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Summary 

 

A fractal is an object that displays self-similarity at 

various scales. If any portion of a fractal object is zoomed 

in, it can be noticed that the smaller section is actually a 

scaled-down version of the bigger one. Another very 

important quantitative aspect of a fractal is that it has a 

fractional dimension. Fractals play very important role for 

applications in earth sciences in the field of geophysics. 

Automatic detection of phases of the seismograms is 

developed by using fractal dimension. In this study, the 

seismograms of Jan Mayen Island earthquake of June 15, 

1995 and Redwood City, California of 30 January, 2001 

are taken. A relatively robust technique called the 

correlation integral technique is used to determine the 

correlation fractal dimension and infer about the presence 

of different phases of the seismograms. The result 

obtained in this study shows this new technique to work 

very well in terms of recognizing the seismic phases both 

in the presence and absence of noise. The correlation 

technique can also be used to detect fracture and faults in 

the subsurface because fractures also show a 

characteristics fractal dimension as compared to the 

surrounding and also can be used to infer about the first 

arrival of a seismic trace and its time of occurrence in the 

seismic trace. 

 

 

Introduction 

 

Fractals have played very crucial role towards 

applications in earth sciences in the field of geophysics. 

Many different algorithms can be designed to 

automatically detect a seismic signal in the presence of 

noise by finding fractal dimension. After its introduction 

by Mandelbrot in 1967 (Mandlebrot, 1967), the analysis 

of fractal dimensions has been widely adopted in several 

fields, mainly because all data often display a fractal 

character. The main work in this study is to use fractal 

dimension in the identification of different phases in a 

seismogram. A relatively versatile technique known as 

the correlation integral technique is used. The correlation 

integral technique is an effective way to find out the 

fractal dimension of different events. In this work, two 

case studies are shown where in one case the seismogram 

is free of noise and in the second case the seismogram 

contains events but in the presence of noise. Both the 

seismograms are manually digitized and the data points so 

generated are used in a Matlab program to determine the 

fractal dimension for various time windows. The value of 

the fractal dimension depend on the clustering of energy 

at a place and since during an event, say an earthquake, 

energy concentrations takes place at a smaller area, so 

signal and noise should have different fractal dimension. 

This concept is used in this study and different phases in 

the seismogram are identified.  

 

 

Method 

 

In the present study the ‘correlation integral technique’ is 

used to determine the fractal dimension and different 

phases of a seismogram are detected. The basic idea used 

is that random noise has higher fractal dimension as 

compared to the signals because in signals the energy 

clustering at place make the fractal dimensions lower 

(Tosi. et. al, 1999). The fractal dimension has the ability 

to differentiate noise from patterns within the data. 

 

The correlation integral can be used to find the fractal 

correlation dimension (Grassberger. et. al., 1983; Roy et. 

al., 2006 & 2009). The correlation integral is a cumulative 

correlation function that measures the fraction of points in 

the 2-dimensional space and is defined as, 

 

 

 

    𝐶(𝑟) = (
2

𝑁(𝑁−1)
) ∑ ∑ 𝐻(𝑟 − 𝑟𝑖𝑗)             (1)𝑛

𝑖=𝑗+1
𝑛
𝑗=1  

 
 

where N (for 100 events window, N will be 100C2 i.e. 

4950) is the total number of pairs of vectors with respect 

to one another in the fractal set to determine fractal 

dimension, r is the length scale, 𝑟𝑖𝑗  the distances between 

the points of a set, which is obtained through distance 
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method, H is the Heaviside step function. The value of 𝑟𝑖𝑗  

is computed through distance method (Roy. Et. al., 2012). 

Consequently, C(r) is proportional to the number of pairs 

of points of the fractal set separated by a distance less 

than r. The fractal correlation dimension is given as 

 

 

𝐷𝑐 = lim
𝑟→0

𝑙𝑜𝑔10𝐶(𝑟)

𝑙𝑜𝑔10(𝑟)
                (2) 

 

 

 

So, C(r) is proportional to the number of pairs of points of 

the fractal set which are separated by a distance less than 

r. The system of points when belongs to a fractal set, a 

logarithmic plot of C(r) versus r must be a straight line 

where the slope of the straight line is the fractal 

correlation dimension. The graph of log (r) and log C (r) 

is shown below.  

