and  

(vertical axis). MATLAB source code to plot the sample of uncorrelated but not independent 

mixtures  and  is attached in Appendix B, page 200 

 

Figure 3.4 shows the densities of the  distributions given by the blue 

curve. For comparison, the Gaussian density is given by the green curve. Both the densities 

are normalised to unit variance.   
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Figure 3.4: The marginal density of one of the uncorrelated dependent mixtures , where 

the green curve is the Gaussian density. MATLAB source code to plot the marginal density 

of one of the uncorrelated dependent mixtures  is attached in Appendix B, page 201 

 

3.1.5 Expectations and moments 

 

A great advantage of expectations is that they can be estimated directly from the data without 

knowing the . Expectations have useful properties such as: linearity, linear 

transformability, and transformation invariance. Expectation of functions  consisting of 

the product of components of  is called moments. 

 

The first moment of  is its mean vector is given by: 

 

     (3.4.1) 

 

The second moment of  consist of correlations between pairs of components. The 

correlation between  and  is given by: 

 

    (3.4.2) 

 

The  correlation matrix of  represents all its correlations conveniently. 
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     (3.4.3) 

 is symmetric, positive semi-definite (not necessarily symmetric) with nonnegative Eigen 

values, and has mutually orthogonal Eigen vectors. 

 

Central moments are defined like standard moments, but the means of the random quantities 

are subtracted first. The central moment corresponding to the correlation  between  

and  is their covariance and is given by: 

 

     (3.4.4) 

 

The covariance matrix of , 

 

     (3.4.5) 

 

Correlations and covariance measure the dependence between the random variables using 

their second-order statistics. 

 

3.1.6  Mixing of Independent Sources 

 

Each source signal has a zero mean and a stationary probability distribution. A sequence of 

zeros (signal mean) of the same length are substituted for every source signal such that the 

indices do not overlap. This is done in order to visualise the separation result. If the final 

separation is successful, the same constant sequences should again be visible. The source 

signals are linearly mixed together using the mixing matrix and higher order (3rd and 4th

 

) 

statistics are usually employed for separation, this is explained in chapter 4, section 4.2. If the 

signals or data are non-Gaussian, their higher order statistics contain a lot of extra useful 

information. ICA requires higher order statistics implicitly in computations via non-linearity. 

In experimentation higher order statistics are used to fit distributions to a set of data.  

The first four sample moments  such as mean, variance, skewness, kurtosis 

and classification of densities are shown as follows and figure 3.6 shows plots of 

classification densities: 
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• The first moment is the mean  of . 

• The second moment  is the average power of  

• The second central moment  is the variance of  

• The third central moment is called the skewness:  

• The fourth moments  or  which is used less frequently 

 

The fourth order statistic kurtosis is defined by: 

 

     (3.5) 

 

Alternatively, the normalised kurtosis can be used: 

 

       (3.6) 

 

for whitened data , so both kurtosis are reduced by 

 

      (3.7) 
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Figure 3.6: The function  with increasing power of . MATLAB source code to plot the 

function  with increasing power of   is attached in Appendix B, page 202 

 

The first four parameters generalised from Tukey’s (1960) lambda distributions, the 

generalised lambda distributions referred to as  and generalised beta 

distributions referred to as  are easily described by the inverse distribution 

function given in equation 3.8: 

 

     (3.8) 

 

Karian et al., (1996) provided a complete analysis of the  and  values that are associated 

with valid distributions. The estimation of  parameters using the method of moments and 

the first four sample moments are calculated from the data set. For a given data set, 

the first two sample moments are defined by 

 

      (3.9) 
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    (3.10) 

 

while the sample and of skewness and kurtosis respectively, are defined by 
 
     (3.11) 
 
 

  (3.12) 
 

3.1.7 Generalised Beta Distributions 

 

Definition: The random variable  is said to have a generalised beta 

distribution , if and , the probability density 

function of is 

    (3.13) 

 

on the interval  and zero outside this interval where is the constant. 

 
The relationship of the moments of random variable  with the 

parameter  can be solved numerically (Eriksson et al, 2000) derived from the 

non-linear equations and the relation . 

 
The following algorithm gives an overview to fit a data set with the GBD: 
 

• Compute the sample moments by the equations (3.9) through to (3.12). 

• Calculate and values by solving the equation (5.7) and equation (5.8) 

respectively. 

• Apply score function to calculate the non-linearity of the source distribution. 

• The de-mixing matrix is calculated using the TS-ICA algorithm. 

•  Calculate the results and estimate the output signal. 
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3.2 Numerical simulation setup 

 

The Intel Core-2 computing system was used as the computational environment for 

implementing all algorithms. MATLAB R2008b was used in programming the TS-ICA 

algorithm in a standard high-level programming language. 

 

3.2.1 MATLAB source code for TS-ICA algorithm 

 

The following MATLAB code has been written specifically for this application. 

 

1. Normalise the seismic ground acceleration source signal  

2. Calculate the randomise mixing matrix and multiply with source signal  

3. Compute the orthogonal matrix  using to create orthogonal space 

for separating vector 

4. Perform pre-processing: Centring and Whitening 

 to the source signal 

5. Compute the contrast function for new transformation  

6. Initially calculate Beta1, Beta2, Beta3, Beta4 values by using Alpha1, Alpha2, 

Alpha3, Alpha4 values  

o where     

 and  values are calculated using equation 5.7 

and 5.8 in chapter – 5.  

7. Novel Enhanced Generalised Beta Distributions method 

o Use score function  and its derivative  to compute the non-

linearity of the source distributions for the initial Beta1, Beta2, Beta3, Beta4 

values  

o Vary the separating vector  from the knowledge of non-linearity 

o Observe the non-linearity for Gaussian deviation 

o Change in  is reflected in the contrast function (step–5) 

o In turn, change in  varies  

o Now new  values are obtained for the source distributions 

o Calculate the score function for the new  values 
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o Observe non-linearity and vary  until the single non – zero value is obtained 

in . 

o At convergence  values where successfully optimised using EGBD 

method 

8. Perform symmetric orthogonalisation to restore orthogonality. 

9. With the de-mixing matrix , the individual components tilt and noise are separated 

from the ground acceleration source signal.  

10. Tilt plus noise = Raw seismic data – corrected source ( ) 

11. New corrected source = Raw seismic data – (Tilt plus noise) 

12. This can be verified either way. 

 

3.3 Seismic data used 

 

In this research four major earthquakes are used: 

  

• CHI-CHI earthquake Taiwan, September 21st 1999, MW

• KOCAELI earthquake Turkey, August 17

 = 7.6 
th 1999, MW

• MAULE earthquake Chile, February 27

 = 7.4 
th 2010, MW

• CHRISTCHURCH earthquake New Zealand, February 22

 = 8.8 
th 2011, MW

 

 = 6.3 

Data of the Chi-Chi earthquake TCU station was obtained from Central Weather Bureau, 

Geophysical Database Management System, Taiwan (CBW, 2010). The MAULE earthquake 

in Chile was obtained from DGF, (2002). The Kocaeli earthquake was obtained from ‘Turkey 

National Strong Ground Motion Program Database’ TKYHP (2009) and the Christchurch 

earthquake data was obtained from Seismological Observatory, Geophysics Division, 

Institute of Geological and Nuclear Sciences, GNS, (2011). 
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3.4     Demonstration of TS-ICA model separation 

 

The TS-ICA algorithm was discussed in section 3.2.1 and it is demonstrated with some 

examples in this section which shows the source separation using three signals a) sub-

Gaussian, b) super-Gaussian, and c) Gaussian sequence with a mean of zero and a variance of 

one. The results are shown with plots of the original signal, the mixing signal, and the 

corrected signal which was retained from the original signal. The sample size is 1000 for sub-

Gaussian, 100 for super-Gaussian, and 1000 for Gaussian sequence. This analysis shows only 

1000 observations which demonstrate the clarity of the signals as shown in figure 3.7. 

 

 
 

Figure 3.7:  (a) Sub-Gaussian, (b) Super-Gaussian, and (c) Gaussian distributions with a 

mean of zero and a variance of one. MATLAB source code to plot the Sub-Gaussian, Super-

Gaussian and Gaussian distributions with a mean of zero and a variance of one is attached in 

Appendix B, page 203 
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3.4.1 Sub-Gaussian separation 

 

The first set of source separation shows the TS-ICA model separation of sub-Gaussian signal 

from the randomly mixed signal. 

  

 

The novel EGBD method as discussed in section 3.2.1 step-7 in TS-ICA algorithm separates 

the sub-Gaussian source signal from the mixed signal as shown in figure 3.8. 

 

 
 

Figure 3.8: Separation of sub-Gaussian distributions from the randomly mixed signal. 

MATLAB source code to plot the Separation of sub-Gaussian distributions from the 

randomly mixed signal is attached in Appendix B, page 204 

 

3.4.2 Super-Gaussian separation 

 

The second source separation shows the TS-ICA model separation of super-Gaussian signal 

from the randomly mixed signal. 
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The novel EGBD method as discussed in section 3.2.1 step-7 in TS-ICA algorithm separates 

the super-Gaussian source signals as shown in figure 3.9. 

 

 
 

Figure 3.9: Separation of super-Gaussian distributions from the mixed signal. MATLAB 

source code to plot the Separation of super-Gaussian distributions from the randomly mixed 

noise is attached in Appendix B, page 205 

 

3.4.3 Gaussian sequence with mean of zero and a variance of one 

 

The third set of source separation shows the TS-ICA model separation of Gaussian 

distributions with a mean of zero and a unit variance signal from the randomly mixed signal. 
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The novel EGBD method as discussed in section 3.2.1 step-7 in TS-ICA algorithm separates 

the Gaussian distributions with a mean of zero and a variance of one source signal as shown 

in figure 3.10. 

 

 
Figure 3.10: Separation of Gaussian distributions with a mean of zero and a variance of one 

from the mixed signal. MATLAB source code to plot the Separation of Gaussian distributions 

with a mean of zero and a variance of one from the mixed signal is attached in Appendix B, 

page 206 

 

3.5  Hypothesis 

 
In seismology, the real challenge is to find the true ground velocity and displacement from 

the raw recordings of ground acceleration time histories. Tilt plays a major role which 

contaminates the ground acceleration and it is often difficult to find the true ground velocity 

and displacement. The tilt acceleration can be determined from the recorded acceleration time 

histories and removed from the raw data, to obtain a better estimate of the true ground 

velocity and displacement. The TS-ICA model as discussed in section 3.2.1 recovers and 
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estimates the true ground velocity and displacement which was then compared to the 

available estimation from the published papers. The separated tilt estimation was evaluated 

for analysing the accuracy and reliability of the predictions by verifying the corrected source 

and new corrected source in step 11 and 12 in section 3.2.1. 

 

3.5.1 Success criteria 

 

To successfully obtain the tilt, this is extracted from the ground acceleration as follows: 

1. The result of the TS-ICA model of ground displacement are compared to the available 

estimation from the published papers and the GPS measurements. 

2. The tilt is separated from the predicted TS-ICA model and is verified step 11 and 12 

in section 3.2.1. 

3. The tilt acceleration was measured within the ground acceleration recordings to prove 

the reliability of the system. 

 

3.6 Summary and conclusions 
 

This chapter has introduced EGBD as an extension to the ICA model and the combination 

EGBD and ICA model results in TS-ICA model to separate tilt and provide useful 

displacement results. The mixing matrix and parameters , , ,  have been derived 

theoretically and simulations have been shown using different distribution signals. 

Shortcomings of the algorithm have been discussed and possible enhancements will be put 

forward in the next chapter 4, section 4.7. 

 

Simulations have shown that although the separate parts of the algorithm can operate well 

individually, work needs to be developed to produce a complete system. Careful 

consideration must also be made as to the signals under consideration, since this can be 

affected in the final outcome of the implementations. 
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Chapter 4 
 

Model Theories and Concepts 

 

This chapter describes the model theories and the concept used to develop the ICA and 

addresses the different approaches taken to determine the tilt component. In the first section 

4.1 the central limit theorem and observation of uniform distribution signals will be 

discussed. Section 4.2 will consider the higher order statistics, as selection of the model 

requires the estimation of higher order terms. Finally section 4.3 describes the other 

approaches using ICA. 

 

4.1 Central limit theorem 

 

Definition: “The limiting distribution of a standardised sum of independent, identically 

distributed summands as the number of terms increases, is a normal distribution” (Lindgren, 

1976). 

 

In adaptive systems the separation problem has two sections: firstly, the contrast must be 

continuously estimated and secondly, the separation criterion must be updated. It was decided 

that a good way to offset the effect of outliers in the data would be to design a separation 

method that would ignore, or at least to some degree discount, out of boundary points in the 

data. 

 

Separation works in the linear ICA due to the fact that when signals are mixed they look 

different from unmixed signals in a quantifiable way. Theoretically, this has been approached 

in many ways (identified in Chapter 3, section 3.1.4), though all methods are   maximising 

the statistical independence of the signals.  

 

This approach is demonstrated in figure 4.1a and 4.1b by adding two signals, and the 

resulting distribution will be more Gaussian shaped than either of two individual signals as 

shown in figure 4.2. 
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Figure 4.1: (a) and (b) histogram of signals with uniform distributions of 

function ..MATLAB source code to plot the histogram of signals with uniform 

distributions of function  is attached in Appendix B, page 207 

 

 
 

Figure 4.2: (a) and (b) histogram of signals with two different components, where 

is referred to GDLC – S55W component and  is referred to GDLC – N55W. MATLAB 

source code to plot the histogram of signals with uniform distributions of two different 

 components is attached in Appendix B, page 208 
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Figure 4.1a and figure 4.1b show histograms of two independent signals drawn from uniform 

distributions . When signal  is added to signal , the resulting histogram is shown 

in figure 4.3. It is clear that this distribution is more Gaussian than the independent signals of 

uniform distribution . The shape of the added signals looks triangular, as if it were a 

convolution of the frequency distributions of . In fact, the addition of the two signal 

values produces a probability distribution equivalent to a scaled convolution of their 

individual probability distributions. Moreover, the limiting case when convolving an infinite 

number of independent signals is Gaussian. Figure 4.2a and figure 4.2b shows histograms of 

two independent earthquake components from the station GDLC – S35W and N55W. 

 

 
 

Figure 4.3: Histogram addition of two signals . MATLAB source code to plot the 

histogram addition of two signals   is attached in Appendix B, page 209 

 

Figure 4.4 is obtained by adding two ground acceleration signals GDLC-S35W and GDLC-

N55W, the histogram results clearly shows more Gaussian in shape. 
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Figure 4.4: Histogram addition of two components . MATLAB source code to plot 

the Histogram addition of two components  is attached in Appendix B, page 210 

 

The figure 4.5 shows the histogram generated for the signal  which is added to the 

signal . The distribution has changed in shape and is no longer a triangular shape, but 

has more curved appearance of a Gaussian distribution. This phenomenon is why so many 

processes in nature have a Gaussian distribution and these are often made up of many 

independent contributing factors. Figure 4.6 shows the histogram generated for the test where 

component , is added to the signal . 

 

In conclusion, the separation of signals involves maximising their non-Gaussian nature. If a 

method can be found to measure the distance between the two distributions, then a separation 

criterion could be designed. 

 

The derivation of a simple metric with which to measure distances between probability 

density functions has been pursued for many years. For example, the Edgeworth and Gram-

Charlier expansions (approximate to a ) are two of many such attempts to parameterise 

density functions for this purpose. These expansions have even been used to form separation 

systems (Comon, 1994). 
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In linear signal separation, complex parameterisations of density functions are not necessarily 

required. The problem does not necessitate the measurement of distances between 

distributions for its solution but simply requires some metric of the independence of the 

signals to be identified. 

 

Using these observations, a simpler numerical method TS-ICA is derived which has the 

property that it is resistant to a number of observations and depends only on the  

independence of the data. 

 

 
 

Figure 4.5: Histogram addition of three signals . MATLAB source code to plot 

the Histogram addition of three signals   is attached in Appendix B, page 211 
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Figure 4.6: Histogram addition of components . MATLAB source code to plot 

the Histogram addition of components   is attached in Appendix B, page 212 

 

4.2 Higher order statistics 
 

One of the problems with higher order statistics is that of being disproportionately affected by 

outliers in the data. Every data point would have equal weighting on the measurement of the 

separation function, and each datum carries equal information. In practice this is not possible 

because an exact knowledge of the probability distribution would have to be obtained 

beforehand, and the fact that this is not easily measured is what makes the separation problem 

significant in the first place.  

 

Figure 4.7 shows the illustration for estimating the fourth order moment, the signal drawn 

from a Gaussian distribution whose elements have been raised to the power of three. 
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Figure 4.7: Iterative estimation of fourth order moment. MATLAB source code to plot the 

iterative estimation of fourth order moment is attached in Appendix B, page 213 

 

When large data values pass through the estimator their disproportionately large fourth 

moments cause a large deviation from the correct value of the moment. Since the actual range 

of the difference in a given problem is usually much smaller than this deviation, the use of 

such higher order statistics in this way is problematic. 

 

The reason for this behaviour is illustrated in figure 4.8, which shows the relative values of 

different orders of moment. This figure graphically illustrates the differences produced 

between second and fourth orders of power compared with a linear relationship, as the 

variable is increased. If the function being learned is a linear function of the input then it 

updates in a linear way. However, if it is of higher order then a large input has a much greater 

than linear effect on the function, which can disturb the estimate. Just how big this difference 

is can be seen in figure 4.8. If the input has a value of 2, the corresponding fourth order 

moment is 16 that is 8 times its value.  
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Figure 4.8: Function  with increasing power of . MATLAB source code to plot the 

function  with increasing power of   is attached in Appendix B, page 214 

 

With an increase in power of  the error function also increases linearly 

thereby providing poor estimates so the higher order moments are used to approximately 

measure the deviation but not precisely. The skewness and kurtosis are used to measure the 

Gaussian deviation approximately to observe the non-linearity. TS-ICA is able to exploit the 

differences in higher order moments in the case of skewness with zero kurtosis. 