 

 

 
 

Fig. 1 Log (r) versus Log C(r) curve for a definite time 

window. 

 

The slope of the straight line in Fig. 1 gives the Fractal 

Dimension (Dc). Here R2 represents correlation 

coefficients of the regression line. The Dc value is 

inversely related to the degree of clustering so more the 

clustering of events lesser is the fractal dimension value.  

In chaos theory, the correlation integral is the mean 

probability that the states at two different times are close. 

 

 

𝐶(𝜖) = lim
𝑛→𝛼

1

𝑁2
∑ 𝜃

𝑁

𝑖,𝑗=1,𝑖≠𝑗

(𝜀 − ||𝑥(𝑖) − 𝑥(𝑗)||)          (3) 

 

where  𝑥(𝑖)𝜖𝑅𝑚 , N is the number of considered states 

x(i), 𝜀 is a threshold distance, || . || a norm (e.g. Euclidean 

norm) and 𝜃 (. ) the Heaviside step function. 

 

 

Data and Procedure 

 

The seismogram of the Jan Mayen Island earthquake 

which occurred on June 15, 1995 was taken and was 

digitized. A Matlab program is used for the calculation of 

the fractal dimension. By digitizing, 2500 data points 

were generated. These data points were divided into 50 

different groups each containing 50 points. These groups 

were used in the Matlab program one at a time and after 

running the program for the first set of 50 points, the r-

dist file was generated. The r-dist file gives the distance 

of each point with respect to the other points, i.e. for 50 

points, 50𝐶2
, i.e. 1225 points are generated in the r-dist 

file. These were then arranged in ascending order. The 

next task was to find the clustering of events in definite 

ranges and so seeing the variation of distances in r-dist 

file, these were grouped to 21 different parts which is 

used in the program as ‘r’ file. The basic purpose of this 

was the generation of Heaviside function from which 

correlation integral function can be found.  Then after 

running the Matlab program a Heaviside function file and 

a correlation function file was generated containing 21 

data points each. The logarithm of ‘r’ and ‘c(r)’ was taken 

and plotted. A straight line of the form y=mx+c was 

obtained. The slope (modulus part only) of the straight 

line gives the fractal dimension. This procedure was 

repeated for all the 50 different data sets and in this way 

50 different fractal dimension (Dc) were obtained. This 

was then plotted with time and the variation of the fractal 

dimension with time was observed to infer about the 

phases of the seismogram. The same procedure was also 

followed for the seismogram of Redwood City, California 

Earthquake which occurred on January 30, 2001.  

 

y = -1.054x - 3.57

R² = 0.980

-5.6
-5.5
-5.4
-5.3
-5.2
-5.1

-5
-4.9
-4.8
-4.7
-4.6
-4.5
-4.4
-4.3
-4.2
-4.1

-4
-3.9
-3.8
-3.7
-3.6
-3.5

-0.6 -0.2 0.2 0.6 1

L
o

g
 C

(r
)

Log r (in Km)

Log C(r) - Log r

http://en.wikipedia.org/wiki/Euclidean_norm
http://en.wikipedia.org/wiki/Euclidean_norm
http://en.wikipedia.org/wiki/Heaviside_step_function


Phase Detection of Seismograms  

Equations used in the program are: 

Distance formula: 

 

𝑟 =  √{(𝑦2 − 𝑦1)2 + (𝑥2 − 𝑥1)2} 

 

Correlation Integral formula: 

𝐶 = ((
1

𝑁
)

2

) ∗ 𝐻 

 

and                                𝑘 = log10 𝐶 

 

where,    

N = total no. of points generated in r-dist file, i.e.1225 

H= Heaviside step function 

Results: 

 

The figures (2), (3), (4) & (5) show the graph between 

log(r) and log C(r) for some specific time windows. All 

together in the work 100 such graphs were obtained for 

two different seismograms from where 100 different 

fractal dimensions were generated, 50 for each 

seismogram, but here only four are shown for illustration. 

The plot of ‘r’ and ‘C(r)’ in logarithmic scale is a straight 

line, the slope of which gives the fractal dimension. R2 is 

the regression coefficient of the regression line which 

basically talks about the accuracy of the model. 