 

4.3  Other approaches using ICA 

 

For non-linear source separation, other three methods are considered, which are extensions of 

the ICA methods proposed by several authors, was tried to separate the tilt and also to 

recover the estimation of true ground displacements. These methods provide poor 

convergence when compared to the novel TS-ICA model. 
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1. Post Non-Linear  method (PNL)  (Taleb and Jutten, 1999) 

2. Mutual Information-Based SEParation method (MISEP) (Almeida, 2002) 

3. Ensemble Learning – based separation method (NFA) also called Non-Factory 

Analysis method (Ilin et al, 2004) 

 

4.3.1 PNL method 

 

The PNL method was initially proposed by Taleb and Jutten (1999), for which there are 

several sets of constraints imposed to solve the Post Non-Linear ICA problem in order to 

eliminate its ill-posedness, making the solution essentially unique. Such constraints are 

interesting in practical situations for the PNL method and were subject to an extensive study 

by Achard and Jutten, (2005) which included: 

 

• The mixing matrix  should be an invertible matrix and has at least two non-zero 

elements per row and per column 

• The functions  are invertible and differential 

• The  of each source is zero in one point at least  

 

Although these constraints are applicable in finding the true displacement results which are 

close to optimisation, the output signal also diverges. The displacement signals are 

normalised in order to compare the results, as shown in the figure 4.9. 
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Figure 4.9: Comparison of the TS-ICA model provided displacement results with PNL 

method. MATLAB source code to plot the comparison of the TS-ICA model provided 

displacement results with PNL method is attached in Appendix B, page 215 

 

4.3.2 MISEP method 

 

The MISEP method is an extension of the INFOMAX linear ICA method for the nonlinear 

separation framework, and was proposed by Almeida, (2000) 

 

• This method uses maximum entropy for the estimation of   

• It computes the gradient with the network weights using the gradient based 

optimisation method 

• It computes the gradient through back propagation to determine the desired results 

 

This method is appropriate for the large number of elements equal to non-zero, whereas the 

ground acceleration contains a lot of elements with zero values. This constraint often occurs 

when calculating the gradient of a weight which will be an increasing error and will not 

produce optimised results. 
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Figure 4.10: Comparison of the TS-ICA model provided displacement results with 

 MISEP method 

 

The normalised displacement results are shown in figure 4.10. This method generates results 

close to optimisation but does not give good results for earthquake data of higher magnitude 

( ), and results diverge as compared to the TS-ICA model. 

 

The complete source code for the MISEP method is available at 

[http://www.lx.it.pt/~lbalmeida/ica/mitoolbox.html/MIToolbox.zip]. 

 

4.3.3 Ensemble Learning method 

 

This method provides good results for the input data with a minimum sample length. 

However for the large data set a high speed computer is required to process the data 

otherwise it takes a long time to solve. Also a large number of iterations must be considered, 

otherwise the output signal does not converge which can be seen in the figure 4.11.  

 

The procedures for the method are: 

 

• Non-linear ICA using Ensemble Learning and noise assumed to be independent and 

Gaussian with a zero mean 
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• The central aspect of this method is the representation that corresponds to an encoding 

with minimal length. 

• Apply the minimal length to find the source with the optimal solution. 

• Approximation of the cost function is based on quadratic or linear behaviour of the 

non-linearities 

 
 

Figure 4.11: Comparison of the TS-ICA model provided displacement results with Ensemble 

Learning method. 

 

Figure 4.11 shows a comparison of results from the two methods. The Ensemble method 

results diverges the output signals and is not close to optimisation for a small number of 

iteration. 

 

The complete source code for the Ensemble Learning method is available at 

[http://research.ics.tkk.fi/bayes/software/ nlfa-2.0.tar.gz]. 
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4.4   Summary 
 

The model, theories and concepts used to develop the ICA model are discussed. It includes 

the Central Limit Theorem (CLT) which states that the sum of individual independent 

components lead to a Gaussian distribution. Hence, the principle of separation of individual 

components is obtained by maximizing the non-Gaussian distribution. Therefore, CLT is 

used to estimate the separating vector. The higher order statistics are required for TS-ICA. 

Fourth order statistics such as kurtosis is the measure of non-Gaussian distribution. Other 

nonlinear methods such as PNL, MISEP and Ensemble Learning, are used to obtain the 

estimation of ground displacement and these methods results in poor convergence when 

compared to the TS-ICA model. 
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Chapter 5 
 

Tilt Separation Independent Component Analysis Model 

 

In this chapter, a novel method of addressing the linear instantaneous (characteristics of the 

source signal are not changed) mixture of the seismic signals is developed in order to remove 

the tilt component and recover the estimation of the true ground velocity and displacement. 

The enhanced GBD iterative numerical algorithm is also introduced in TS-ICA model was 

discussed in section 3.2.1. This approach was derived by Karian et al, 1996 in order to 

address concerns over the effects of outliers of the fourth- and higher- order contrast 

algorithms for the adaptive system. In this chapter source separation have been made using 

TS-ICA model with the Hector Mine data source when mixed with an artificial tilt of .  

 

5.1 Introduction 

 

In the real near field of an earthquake, the rotational components (two horizontal 

components) may not be negligible as compared to the vertical components. The integration 

of the translational accelerations, is actually the sum of linear acceleration, tilt and noise, 

results in velocity contaminated with tilt plus noise.  

 

In this research it is proposed to extract the tilt component and to recover an estimate of the 

true ground velocity and displacement using strong motion data. 

 

5.2 Strong motion data used 

 

The Hector Mine earthquake data (Grazier, 2005) mixed with synthetic tilt from the shake 

table with a linearly increasing tilt around the transverse axis of  to radians was input 

and provided a permanent tilt offset. This procedure was used to test the experimental data to 

remove the tilt angle and estimate the true displacement. 
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5.3  Numerical simulation setup 

 

The TS-ICA model was demonstrated in section 3.4 with an example of two sources of 

random sub-Gaussian and super-Gaussian distributions in section 3.4. Both signals were 

mixed with random noise and using the TS-ICA model was used to separate the source 

signals from the noise component provided good separation as shown in chapter 3 figures 3.8 

and 3.9. In the next part the real time Hector Mine earthquake acceleration data (Grazier, 

2005) was used. Synthetic tilt data was mixed with the real time strong motion data. The tilt 

component was separated using the model TS-ICA which is discussed in section 5.5. Further 

real time earthquake data will be used in chapter 6 to separate the tilt acceleration in order to 

estimate the true ground velocity and displacement. 

 

5.3.1 TS-ICA model procedure 

 

A summary of the TS-ICA model algorithm is described in the following steps: 

 

• Select the component with tilt contaminated signal (vertical or NS or EW 

components) 

• Source signal has zero mean and a stationary probability distribution 

• Estimate the mixing matrix  

• Pre-process the signal for centring and whitening data 

• Calculate the sample moments   

• Estimate the parameters  initially using GBD  

• Apply novel EGBD method to the source signal 

• Calculate non-linearities (score function) for the signal 

• Vary the contract function until the convergence 

• At convergence EGBD optimises the beta values 

• Compute corrected source  

• Tilt plus noise = Raw seismic data – corrected source 

• New corrected source = Raw seismic data – (tilt plus noise) 

• This can be verified either way 
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5.3.2 Examples used 

 

Two channel examples are considered here. The signals in these examples were chosen to 

approximate the kind of separation that may be encountered in real situations. The probability 

distributions of two signals’ in the shorter version (with less data) are shown in figure 5.1. 

 
 

Figure 5.1: Probability distributions of two signals  and . MATLAB source code to plot 

the probability distributions of two signals  and  is attached in Appendix B, page 218 
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Figure 5.2: Two signals Signal 1 = sine wave and Signal 2 = triangular wave. 

 

Figure 5.2 shows the plots of two signals  the sine wave and  the triangular wave with 

1000 samples of the two sources. The sine wave and triangular wave each had a different 

period to ensure independence.  Figure 5.3 shows a plot of two signals  which are  

and  applied to the mixing matrix which have been linearly transformed to identify the 

original distributions. The signals are then required for pre-processing to achieve the 

separation efficiently. 

 

The mixing matrix , used was: , 

The mixed signals were formed by: 

 

    (5.1) 
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Figure 5.3: (a) Two signals  and are linearly transformed; (b) mixed signal 1 ;         

(c) mixed signal 2 . MATLAB source code to plot two signals   and    are linearly 

transformed, mixed signal 1   and mixed signal 2   is attached in Appendix B, page 219 

 

5.3.3 Pre-processing the data 

 

5.3.3.1 Introduction 

 

Several techniques are used in the separation process which helps achieve solutions more 

efficiently although some algorithms fail to separate at all without some pre-processing. 

These techniques are not separation methods in themselves, but are used frequently in 

separation methods. 

 

Pre-processing involves signal whitening, where this is a de-correlation method that converts 

the covariance matrix  of a set of samples into the identity matrix . This effectively creates 
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new random variables that are uncorrelated and have the same variances as the original 

random variables. 

 

An additional reason to introduce whitening is that some higher-order separation methods 

rely on the fact that the separation matrix is orthogonal for their operation, and whitening the 

data fulfils that condition. Further details regarding this process are discussed in section 

5.3.3.4. 

 

5.3.3.2 Data processing 

 

To estimate for , the mixed signals need to be centred by subtracting the 

mean : 

 

    (5.2) 

 

 

 

After centring the data as shown in figure 5.4, the data should now be whitened,  
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Figure 5.4: (a) signal plot; (b) signal plot; (c) joint distribution of centred signals  

and . MATLAB source code to plot signal , signal  and joint distribution of centred 

signals  and   is attached in Appendix B, page 220 

 

5.3.3.3 De-correlation of data 

 

De-correlation is equivalent to orthogonalisation in the classic matrix computation. In 

Principal Component Analysis (PCA) there are techniques to whiten data using the de-

correlation condition. That is, when the signals are uncorrelated the expectation of their 

product is zero. This forces the correlation matrix to be diagonal. With the further condition 

that the second order statistics are normalised, “the correlation matrix  then 

becomes the unit matrix”, this property was independently proposed by Plumbley (1993). 
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5.3.3.4 Whitening 

 

The signals are normally considered white if their spectral densities are approximately flat 

over the entire bandwidth of interest. In the discrete-time domain a signal is referred to as 

(discrete-time) white, if it is uncorrelated with itself from one time point to the next, which is 

given by: 

 

  (5.3) 

and 

 

    (5.4) 

 

where  is a constant, for the variance of , which is independent of frequency. Because 

this definition of white noise involves only second order statistics, it is sometimes termed 

second-order white noise since it is possible to characterise white noise by higher than second 

order statistics (Nikias and Mendel 1993). 

 

When considering whiteness in the source separation field, the definition is slightly more 

restrictive. In this case the variance is generally constrained to unity (Comon, 1994, 

Karhunen et al. 1995, Cardoso and Laheld, 1996). This normalisation presents no problems 

in source separation because the signal scaling is undetermined after the mixing anyway. 

 

Whitening is an important pre-processing strategy in ICA. The observed vector  is linearly 

transformed into the new vector  which is whitened. The components of the whitened 

vector are uncorrelated and have unit variance. In other words the covariance matrix equals 

the identity matrix.  

 

        (5.4.1) 
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Eigen Value Decomposition (EVD) of the covariance matrix is the method used for 

whitening. 

 

       (5.4.2) 

 

where, 

 is the orthogonal matrix of the Eigen vector of  

 is the diagonal matrix of the Eigen values 

 

Whitening is achieved by use of the equation , and whitening transforms the 

mixing matrix into a new mixing matrix  .  

 

        (5.5) 

 

The process of whitening resides in the fact that the new mixing matrix  is orthonormal 

( ), that is . Whitening therefore reduces the number of parameters to be 

estimated, so instead of estimating parameters of the original mixing matrix , it is 

necessary to estimate only the parameters of the new orthogonal mixing matrix . The 

orthogonal matrix contains  degrees of freedom.  
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Figure 5.5: (a) signal plot (b) signal plot (c) joint distribution of whitened and centred 

signals  and . MATLAB source code to plot signal , signal  and joint distribution of 

whitened and centred signals  and  is attached in Appendix B, page 221 

 

In a two dimensional representation the orthogonal transformation is determined by the single 

angle parameter . In the two dimensional representation of figure 5.5(c) the 

joint distribution of  and  which was previously square in shape, after whitening, the 

signal is rotated to an orthogonal angle and it then becomes the only parameter to be 

estimated. The size of an orthogonal matrix reduces the size of the original arbitrary mixing 

matrix. Therefore whitening reduces the analysis by half which reduces the complexity of the 

problem.  

 

In general, the dimension of the data can be estimated by whitening. Consider the Eigen 

values and discard those that are small like PCA. PCA maximises the variance and 

de-correlates the data whereas the whitening in ICA only de-correlates the data. 
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For continuity, the examples of two signals  and  were mixed with random noise and 

the TS-ICA model was applied to separate the mixed random noise. Figure 5.6 indicates that 

source separation using TS-ICA model is possible to separate a given sub-Gaussian source 

from the randomly mixed noise signal. 

 

 
 

Figure 5.6: (a) Signal of sub-Gaussian source; (b) Signal  mixed with random noise;  

(c) Separation of sub-Gaussian signal from mixed noise 

 

After the simulation was complete, the inverse matrix  was estimated and the mixed 

components were reconstructed.  

 

The estimation of the mixing matrix is: 

 

   (5.6) 

 

The values from equation (5.6) are estimated and are approximately equal to the initial 

mixing matrix. The mixing matrix mixed the signals initially, and its inverse provides the 
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original signals. Figure 5.7 indicates that source separation using TS-ICA model is possible 

to separate a given super-Gaussian source from the randomly mixed noise signal. 

 

 
 

Figure 5.7: (a) Signal of super-Gaussian source; (b) Signal  mixed with random noise;  

(c) Separation of super-Gaussian signal from mixed signal 

 

5.4 Enhanced GBD 

 

The main advantage of using EGBD is to provide a bound limit to compared to in 

GLD, also EGBD is consistent in this process. In EGBD there are four regions of parameter 

values where the distributions are justifiable, which in the density function is non-negative 

for all , which is shown in figure 5.8 
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Figure 5.8: Regions 3 and Region 4 are valid EGBD regions.  

Other regions is not valid for  and  

 

The author Ramberg et al, 1979 was interested in the centre of Region 3 and 4 since positive 

moments do not exist for the distributions in the Region 1 and 2. The values of   lies 

between the Region 3 and Region 4 boundaries and the corresponding  relations are 

given in Table 5.1 and 5.2. Using these criteria, the EGBD model is employed to calculate 

estimates of the  and  values. 
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Table 5.1: Region 3, Lower and upper bounds of the distribution 

 

 
 

Table 5.2: Region 4, Lower and upper bounds of the distribution 

 

The determination of values requires the calculation of the first four sample moments 

as given in equations 3.9, 3.10, 3.11, 3.12. The  parameters of GBD are obtained 

by solving the equation 5.7 and 5.8. 

  

  (5.7) 

 

and the equation for , 

 

  (5.8) 

 

where for .  
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For the parameters  and  these can be calculated by using  

 

   (5.9) 

and 

    (5.10) 

 

The conditions are, if  then the parameters and  are interchanged (Eriksson et al, 

2000). With all four beta values it is now necessary to compute the score function. The score 

function is used to calculate the non linearities of the observation vector and the values 

of  and  are updated using the EGBD model. 

 

The score function is derived from the inverse function which was given in the chapter 3, 

section 3.1.6,  

 

   (5.11) 

 

where,  and , , , and are the parameters of the distributions. Using the 

inverse function the score functions are calculated, which was explained in the chapter 3, 

section 3.1.6. 

 

For the simple case of super-Gaussian signals to parameterise a distribution deviation from 

Gaussian signals is relatively simple. A probability distribution of super-Gaussian must have 

the same area as that of a Gaussian signals with a variance of one. Therefore, if the super-

Gaussian signal has a higher kurtosis with zero for the skewed distributions than a Gaussian 

signal, the probability around its mean of zero has to be greater than that of a Gaussian signal. 

This height of the signal can then be used as a measure of the Gaussian deviation, providing 

the signal has a variance of one. It is this estimated parameter that has to be calculated using 

EGBD by the method of moments (as discussed in chapter 3, section 3.1.6) which is used in 

the following sample test on the uncorrected Hector Mine earthquake data mixed with the tilt 

component. 
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5.5  Visual interpretation of tilt separation 

 

 
 

Figure 5.9: (a) the horizontal component of the uncorrected acceleration of the Hector Mine 

earthquake data; (b) true velocity calculated from the corrected acceleration time histories 

records; (c) true displacement calculated from the acceleration time histories records 

contaminated by tilt (dotted line), and displacement obtained using the TS-ICA algorithm for 

baseline correction. Refer to source code Appendix B, page 222 

 

 
 

Figure 5.10: Superimposed of uncorrected acceleration time histories records with corrected 

acceleration time histories records of Hector Mine earthquake. 
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Figure 5.10 shows the superimposing of two signals corrected and uncorrected acceleration. 

When the corrected acceleration is integrated twice this provides a better estimation of the 

ground displacement without any offset. When the uncorrected acceleration is integrated 

twice this provides a growing displacement as shown in the figure 5.9(c). It clearly indicates 

that even a small deviation due to tilt and noise provides a significant drift thereby providing 

unrealistic ground displacement. 

  
 

Figure 5.11: Superimposed of uncorrected velocity to corrected velocity of Hector Mine 

earthquake data 

 
 

Figure 5.12: Comparison of estimated displacement of Hector Mine data, displacement 

calculated from the time histories records contaminated by tilt (dotted line) and estimated true 

displacement (dashed line) obtained using the TS-ICA algorithm for baseline correction. 
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Figure 5.13: (a), Tilt with maximum amplitude of  (b), separated tilt from the 

contaminated record of Hector mine earthquake data 

 

Figure 5.13(a) shows the plot of artificial tilt data, and figure 5.13(b) shows separated tilt 

from the Hecter Mine earthquake data using TS-ICA model. It clearly indicates that the 

separated tilt using TS-ICA model is close in approximation to the synthetic tilt.  

 

 
 

Figure 5.14: Separated tilt from the contaminated record is superimposed on the uncorrected 

acceleration Hector Mine earthquake data 
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5.6 Two studies are presented: 

To investigate the source separation by TS-ICA model, two cases of signal separation were 

considered. This requires  and  Gaussian source signal separation from the 

randomly mixed noise signal and the synthetic tilt separation of the Hector Mine earthquake 

data. In the first case,  and  Gaussian signals which were mixed with noise 

were efficiently separated using TS-ICA, and the results were shown in figure 5.6 and 5.7 

respectively.  

 

In the second study, Hector Mine earthquake data was used with the synthetic tilt mixed with 

the ground acceleration data. The TS-ICA model was used for tilt separation and as a result 

the useful estimates of true ground acceleration, velocity and displacement were obtained and 

verified with the available true estimates of the Hector Mine earthquake records. The 

comparison of true displacement of the Hector Mine earthquake data and tilt acceleration 

were shown in figure 5.12 and 5.13 respectively. 

 

Contaminated seismic data from four different earthquake’s with noise combined with a tilt 

component for earthquakes of greater magnitude ( ) are used in the TS-ICA model 

in chapter 6 for the separation of these components in order to estimate the ground velocity 

and displacement. 