 

 

 

Tables and Figures: Given below are tables and figures of log(r) versus log C(r) for four time windows. The figures (2), (3), 

(4) and (5) correspond to tables (I), (II), (III) and (IV) respectively. 

 

 
                           TABLE I                                           TABLE II                                         TABLE III                                            TABLE IV 
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Fig. 2 Log(r) versus LogC(r)  

 

 

Fig. 3 Log(r) versus LogC(r) 

 

     

    

 

Fig.4 Log(r) versus LogC(r) 

 

Fig. 5 Log(r) versus LogC(r) 
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1st case: 

 

In the first case a synthetic seismogram of an earthquake 

(15 June, 1995) from the Jan Mayen Island is taken.  A 

plot of time v/s fractal dimensions of the synthetic 

seismogram without noise is shown in Fig. 6 and it has 

been found that fractal dimension is nearly constant and 

shows a higher value for the first part of the seismogram, 

as compared to the parts containing p-, s- and surface 

waves phases, where the fractal dimension shows lower 

value as expected. Then again in the last part of the 

seismogram since the randomness character increases, the 

fractal dimension shows the highest value. The value of 

Dc for the signal part is between 0 &1 and the values for 

the rest of the seismogram are between 1 & 2. 

 

              

 

Fig. 6 Time versus Fractal Dimension Curve for Jan 

Mayen Island earthquake seismogram 

2nd case: 

 

Similarly, in the next case the seismogram of an 

earthquake which occurred on 30 Jan, 2001 in Redwood 

city, California is taken. In presence of the signal it 

contains noise also and the task was to find out the p- & s- 

wave events from within the noise.  A plot of time versus 

fractal dimensions of a synthetic seismogram without 

noise is shown in Fig. 7 and it has again been found that 

fractal dimension is nearly constant and shows a higher 

value for the  whole of the seismogram, as compared to 

the parts containing p- & s- waves phases, where the 

fractal dimension shows much lower values as expected. 

As in the earlier case the value of Dc for the signal part is 

between 0 & 1 and the values for the rest of the 

seismogram are between 1 & 2. 

 
Fig. 7 Time versus Fractal Dimension Curve for Redwood 

City, California earthquake seismogram  
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Application in Exploration Geophysics: 

 

The accurate determination of the travel time of seismic 

energy from source to receiver is of fundamental 

importance in seismic surveying. This is particularly the 

case with seismic refraction and tomographic surveys 

where travel times, usually of first arrivals, are used to 

determine the seismic-velocity structure of the subsurface. 

Static corrections, which is a fundamental stage of 

seismic data processing needs accurate determination of 

first-break times. Automatic methods of detecting seismic 

arrivals have become an essential part of the processing of 

seismic data as larger and larger data sets are now being 

used for such interpretations,. The correlation study used 

in this technique can be a very useful tool in the detection 

of first arrivals in seismic data which can lead to the 

accurate determination of onset of first arrivals. The 

correlation technique can also be used to detect fracture 

and faults in the subsurface because fractures also show a 

characteristics fractal dimension as compared to the 

surrounding and also can be used to infer about the first 

arrival of a seismic trace (Boschetti. et. al., 1996; 

Sabbione. et. al., 2003) and its time of occurrence in the 

seismic trace. This technique can also be used as an 

automated technique to get accurate results. 
 

Conclusions 

 

The signal has a relatively lower fractal dimension as 

compared to random noise because random noise has the 

tendency to fill the space in which the set is incorporated. 

This concept has been used for designing many 

algorithms to automatically recognize a seismic signal in 

the presence of noise. The fractal dimension has the 

ability to differentiate signal patterns from noise within 

the data. The ‘correlation integral technique’ is used to 

determine the fractal dimension which gives idea about 

the presence of different phases in a seismogram. This 

technique determines the fractal dimension, the Dc value, 

using the correlation dimension. The correlation 

dimension as defined by Grassberger and Procaccia 

measures the spacing of a set of points. The correlation 

integral technique that gives the correlation dimension is 

preferable because of its greater reliability and sensitivity 

to small changes in clustering properties (Liebivitch. et. 

al, 2003). This technique can be automated such as 

developing a Graphical User Interface (GUI) and manage 

large data sets where by feeding the data, results can be 

acquired automatically and will help in saving a lot of 

computation time. 
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