 

5.7 Summary 
Whitening and centring have been discussed as conditioning methods with respect to the 

separation problem, and methods for implementation have been suggested. Both have the aim 

of making the learning rate more efficient, though the natural gradient is superior as it 

optimises the speed of convergence.  

 

Two set of examples were shown. The first set was randomly generated data of sub-Gaussian 

(figure 5.2a) and super-Gaussian (figure 5.2b) signals mixed with random noise which was 

separated and their corresponding mixing matrix was estimated. The second set was the real 

time Hector Mine earthquake data mixed with the artificial tilt which was separated and the 

estimated displacement is shown in figure 5.9(c). 
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Chapter 6 
 

Application of TS-ICA model 

 

6.1 Introduction 

 

In this chapter the TS-ICA model is applied to real seismic data from four different countries 

(Taiwan 1999, Chile 2010, Turkey 1999, New Zealand 2011) from which a seismogram of 

each is tested and results are plotted. This data is provided in the four sections (6.2, 6.3, 6.4 

and 6.5) for the four countries and results of components NS, EW, and V, are provided for 

the corrected ground acceleration, velocity, displacement and separated tilt. 

 

6.2 CHI-CHI (1999) earthquake, Taiwan 

 

6.2.1 Data used 

 

The first data set (CBW, 2010) used was from the Chi-Chi (1999) earthquake, Taiwan with a 

magnitude of . The header file contains the information about the type of 

instrument A900, station latitude – (24.277), station longitude – (120.766), record length and 

the sampling rate. The representation of three components are U(+) for the V-vertical 

component, N(+) for the NS-horizontal component, and E(+) for the EW-horizontal 

component (using V, NS, EW in the format for all sets of results). The first column represents 

the time of the recording of the ,  and surface wave in this order.  

 

The raw seismic data was recorded using the TCU068 accelerometric station of the TSMIP 

network (Taiwan Strong Motion Instrument Programme).  
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Header file: Station ID - TCU068, Chi-Chi (1999) earthquake, Taiwan. 
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Figure 6.2.1 (a): Chi-Chi earthquake (20 September 1999, Taiwan; ); (1) plot 

shows the original contaminated acceleration signals in ; (2) plot shows the estimated 

velocity in  obtained by time integration of the corrected acceleration signals; (3) plot 

shows the estimated displacement in  obtained by the second integration of the corrected 

acceleration signals; (4) plot shows the separated tilt from the acceleration time histories. The 

estimated tilt maximum amplitude   in the positive direction. 
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Figure 6.2.1 (b): Comparison between the actual acceleration (dotted line) with corrected 

acceleration (dashed line) of NS horizontal component of station-TCU068 record. 

 

 
 

Figure 6.2.1 (c): Comparison between the uncorrected velocity (dotted line) with estimated 

velocity (dashed line) of NS horizontal component of station-TCU068 record 

 

 
 

Figure 6.2.1 (d): Comparison between the uncorrected displacement (dotted line) with 

estimated displacement of NS horizontal component (dashed line) of station-TCU068 record 
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Figure 6.2.1 (e): Raw acceleration data with superimposed deduced tilt component of the 

horizontal NS component of station-TCU068 record 

 

 
 

Figure 6.2.1 (f): (1) Velocity error due to tilt/noise of the NS horizontal component;  

(2) Displacement due to tilt/noise of the NS horizontal component 
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6.2.2 TCU068 EW horizontal component 

 

This section shows the results of the horizontal EW component of station TCU068 of the 

Taiwan earthquake data, comparison of actual data with baseline corrected output of 

estimated velocity, estimated displacement, separated tilt, tilt velocity and displacement. 

 

 
 

Figure 6.2.2 (a): Chi-Chi earthquake (20 September 1999, Taiwan; ); (1) plot 

shows the original contaminated acceleration signals in ; (2) plot shows estimated 

velocity in  obtained by time integration of the corrected acceleration signals; (3), plot 

shows the estimated displacement in  obtained by the second integration of the corrected 

acceleration signals; (4) plot shows the separated tilt from the acceleration time histories. The 

estimated tilt maximum amplitude   in the negative direction. 
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Figure 6.2.2 (b): Comparison between the actual acceleration (dotted line) with corrected 

acceleration (dashed line) of EW horizontal component of station-TCU068 record. 

 

 

 
 

Figure 6.2.2 (c): Comparison between the uncorrected velocity (dotted line) with estimated 

velocity (dashed line) of EW horizontal component of station-TCU068 record 

 

 

 
 

Figure 6.2.2 (d): Comparison between the uncorrected displacement (dotted line) with 

estimated displacement of EW horizontal component (dashed line) of station-TCU068 record. 
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Figure 6.2.2 (e): Raw acceleration data with superimposed deduced tilt component of the 

horizontal EW component of station-TCU068 record. 

 

 
 

Figure 6.2.2 (f): (1) Separated tilt velocity of the EW horizontal component; (2) tilt 

displacement of the EW horizontal component. 
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6.2.3 TCU068 Vertical component 

 

This section shows the results of the vertical V component of station TCU068 of the Taiwan 

earthquake data, comparison of actual data with baseline corrected output of estimated 

velocity, estimated displacement, separated tilt, tilt velocity and displacement. 

 

 
 

Figure 6.2.3 (a): Chi-Chi earthquake (20 September 1999, Taiwan; ); (1) plot shows 

the original contaminated acceleration signals in ; (2) plot shows estimated velocity in 

 obtained by time integration of the corrected acceleration signals; (3) plot shows the 

estimated displacement in  obtained by the second integration of the corrected acceleration 

signals; (4) plot shows the separated noise from the acceleration time histories. 
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Figure 6.2.3 (b): Comparison between the actual acceleration (dotted line) with corrected 

acceleration (dashed line) of V vertical component of station-TCU068 record. 

 

 
Figure 6.2.3 (c): Comparison between the uncorrected velocity (dotted line) with estimated 

velocity (dashed line) of V vertical component of station-TCU068 record. 

 

 
Figure 6.2.3 (d): Comparison between the uncorrected displacement (dotted line) with 

estimated displacement of V vertical component (dashed line) of station-TCU068 record. 

 
Figure 6.2.3 (e): Raw acceleration data with superimposed deduced tilt component of the V 

vertical component of station-TCU068 record. 
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6.3 Maule earthquake, Chile 

 

6.3.1 Data used 

 

The second data set (DGF, 2002) used was from the Maule earthquake, Chile with the 

magnitude of . The header file contains the information about the type of 

instrument SSA and station latitude – (-33.3961) and Station longitude – (-70.5369), record 

length and the sampling rate. The representations of three components are Z110 for the V-

vertical component, N110 for the NS-horizontal component, and E110 for the EW-horizontal 

component. 

 

The raw seismic data was recorded using the CLCH accelerometric station of the GDACS 

network (Global Disaster Alert and Coordination System) with cooperation from the United 

Nations of South America. 
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Header file: Station ID CLCH, Maule (2010) earthquake, Chile. 
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Figure 6.3.1(a): Maule earthquake (27 February 2010, Chile; ); (1) plot shows the 

original contaminated acceleration signals in ; (2) plot shows estimated velocity in 

 obtained by time integration of the corrected acceleration signals; (3) plot shows the 

estimated displacement in  obtained by the second integration of the corrected acceleration 

signals; (4) plot shows the separated tilt from the acceleration time histories. The estimated 

tilt maximum amplitude   in the positive direction. 
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Figure 6.3.1(b): Comparison between the actual acceleration (dotted line) with corrected 

acceleration (dashed line) of CLCH-NS component.  

 

 
 

Figure 6.3.1(c): Comparison between, without baseline corrected velocity (dotted line) with 

baseline corrected velocity (dashed line) of CLCH-NS component. 

 

 
 

Figure 6.3.1(d): Comparison between uncorrected displacement (dotted line) with baseline 

corrected displacement (dashed line) of CLCH-NS component. 

 

 



 
 
 

 
0223861  105 
Research Thesis  University of East London 
 

 
 

Figure 6.3.1(e): Raw acceleration data with superimposed deduced tilt component of the 

CLCH-NS component. 

 

 
 

Figure 6.3.1(f): (1) Separated tilt velocity of the CLCH-NS component; (2) tilt displacement 

of the CLCH-NS component. 
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6.3.2 CLCH-EW horizontal component 

 

This section shows the results of the horizontal EW component of station CLCH of the Chile 

earthquake data, comparison of actual data with baseline corrected output of estimated 

velocity, estimated displacement, separated tilt, tilt velocity and displacement. 

 

 
 

Figure 6.3.2 (a): Maule earthquake (27 February 2010, Chile; ); (1) plot shows the 

original contaminated acceleration signals in ; (2) plot shows estimated velocity in 

 obtained by time integration of the corrected acceleration signals; (3) plot shows the 

estimated displacement in  obtained by the second integration of the corrected acceleration 

signals; (4) plot shows the separated tilt from the acceleration time histories. The estimated 

tilt maximum amplitude   in the negative direction. 
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Figure 6.3.2 (b): Comparison between the actual acceleration (dotted line) with corrected 

acceleration (dashed line) of CLCH-EW component. 

 

 
 

Figure 6.3.2 (c): Comparison between, without baseline corrected velocity (dotted line) with 

baseline corrected velocity (dashed line) of CLCH-EW component. 

 

 

 

 
 

Figure 6.3.2 (d): Comparison between uncorrected displacement (dotted line) with baseline 

corrected displacement (dashed line) of CLCH-EW component. 
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Figure 6.3.2 (e): Raw acceleration data with superimposed deduced tilt component of the 

CLCH-EW component. 

 

 
 

Figure 6.3.2 (f): (1) Separated tilt velocity of the CLCH-EW component; (2) tilt displacement 

of the CLCH-EW component. 
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6.3.3 CLCH-V vertical component 

 

This section shows the results of the vertical V component of station CLCH of the Chile 

earthquake data, comparison of actual data with baseline corrected output of estimated 

velocity, estimated displacement, separated tilt, tilt velocity and displacement. 

 

 
 

Figure 6.3.3 (a): Maule earthquake (27 February 2010, Chile; ); (1) plot shows the 

original contaminated acceleration signals in ; (2) plot shows estimated velocity in 

 obtained by time integration of the corrected acceleration signals; (3) plot shows the 

estimated displacement in  obtained by the second integration of the corrected acceleration 

signals; (4) plot shows the separated noise from the acceleration time histories. 
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Figure 6.3.3 (b): Comparison between the actual acceleration (dotted line) with corrected 

acceleration (dashed line) of CLCH-V component. 

 

 
Figure 6.3.3 (c): Comparison between, without baseline corrected velocity (dotted line) with 

baseline corrected velocity (dashed line) of CLCH-V component. 

 

 
 

Figure 6.3.3 (d): Comparison between uncorrected displacement (dotted line) with baseline 

corrected displacement (dashed line) of CLCH-V component. 

 
 

Figure 6.3.3 (e): Raw acceleration data with superimposed separated noise of the CLCH-V 

component. 
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6.4 Kocaeli earthquake, Turkey 

 

6.4.1 Data used 

 

The third data set of the Kocaeli earthquake, Turkey (Akkar and Gülkan 1999) was used with 

a magnitude of . The header file contains the information about the type of 

instrument SMA-1 and station latitude – (40.7000), station longitude – (29.9100), record 

length and the sampling rate. The representations of three components are U_D for the V-

vertical component, N-S for the NS-horizontal component and E-W for the EW-horizontal 

component.  

 

The raw seismic data was recorded using the station 5401 accelerometric of the Sakarya 

Province of the TKYHP network (Turkey National Strong Ground Motion Program 

(TKYHP, 2009)). 
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Header file: Station ID 5401, Kocaeli (1999) earthquake data. 
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Figure 6.4.1 (a): Kocaeli earthquake (17 August 1999, Turkey; ); (1) plot shows 

the original contaminated acceleration signals in ; (2) plot shows estimated velocity in 

 obtained by time integration of the corrected acceleration signals; (3) plot shows the 

estimated displacement in  obtained by the second integration of the corrected acceleration 

signals; (4) plot shows the separated tilt from the acceleration time histories. The estimated 

tilt maximum amplitude   in the negative direction. 

 

 
 

Figure 6.4.1 (b): Comparison between the actual acceleration (dotted line) with corrected 

acceleration (dashed line) of station 5401 NS component. 
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Figure 6.4.1 (c): Comparison between, without baseline corrected velocity (dotted line) with 

baseline corrected velocity (dashed line) of station 5401 NS component. 

 

 
Figure 6.4.1 (d): Comparison between uncorrected displacement (dotted line) with baseline 

corrected displacement (dashed line) of station 5401 NS component. 

 

 
 

Figure 6.4.1 (e): Raw acceleration data with superimposed deduced tilt component of the 

station 5401 NS component. 
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Figure 6.4.1 (f): (1) Separated tilt velocity of station 5401 NS component; (2) tilt 

displacement of station 5401 NS component. 
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6.4.2 Kocaeli EW horizontal component 

 

This section shows the results of the horizontal EW component of station 5401 of the Koceali 

earthquake data, comparison of actual data with baseline corrected output of estimated 

velocity, estimated displacement, separated tilt, tilt velocity and displacement. 

 

 
Figure 6.4.2 (a): Kocaeli earthquake (17 August 1999, Turkey; ); (1) plot shows the 

original contaminated acceleration signals in ; (2) plot shows estimated velocity in 

 obtained by time integration of the corrected acceleration signals; (3) plot shows the 

estimated displacement in  obtained by the second integration of the corrected acceleration 

signals; (4) plot shows the separated tilt from the acceleration time histories. The estimated 

tilt maximum amplitude   in the positive direction. 
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Figure 6.4.2 (b): Comparison between the actual acceleration (dotted line) with corrected 

acceleration (dashed line) of station 5401 EW component. 

 

 
 

Figure 6.4.2 (c): Comparison between, without baseline corrected velocity (dotted line) with 

baseline corrected velocity (dashed line) of station 5401 EW component. 

 

 
 

Figure 6.4.2 (d): Comparison between uncorrected displacement (dotted line) with baseline 

corrected displacement (dashed line) of station 5401 EW component. 
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Figure 6.4.2 (e): Raw acceleration data with superimposed deduced tilt component of the 

station 5401 EW component. 

 

 
 

Figure 6.4.2 (f): (1) Separated tilt velocity of station 5401 EW component; (2) tilt 

displacement of station 5401 EW component. 
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6.4.3 Koceali 5401, Vertical component 

 

This section shows the results of the vertical V component of station 5401 of the Koceali 

earthquake data, comparison of actual data with baseline corrected output of estimated 

velocity, estimated displacement, separated tilt, tilt velocity and displacement. 

 

 
 

Figure 6.4.3 (a): Kocaeli earthquake (17 August 1999, Turkey; ); (1) plot shows 

the original contaminated acceleration signals in ; (2) plot shows estimated velocity in 

 obtained by time integration of the corrected acceleration signals; (3) plot shows the 

estimated displacement in  obtained by the second integration of the corrected acceleration 

signals; (4) plot shows the separated tilt from the acceleration time histories. 
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Figure 6.4.3 (b): Comparison between the actual acceleration (dotted line) with corrected 

acceleration (dashed line) of station 5401 V component. 

 

 
Figure 6.4.3 (c): Comparison between, without baseline corrected velocity (dotted line) with 

baseline corrected velocity (dashed line) of station 5401 V component. 

 

 
Figure 6.4.3 (d): Comparison between uncorrected displacement (dotted line) with baseline 

corrected displacement (dashed line) of station 5401 V component. 

 
 

Figure 6.4.3 (e): Raw acceleration data with superimposed separated noise of the station 5401 

V component. 
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6.5 Christchurch earthquake, New Zealand 

 

6.5.1 Data used 

 

The fourth data set of the Christchurch earthquake, New Zealand was used with a magnitude 

of . The header file contains the information about the type of instrument 

CUSP_331 and station latitude – ( ), station longitude – ( ). The 

representations of three components are UP vertical for the negative vertical component, NW 

horizontal for the negative component and SW horizontal for the negative component.  

 

The raw seismic data was recorded using the station GDLC accelerometric of the 

Christchurch Province of the GEONET network (GNS Science (GNS, 2011)). 
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Header file: Station ID GDLC, Christchurch (2011) earthquake, New Zealand. 
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Figure 6.5.1 (a): Christchurch earthquake (22 February 2011, New Zealand; ); (1) 

plot shows the original contaminated acceleration signals in ; (2) plot shows estimated 

velocity in  obtained by time integration of the corrected acceleration signals; (3) plot 

shows the estimated displacement in  obtained by the second integration of the corrected 

acceleration signals; (4) plot shows the separated tilt from the acceleration time histories. The 

estimated tilt maximum amplitude   in the negative direction. 

 

 
Figure 6.5.1 (b): Comparison between the actual acceleration (dotted line) with corrected 

acceleration (dashed line) of GDLC-NW component. 
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Figure 6.5.1 (c): Comparison between, without baseline corrected velocity (dotted line) with 

baseline corrected velocity (dashed line) of GDLC-NW component. 

 

 
 

Figure 6.5.1 (d): Comparison between uncorrected displacement (dotted line) with baseline 

corrected displacement (dashed line) of GDLC-NW component. 

 

 

 
 

Figure 6.5.1 (e): Raw acceleration data with superimposed deduced tilt component of the 

GDLC-NW component. 
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Figure 6.5.1 (f): (1) Separated tilt velocity of the GDLC-NW component; (2) tilt 

displacement of the GDLC-NW component. 
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6.5.2 GDLC – SW horizontal component 

 

This section shows the results of the SW component of station GDLC of the Christchurch 

earthquake data, comparison of actual data with baseline corrected output of estimated 

velocity, estimated displacement, separated tilt, tilt velocity and displacement. 

 

 
 

Figure 6.5.2 (a): Christchurch earthquake (22 February 2011, New Zealand; ); (1) 

plot shows the original contaminated acceleration signals in ; (2) plot shows the 

estimated velocity in  obtained by time integration of the corrected acceleration signals; 

(3) plot shows estimated displacement in  obtained by the second integration of the 

corrected acceleration signals; (4) plot shows the separated tilt from the acceleration time 

histories. The estimated tilt maximum amplitude   in the negative direction. 
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Figure 6.5.2 (b): Comparison between the actual acceleration (dotted line) with corrected 

acceleration (dashed line) of GDLC-SW component. 

 

 
 

Figure 6.5.2 (c): Comparison between, without baseline corrected velocity (dotted line) with 

baseline corrected velocity (dashed line) of GDLC-SW component. 

 

 
 

Figure 6.5.2 (d): Comparison between uncorrected displacement (dotted line) with baseline 

corrected displacement (dashed line) of GDLC-SW component. 
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Figure 6.5.2 (e): Raw acceleration data with superimposed deduced tilt component of the 

GDLC-SW component. 

 

 
 

Figure 6.5.2 (f): (1) Separated tilt velocity of the GDLC-NW component; (2) tilt 

displacement of the GDLC-NW component. 
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6.5.3 GDLC – UP vertical component 

 

This section shows the results of the vertical UP component of station GDLC of the 

Christchurch earthquake data, comparison of actual data with baseline corrected output of 

estimated velocity, estimated displacement, separated tilt, tilt velocity and displacement. 

 

 
 

Figure 6.5.3 (a): Christchurch earthquake (22 February 2011, New Zealand; ); (1) 

plot shows the original contaminated acceleration signals in ; (2) plot shows the 

estimated velocity in  obtained by time integration of the corrected acceleration signals; 

(3) plot shows the estimated displacement in  obtained by the second integration of the 

corrected acceleration signals; (4) plot shows the separated tilt from the acceleration time 

histories. The estimated tilt maximum amplitude   in the negative direction. 
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Figure 6.5.3 (b): Comparison between the actual acceleration (dotted line) with corrected 

acceleration (dashed line) of GDLC-V component. 

 

 
Figure 6.5.3 (c): Comparison between, without baseline corrected velocity (dotted line) with 

baseline corrected velocity (dashed line) of GDLC-V component. 

 

 
Figure 6.5.3 (d): Comparison between uncorrected displacement (dotted line) with baseline 

corrected displacement (dashed line) of GDLC-V component. 

 

 
Figure 6.5.3 (e): Raw acceleration data with superimposed separated noise of the  

 GDLC-V component. 
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In this chapter the results of station data of three components (two horizontal and one 

vertical) from earthquakes in four countries (Taiwan, Chile, Turkey and New Zealand) are 

shown. Additional station results are shown in the Appendix 1.    

 

 

Chi-Chi (1999) earthquake, Taiwan 

Stations ID are: TCU039, TCU046, TCU052, TCU059, TCU067, TCU071, TCU072, 

TCU074, TCU075, TCU078, TCU079, TCU084, TCU089, TCU101, TCU123, TCU128, 

TCU129, and TCU141. 

 

 

Maule (2010) earthquake, Chile 

Stations ID are: ROC1, and ANTU. 

 

 

Kocaeli (1999) earthquake, Turkey 

Stations ID are: 0104, 0301, 0901, 1001, 1404, 1604, 1612, 1701, 2002, 3401, 3403, 3502, 

3701, 4101, 4106, 4302, 4501, 5902, 5903, 6001, 6401, and 8101  

 

 

6.6  Summary and conclusions                   
 

This chapter has shown how source separation techniques can be applied to data analysis in 

real-world seismology engineering situations. 

 

Evidence has shown that the assumption to obtain the tilt component estimation needs to be 

verified using the TS-ICA model, although there are some small effects due to noise that still 

remain and will require to be investigated further.  
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Chapter 7 
 

Results and Comparisons 

 

7.1 Introduction 

 

In this chapter, more useful applications occur when the TS-ICA model is used in more 

complex situations. An interesting result occurs when trying to separate the tilt component 

from the raw earthquake recorded data for three components (one vertical and two 

horizontal). These results were analysed and final values compared with the available 

estimated ground displacement results from the published papers.  

 

The major concerns are to find the estimate of true displacement by removing the tilt and 

noise from the acceleration records, which are inherent in the data. The tilt curves are made 

up of closely located points that are highly correlated; understanding the links between 

individual measurements over time; the determination estimate of true displacement and the 

separation tilt data is possible. 

 

Another limitation which needs to be examined is the scalability of the algorithm (number of 

iteration taken to attain convergence). When dealing with a randomised mixing matrix to 

check the adaptive estimator compared to higher order statistics, certain drawbacks must be 

addressed before this can be further developed. Adaptive whitening estimators must be 

designed in order to keep the sources within a mean of zero and a variance of one. The 

mixing matrix must also be chosen correctly to ensure that convergence of the signal for non-

Gaussian distribution thereby satisfies the separation criteria. 

 

There are also some computational issues associated with estimating  values, 

particularly  and , whereas  and  are calculated as per conversion of the 

estimated sample moments of  and . Initially  and  values are obtained from the 

available table-II (Dudewicz and Karian, 1996). Further optimisation of  and  values 

was undertaken using the novel EGBD model. 
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Analysis of the results obtained from the chapter 6 is compared with the estimated results 

from the previously published papers. There are many corrected results of the Chi-Chi (1999) 

earthquake, Taiwan, which has made it easy to compare the data. However it has not been 

possible to find other references to the Maule, Chile (2010) earthquake, so this work has not 

been compared. Some work has been carried out on the Kocaeli (1999) earthquake, Turkey, 

which included only one EW component benchmarked but the other components of NS and 

V were ignored. This may have been because the component data was not clean, but the 

results of the Kocaeli (1999), Turkey have been considered in the experimental work and 

results have been produced. 

 

The first set of graphical representations from the chapter 6 includes estimated velocity, 

displacement and separated tilt plus noise is shown in figure 6.2.1(a). Graphs are shown in 

figure 6.2.1(b) of the comparison between the corrected signals and uncorrected signals also 

of separated tilt plus noise after first integration and tilt plus noise after second integration is 

shown in figure 6.2.1(f). These graphs require further investigation to verify the scalability of 

measurements. 

 

In order to analyse the results, the estimate of ground displacement from chapter 6 is 

compared with the available results from the published papers and also with the GPS 

measurements of the station TCU068 records shown in figure 6.2.1(a), 6.2.2(a), and 6.2.3(a) 

of the NS-, EW- and V components respectively, a summary of this data is provided in the 

table 7.1. 
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V (vertical component), NS (North-South component) as Positive, and EW (East-West 

component) as negative 

Table 7.1: Comparison table for estimated ground displacements at station TCU068 of Chi-

Chi earthquake, Taiwan. 

 

The second set of results from the station CLCH of the Maule (2010) earthquake, Chile with 

the estimated ground displacement measurements are given in table 7.2:  measurements of the 

station CLCH records are shown in figure 6.3.1(a), 6.3.2(a), and 6.3.3(a) of NS-, EW- and V 

components respectively in chapter 6. 

 

 
V (vertical component), NS (North-South component) as Positive, and EW (East-West 

component) as negative 

Table 7.2: Estimated ground displacements at station CLCH of Maule earthquake, Chile 

 

The third set of results from the station 5401 of the Kocaeli (1999) earthquake, Turkey with 

the estimated ground displacement measurements are given in table 7.3: only 5401 EW 

components of estimated displacement are compared with the available results from the 

published papers. Estimated ground displacement measurements of the station 5401 records 
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are shown in figure 6.4.1(a), 6.4.2(a), and 6.4.3(a) of NS-, EW- and V components 

respectively in chapter 6. 

 

 
V (vertical component), NS (North-South component) as Negative, and EW (East-West 

component) as Positive. 

Table 7.3: Comparison of estimated ground displacements at station 5401 of Kocaeli 

earthquake, Turkey 

 

The results obtained in this research provide a novel approach to the determining the 

estimation of displacement for a number of earthquake locations. It is considered that these 

results provide an improved accuracy since there is a separation of the tilt plus noise 

components as demonstrated in Table 7.1 and 7.3. 

 

The fourth set of results from the station GDLC of Christchurch (2011) earthquake, New 

Zealand estimated ground displacement measurements are given in table 7.4. Estimated 

ground displacement measurements of the station GDLC records are shown in figure 6.5.1(a), 

6.5.2(a), and 6.5.3(a) of NW- , SW- and V components respectively in chapter 6. 
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UP (vertical component) as Negative, NW (North-West component) as Negative, and SW 

(South-West component) as Negative 

 

Table 7.4: Comparison of estimated ground displacements at station GDLC of Christchurch 

earthquake, New Zealand 

 

 

 

7.2 Conclusions 

 

Further understanding may be gained by assuming that the mixing model is partially non-

linear (that is, considering the noise model

) and applying both linear and non-linear separation techniques. The 

computational issues of the values are adjusted by applying the EGBD model in order 

to improve the stability and efficiency of the model. The ground displacement results 

obtained from the TS-ICA model using three countries Taiwan, Chile and Turkey earthquake 

data were compared with the available results from the published papers. Finally the 

estimated tilt from the ground acceleration will require further investigation to gain a better 

understanding of the behaviour of tilt. 
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Chapter 8 
 

Tilt evaluation 

 

8.1 Introduction 

 

In this chapter, the computation to extract the tilt plus noise from the raw seismic recordings 

is discussed, and the tilt angles are compared with the method proposed by the French 

seismologist Robert Pillet (2007) to obtain tilt angles. A graphical representation of a 

horizontal component of TCU068-NS is shown with the comparison of the corrected velocity 

signal with the tilt angle removed. 

 

One component (NS) of the TCU068 station data is considered as an example to show the 

computation of separated tilt, from the figure 8.1. The first trace plotted is the velocity signal 

in  obtained by time integration of the original acceleration in  of the equation. 

The second trace is velocity in  obtained by time integration of the corrected 

acceleration signal in  obtained by using the model TS-ICA from the equation (8.1). 

The last trace is velocity in  obtained by time integration of the acceleration signal in 

 which is subtracted tilt  from the original acceleration signal in  

using equation (8.2). 

 

 

   (8.1) 

 

  (8.2) 

 

where, 

is the estimated tilt  

is the corrected ground acceleration signal using TS-ICA model 

is the new corrected ground acceleration signal 

is the raw ground acceleration signal  
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Figure 8.1: The three traces of velocity in   signals are obtained by time integration. 

 

From figure 8.2, two signals in  were obtained from the equations ( ) which 

are superimposed to show the difference of each signal that includes the uncorrected velocity 

signal (blue curve) and corrected velocity    (orange curve). 

 

 
 

Figure 8.2: Superimposed of three signals velocity in  of NS component of TCU068. 
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8.2 TCU068 NS tilt angle calculation 

 

The estimated tilt angles of the TCU068 NS component after separating the tilt   

maximum amplitude was  as shown in the last trace of figure 6.2.1(a) (4) in 

chapter 6. Pillet and Virieux (2007) found the value of the TCU068 NS component tilt  

amplitude of  for the azimuth, and concluded that the initial tilt  

has a value of  which is equal to . As a comparison of the tilt angle from 

the TS-ICA model had an amplitude of   for the azimuth, so the 

initial value is  which is . 

 

From the station TCU068 the nearest GPS measurement value for the displacement 

was  from the TS-ICA model the estimated true ground displacement was 

 which is shown in figure 8.3. 

 
 

Figure 8.3: Estimated ground displacement of TCU068 NS component. 

 

 

8.3 TCU068 EW tilt angle calculation 

 

The estimated tilt angles of the TCU068 EW component after separating the tilt   

maximum amplitude was  as shown in the last trace of figure 6.2.2(a) (4) in chapter 

6. The tilt angle from the TS-ICA model had an amplitude  of  for the 

azimuth, so the initial value was   which is  negative. 
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From the station TCU068 the nearest GPS measurement value for the displacement 

was  from the TS-ICA model and the estimated true ground displacement was 

 which is shown in figure 8.4. 

 

 
 

Figure 8.4: Estimated ground displacement of TCU068 EW component. 

 

8.4 TCU068 V component 

 

From the station TCU068 the nearest GPS measurement value for the displacement 

was  from the TS-ICA model and the estimated true ground displacement was 

 which is shown in figure 8.5. 

 

 
 

Figure 8.5: Estimated ground displacement of TCU068 V component. 

 

 

8.5 CLCH NS tilt angle calculation 

 

The estimated tilt angles of the CLCH NS component after separating the tilt   maximum 

amplitude was  as shown in the last trace of figure 6.3.1(a) (4) in chapter 6. The tilt 

angle from the TS-ICA model had an amplitude  of , so the initial value 

was   and which is . 
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From the TS-ICA model the estimated true ground displacement was  which is 

shown in figure 8.6. 

 

 
 

Figure 8.6: Estimated ground displacement of CLCH NS component. 

 

8.6 CLCH EW tilt angle calculation 

 

The estimated tilt angles of the CLCH EW component after separating the tilt   

maximum amplitude was  as shown in the last trace of figure 6.3.2(a) (4) in 

chapter 6. The tilt angle from the TS-ICA model had an amplitude  of , 

so the initial value was   and which is  negative. 

 

From the TS-ICA model the estimated true ground displacement was  which is 

shown in figure 8.7. 

 
 

Figure 8.7: Estimated ground displacement of CLCH EW component. 

 

8.7 CLCH V component 

 

From the TS-ICA model the estimated true ground displacement was  which is 

shown in figure 8.8. 
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Figure 8.8: Estimated ground displacement of CLCH V component. 

 

8.8 KOCAELI 5401 NS tilt angle calculation 

 

The estimated tilt angles of the Kocaeli 5401 NS component after separating the tilt   

maximum amplitude was  as shown in the last trace of figure 6.4.1(a) (4) in 

chapter 6. The tilt angle from the TS-ICA model had an amplitude  of , 

so the initial value was   and which is  negative. 

 

From the TS-ICA model the estimated true ground displacement is shown in figure 8.9. 

 

 
Figure 8.9: Estimated ground displacement of 5401 NS component. 

 

8.9 KOCAELI 5401 EW tilt angle calculation 

 

The estimated tilt angles of the Kocaeli 5401 EW component after separating the tilt   

maximum amplitude was  as shown in the  last  trace of figure 6.4.2(a) (4)  in  

chapter 6. The tilt angle from the TS-ICA model had an amplitude  of , so 

the initial value was   and which is . 
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From the TS-ICA model the estimated true ground displacement was  which is 

shown in figure 8.10. 

 

 
 

Figure 8.10: Estimated ground displacement of 5401 EW component. 

 

8.10 KOCAELI 5401 V component 

 

From the TS-ICA model the estimated true ground displacement was  which is 

shown in figure 8.11. 

 

 
 

Figure 8.11: Estimated ground displacement of 5401 EW component. 

 

8.11 CHRISTCHURCH GDLC NW tilt angle calculation 

 

The estimated tilt angles of the GDLC NW component after separating the tilt   

maximum amplitude was  as shown in the last trace of figure 6.5.1(a) (4) in 

chapter 6. The tilt angle from the TS-ICA model had an amplitude  of 

, so the initial value was   and which is  negative. 

 

From the TS-ICA model the estimated true ground displacement was  which is 

shown in figure 8.12. 



 
 
 

 
0223861  144 
Research Thesis  University of East London 
 

 

 
Figure 8.12: Estimated ground displacement of GDLC NW component. 

 

8.12 CHRISTCHURCH GDLC SW tilt angle calculation 

 

The estimated tilt angles of the GDLC SW component after separating the tilt   

maximum amplitude was  as shown in the last trace of figure 6.5.2(a) (4) in 

chapter 6. The tilt angle from the TS-ICA model had an amplitude  of 

, so the initial value was   and which is  negative. 

 

From the TS-ICA model the estimated true ground displacement was  which is 

shown in figure 8.13. 

 

 
 

Figure 8.13: Estimated ground displacement of GDLC SW component. 

 

8.13 CHRISTCHURCH GDLC UP vertical component 

 

From the TS-ICA model obtained and the estimated true ground displacement was 

 which is shown in figure 8.14. 
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Figure 8.14: Estimated ground displacement of GDLC V component. 

 

 
Table 8.1: Summary of calculated tilt angle 

 

8.14 Conclusions 

 

There is no proof that the mixing model is linear or even stationary and the parameters of the 

latent variables are similarly obscured. Consequently, any results obtained using simple 

source separation must be viewed as quantitative educated guesses at best. Ideally, the 

application of such a technique should be carried out with as much a priori expert knowledge 

of the system as possible in terms of quantitative analysis although other analytical methods 

can be used to evaluate the recovered ground displacement and tilt. 
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Chapter 9 
 

Conclusions and Further Work 
 

The performance of the proposed TS-ICA source separation model have been identified and 

discussed. This has led to exploit the learning algorithm as observed by Karian et al, (1996) 

and later by Eriksson et al, (2000) through his Generalised Beta Distribution which provides 

a platform to consider the development of other adaptive algorithms. The extension of this 

research work will be an examination of the convergence properties of the novel EGBD 

method and consideration to simplify the TS-ICA algorithm in order to speed up the process 

of convergence. 

 

The analysis has shown that the acceleration jump is due to tilt plus noise inherent within the 

acceleration time histories. By removing the tilt plus noise from the acceleration time 

histories, the drift in the baseline has been corrected. So the proposed TS-ICA model can be 

recommended to the analysis of seismic data in separating tilt plus noise. The MATLAB code 

developed in this research is specific only for removing the tilt plus noise components from 

the ground acceleration time histories as presented in section 3.2.1. The numerical simulation 

setup to extract tilt plus noise and correct baseline offset for earthquake recordings of higher 

magnitude have been provided in Chapter 6. The results have demonstrated that double 

integration is possible using the TS-ICA model in processing of the main-shock raw 

recordings from four countries Chi–Chi (1999) earthquake Taiwan, Maule (2010) earthquake 

Chile, Kocaeli (1999) earthquake Turkey and Christchurch (2011) earthquake New Zealand 

from the four stations TCU068, CLCH, 5401 and GDLC respectively. The TS-ICA model 

has enabled the ease of integration due to separation of the tilt/noise time histories from the 

raw data of the acceleration time histories and provides better estimates of true ground 

velocity and displacement. 

 

Further work with the EGBD method was to verify the stable model by analysing the learning 

rate. The learning rate depends on the updates of  and  values which were calculated 

using the novel EGBD method. It is important for modelling these parameters to their 
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equilibrium values and this EGBD method needs to be examined further to specify the 

scalability of the TS-ICA algorithm. 

 

The question of the tilt plus noise time history needs further investigation. The TS-ICA 

algorithm does separate a tilt plus noise time history from the main acceleration obtained 

from seismic records and the tilt angle was calculated for four stations TCU068, CLCH, 

5401, GDLC, which was shown in Table 8.1. It is difficult to define how much of the 

separated time history is contained in the tilt and how much is contained in the noise. 

Undoubtedly the tilt plus noise is separated out from the main acceleration time history, 

otherwise double-integration would not be possible. It is likely that the TS-ICA algorithm has 

separated the tilt and noise together into one time history. Further work will involve either 

pre-processing the acceleration time history in order to remove the noise, but retain the tilt. 

The more likely scenario would be to post-process the residual and separated time histories in 

order to extract the tilt/rotation from it. 
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Appendix 
Appendix A: Other results of estimated ground displacement, velocity and tilt
  from the different station. 

 
Appendix B: MATLAB project source code. 
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	1.5.2 Some background
	Noise enters into the recording from a number of sources including:
	The horizontal pendulums are sensitive to the acceleration effects of:

