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Abstract
Earthquake is a natural phenomenon which occurs and affects 
almost all parts of the earth. An earthquake is experienced as 
the shaking of the ground caused by the sudden breaking and 
movement of large sections i.e. tectonic plates of the earth’s 
crust. As the earthquake occurs, the energy is released which 
increases manifold with each unit increase in the magnitude of the 
earthquake. With the earthquakes, there is another consequence 
associated which is called as area of rupture. This paper focuses 
on visually analyzing the energy released and the area of rupture 
caused due to earthquakes using world’s earthquakes dataset. 
Moreover, the paper includes earthquake analysis of the dataset of 
a particular region on earth using Hidden Markov Model (HMM) , 
which is one of the powerful tools to be used  for earthquake 
analysis  in which the emission of the sequence is observed but 
does not know the sequence of states the model goes through to 
generate the emissions. This implementation using HMM toolbox 
of Matlab to study and analyse the sequence of emissions of 
varying magnitudes leads to the analysis in the form of a transition 
diagram and is the main emphasis of the paper.
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I. Introduction
In today’s era, earthquakes have become part of life. The edges of 
the tectonic plates are marked by faults, fractures or cracks. When 
two blocks of rock or two plates are rubbing against each other, the 
rocks don’t slide smoothly instead they try to stick on each other 
and as a result, the rocks start pushing each other. After a while, 
the rocks break because there is huge amount of pressure built up 
around that area. When the rocks break, the earthquake occurs. 
This sudden release of energy causes the seismic waves that make 
the ground shake.  Most earthquakes occur along the fault lines 
when the plates slide past each other or collide against each other. 
Therefore, an earthquake is a result of sudden release of energy in 
earth’s crust causing seismic waves. The earthquakes are measured 
using seismometers. Seismology is the study of earthquakes and 
seismic waves that move through and around the earth. During 
the earthquake and afterward, the plates or blocks of rock start 
moving, and they continue to move until they get stuck again. 
The spot underground where the rock breaks is called the focus or 
hypocenter of the earthquake. The place right above the focus on 
top of the ground is called the epicenter of the earthquake. Some 
earthquakes are low at magnitude and are hardly felt, whereas 
the others can be devastating. Earthquakes with magnitude of 
about 2.0 or less are usually called Microearthquakes; they are 
not commonly felt by people and are generally recorded only 
on local seismographs. Events with magnitudes of about 4.5 or 
greater - there are several thousand such shocks annually - are 
strong enough to be recorded by sensitive seismographs all over 
the world [1].
This paper named “Visualization and Analysis of Real World 
Earthquake data” focuses on visualizing, modeling and analyzing 

the real world earthquake data downloaded from http://earthquake.
usgs.gov in the spreadsheet format [2]. The main aim includes 
calculation and visualization of energy released during an 
earthquake, area of rupture based on the real world earthquake 
data, exercising power law and analysis of the earthquakes using 
Hidden Markov Model. The emphasis to analyze the database of 
earthquakes is mainly to model the behavior of the mainshocks. 
The mainshock can be defined as the largest earthquake in a 
sequence. Sometimes it is preceded by foreshocks and may be 
followed by aftershocks which are of lesser intensity. Hidden 
Markov Model is used to model the discrete processes in which 
the future evolution of the system depends only on the actual 
state of the system itself and doesn’t rely on its past conditions. 
This paper aims to study the behavior of the mainshock i.e. the 
major earthquake in the area named “Papua New Guinea” using 
Hidden Markov Model. The inbuilt functions, the available tools 
and other options in Matlab help in calculations and plotting the 
results. Analyses of hidden Markov models seek to recover the 
sequence of states from the observed data. The paper uses the 
Hidden Markov Model’s toolbox of Matlab to study and analyse 
the sequence of emissions i.e. earthquakes of varying magnitudes 
and the result of the analysis is an approximated transition diagram 
to predict the sequences of shocks the earth may go through once 
an earthquake occurs. 
This paper also aims to represent visually the energy released 
during each earthquake for the downloaded dataset.  The dataset 
consists of more than 30,000 rows with attributes namely time, 
longitude, latitude, magnitude, location, eqid etc. Moreover, 
the paper covers the relationship plot between magnitude of an 
earthquake, energy released and the area of rupture caused.

II. Visualization of Size Distribution of Earthquakes 
Using MATLAB
When it comes to decide upon the impact of an earthquake, the 
size of an earthquake surely plays an important role. To analyse 
the size distribution of an earthquake, the earthquake dataset needs 
to be imported to MATLAB. The import data option available in 
MATLAB is used to import a variety of data. Fig. 1 and fig. 2 
below illustrate simple steps to import data from a spreadsheet 
format to MATLAB variables. 

Fig. 1: Import Data Option in Matlab
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Fig. 2: Assigning Value to Variable “Magnitude”
 
The data values of the variable “magnitude” can be viewed in 
variable editor as shown below in fig. 3. 

Fig. 3: Values of the Variable “Magnitude”

The plot of variety of the magnitude values in the dataset is shown 
in fig. 4. As can be seen, more than 30K rows of data are imported 
to variable “Magnitude”.

Fig. 4: Varying Magnitude Values from the Dataset

It can be seen from fig. 4 that most of earthquakes recorded in the 
dataset are in the range from magnitude 1.0 to magnitude 5.0. It is 
very useful to correlate the energy release of an earthquake with 
its magnitude. Although the correspondence is very approximate, 
it is nevertheless very useful for estimating the amount of energy 
released by an earthquake.
According to Gutenberg and Richter’s observations, when an 
earthquake occurs, a certain amount of energy is released. The 
energy is calculated using (1) [3]:

log10E = 11.8 + 1.5M                              (1)

Where E is the energy released in joules, M is the Magnitude. The 
scale is a base-10 logarithmic scale. The energy of an earthquake 

is related to magnitude such that an increase of one magnitude 
unit equals a 32-fold increase in energy. The ground displacement 
increases by a factor 10 [3].
The energy released best indicates the destructive power of an 
earthquake. The energy calculated using (1) is as shown below 
in fig. 5

Fig. 5: Calculation of Energy in Matlab

The energy calculated and visually shown in fig. 6 below.

Fig. 6: Energy Calculated on the Linear Scale

The representation of the above figure on the logarithmic scale is 
as shown below in fig. 7.

Fig. 7: Energy Calculated on the Logarithmic Scale

The plot of energy vs magnitude is linear as shown below in fig. 
8:

Fig. 8: Energy Vs Magnitude

As can be seen that an earthquake of magnitude 6.0 earthquake 
produces 10 times more ground motion than a magnitude 5.0 
earthquake, but it releases 32 times more energy. The ground 
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displacement increases by a factor 10 as can be seen from fig. 9 
below [3]

Fig. 9: Change in Displacement and Energy With Magnitude 
(Source NEIC)

Apart from the release of energy with each earthquake, there is also 
area of rupture associated with each earthquake. An approximate 
method to calculate the area of rupture is as shown in (2) [3]:

log10(Area) = 2/3M-2.28    (2)

The area is calculated in MATLAB as shown below in fig. 10.

Fig. 10: Calculation of Area using Magnitude Parameter

The values received by the variable “area” as seen in variable 
editor window of Matlab is as shown below in fig. 11. Fig. 12, 
fig. 13 and fig. 14, illustrates the plot of area of rupture in linear 
scale, Logarithmic sale and area vs magnitude respectively. 

Fig. 11: Values Received in Variable Area

Fig. 12: Area Calculated on the Linear Scale in MATLAB

Fig. 13: Area Calculated on the Logarithmic Scale in Matlab

Fig. 14: Area vs Magnitude plot in Matlab

III. Power Law Relation in Earthquake
According to Gutenberg and Richter (in the year 1944), the 
size distribution of earthquakes shows a power law behavior. 
Gutenberg introduced the common description of the frequency 
of earthquakes (3) [3]: 

log10 N = a – bM                                       (3)

Where N is the number of earthquakes in a group having magnitude 
larger than M, a is a constant and b is the slope of the log-linear 
relation. The estimated value of b is called as b-value.The 
b-value varies from 0.5-1.5 depending on tectonics, structural 
heterogeneity and stress distribution in space.The b-value should 
be estimated carefully as the self-similarity may break with the 
following three stages: 

smaller events (M<3.0),• 
medium events(3<M<M• saturate), 
larger events (M>M• saturate). 

The smaller events may give lower b-value because of shortage 
of recorded smaller events, while bigger events may give higher 
b-value because of the saturation of the magnitude (Scholz, 1990). 
Pacheco et al. (1992) found that a break in self-similarity, from 
small to large earthquakes, occur at a point where dimension of 
the event equals the down-dip width of the seismogenic layer.
Where N is the number of earthquakes in a group having magnitude 
larger than M, a is a constant and b is the slope of the log-linear 
relation. A-value is calculated using the number of events which 
doesn’t contribute much in the calculation. The estimated value of 
b is called as b-value. The b-value varies from 0.5-1.5 depending 
on tectonics, structural heterogeneity and stress distribution in 
space. For tectonics earthquakes the value of b is estimated to be 
almost equal to 1 i.e. b 1.  The larger magnitudes of earthquakes 
are the ones that are expected least and thus the frequency of 
earthquakes is represented as (4):

N = 10 ^ (-b x M)                                     (4)

The power law when calculated for the world data gives the 
following plot as can be seen in fig. 15.
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Fig. 15: Power Law Relation

IV. Earthquake Analysis Using Hidden Markov Model in 
Matlab
A Hidden Markov Model describes the joint probability of a 
collection of ‘hidden’ and ‘observed’ random variables. A Hidden 
Markov Model broadly has two components namely the hidden 
Markov Chain and the set of observation based on some state 
dependent process. Each observation generated by one of the 
m number of possibilities as described by the hidden Markov 
Chain. The observations may be discrete or continuous. The former 
falls under Discrete Hidden Markov Models whereas the latter 
contributes to Continuous Hidden Markov Model.
The analysis and the study of the processes for the earthquakes 
is a highly complex task. It requires more complex approaches 
which accept some manner of memory of the past state(s) of 
the system. The aim is to describe adequately future states of 
the system bearing more predictive capacity with respect to the 
memoryless model. One of the well-known models with memory 
is the Markov chain which describes the dependency between 
observations collected in successive time intervals. The Markovian 
property predicts that in a process with a series of known past 
states, the next state depends only on the current state of the process 
and not on the previous ones. There are many applications of 
Markov chains on seismicity problems with pure Markov models 
being used directly on the data.
The Markov Chain consists of a set of states from the state space 
i.e. the input states, a set of initial probabilities i.e. the starting 
state to and a transition probability matrix defining the transitions 
between states i.e. the probability of  transition from state i to state 
j . The summation of the outgoing transition probabilities from a 
state is 1. As different from Markov Model, Hidden Markov Model 
(HMM) only relies on the observed states. In addition, each state 
in HMM is associated with a probability distribution to which 
the unobserved state refers. Many probability distributions may 
be used depending on the nature of the data. Poisson, binomial, 
negative binomial, Gaussian and exponential are some of the 
distributions that have already been used in Hidden Markov 
Model. Hidden Markov Model may be applied to both continuous 
and discrete data. This paper uses the discrete data which is the 
magnitude of the earthquakes observed in Papua New Guinea. 
In MATLAB, Hidden Markov Model toolbox consists of a set of 
functions which are used to calculate the sequences and the internal 
states of the system using the observed sequences which is then 
used to create transition and emission matrices. The transition 
matrix is the transition probability of going to the next state from 
the present state. Since the input state space is hidden in Hidden 
Markov Model, the transition matrix totally depends upon the 
observed sequences to make a guess about it. The emission matrix 
is the set of emissions observed using a dataset. This paper follows 
the observations of the magnitudes of the earthquakes that hit 
Papua New Guinea from 26th December 2013 till 27th April 2014. 

This paper only includes the earthquakes having magnitude more 
than 5.0 at Papua New Guinea. 
To Analyse Hidden Markov Models, MATLAB provides the 
following [4]: 

Generating a Test Sequence• 
Estimating the State Sequence• 
Estimating Transition and Emission Matrices• 
Estimating Posterior State Probabilities• 
Changing the Initial State Distribution• 

The Statistics Toolbox functions related to hidden Markov models 
in MATLAB include the following[4] :
1.  hmmgenerate — This function generates a sequence of 

states and emissions from a Markov model. The syntax for 
hmmgenerate is as given below:

 [seq,states] = hmmgenerate(No. of states ,TRANS,EMIS);

 Where TRANS and EMIS are the transmission and emission 
matrices calculated as mentioned above. seq and states are 
the sequence of emissions estimated and the internal states 
of the system respectively. Therefore, hmmgenerate is used 
to generate the following :
 A random sequence “seq” of emission symbols • 
 A random sequence “states” of internal states• 

2.  hmmestimate — This function of Hidden Markov Model 
toolbox of MATLAB    calculates maximum likelihood 
estimates of transition and emission probabilities from a 
sequence of emissions and a known sequence of states. 
The functions hmmestimate and hmmtrain estimate the 
transition and emission matrices TRANS and EMIS given 
a sequence seq of emissions. The syntax to use hmmestimate 
is as given below:

 [estimateTR,estimateE] = hmmestimate(seq,states);

 Where estimate TR and estimateE are the estimated transition 
and emission matrix.

 
3.  hmmtrain — This function of Hidden Markov Model toolbox 

of MATLAB    calculates maximum likelihood estimates 
of transition and emission probabilities from a sequence of 
emissions. The syntax to use hmmtrain is as given below:

 [ESTTR,ESTEMIT] = hmmtrain (seq, TRGUESS, 
EMITGUESS)

 
 It estimates the transition and emission probabilities for a 

hidden Markov model using the Baum-Welch algorithm 
or Viterbi algorithm. seq can be a row vector containing a 
single sequence, a matrix with one row per sequence, or a 
cell array with each cell containing a sequence. TRGUESS 
and EMITGUESS are initial estimates of the transition 
and emission probability matrices. TRGUESS(i,j) is the 
estimated probability of transition from state i to state j. 
EMITGUESS(i,k) is the estimated probability that symbol 
k is emitted from state i.

4. hmmviterbi — This function of Hidden Markov Model 
toolbox of MATLAB    calculates the most probable state path 
for a hidden Markov model. The syntax to use hmmviterbi 
is as given below:
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 STATES = hmmviterbi(seq,TRANS,EMIS)

 If given a sequence, seq, this function calculates the most 
likely path through the hidden Markov model specified by 
transition probability matrix.

 
5.  hmmdecode — This function of Hidden Markov Model 

toolbox of MATLAB    calculates the posterior state 
probabilities of a sequence of emissions i.e PSTATES, of 
the sequence seq, from a hidden Markov model. The syntax 
to use hmmdecode is as given below:

 PSTATES = hmmdecode(seq,TRANS,EMIS)

V. Proposed Model for the Analysis of Earthquakes Using 
Hidden Markov Model 
As also mentioned above that the paper is based on the analysis 
conducted on the real world earthquake data observed from 26th 
December 2013 till 27th April 2014. The seismicity patterns as 
can be seen from the world’s earthquake dataset are as shown 
below in fig. 16 where red dots highlight the seismicity patterns 
all across the world using live dataset.

Fig. 16: WorldMap in Matlab Showing Seismicity

The model for analysis is proposed based on the interest to test 
the model with the real seismicity datasets and to understand 
the seismicity patterns. Hidden Markov Model is a stochastic 
and probabilistic model applied on the dataset observed from the 
country from Australian Ecozone named Papua New Guinea. The 
research started on Papua New Guinea dataset having earthquake 
magnitude greater than 5.0. Papua New Guinea lies between 
latitudes 0° and 12°S, and longitudes 
140° and 160°E. Since some part of Papua New Guinea is at the 
point of collision of several tectonic plates and as a result, this 
area shows high seismicity rate. Generally the earthquakes with 
magnitude 4.0 and above are observed in this area. The location 
of Papua New Guinea in world’s map can be seen in fig. 17.

Fig. 17: Papua New Guinea in World Map

The following list shows the parameters for the earthquake data 
for Papua New Guinea. The data is filtered and the earthquakes 
having magnitude more than 5.0 are considered for analysis.

Time• 
Latitude• 
Longitude• 
Depth• 
Magnitude• 
Place• 
Type• 

The observations of the earthquakes in Papua New Guinea can 
be represented by the following fig. 18.

Fig. 18: Hidden Internal States and Observations

The plot of the varying seismicity rate in terms of the magnitude 
values for Papua New Guinea observed in the given time frame 
is as shown below in fig. 19:

Fig. 19: Varying Magnitude Earthquakes at Papua New Guinea

As can be seen from the figure above that a mainshock may have 
foreshocks and / or aftershocks and the seismicity rate of the 
area tends to increase before the mainshock. By observing the 
magnitudes of the earthquakes that were hit at Papua New Guinea 
from 26th December 2013 till 27th April 2014, the transmission 
and emission matrices calculated. The calculation and analysis 
of the detailed seismicity rate over years at Papua New Guinea 
is beyond the scope of this paper.

The earthquakes of varied magnitudes are observed at Papua New 
Guinea. Using the observations the transition (trans) and emission 
(emis) matrices are approximated. The transition matrix shows the 
probability of transition from one state to another. The emission 
matrix is made using the observed emissions i.e. magnitudes of 
the earthquakes hit at Papua New Guinea. The internal states 
are hidden. Hmmgenerate function of MATLAB which uses the 
approximated trans (transmission matrix) and emis (emission 
matrix) as parameters to generate sequence of estimated emissions 
(seq) and the internal states (states). The states help denote the 
internal states of the sytem which is also used to see the trends of the 
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foreshocks and aftershocks associated with the mainshock. Thus, 
it plays an important role in making the transition diagram for the 
system. Then after applying hmmestimate, the estimated value of 
the transition (ESTTR) and emission matrix (ESTEMIS) for the 
above generated sequence ‘seq’ is calculated which in addition to 
seq also accepts trans and emis as parameters. The estimated values 
of trans and emis can then be compared. Hmmviterbi function 
of MATLAB creates the most probable state path for the sytem. 
Then a comparison between hmmestimate and hmmviterbi can be 
seen by plotting them together. The result of using Hidden Markov 
Model is mainly to generate a state transition diagram which is 
used to depict the probabilty of the occurance of the magnitude of 
the next earthquake in the area. Therefore, the next shock which 
may occur in future can be estimated.
The following code (5) is used to generate the 20 number of 
sequences and internal states using hmmgenerate for the system 
based on the transmission and estimation calculated above:

[seq,states] = hmmgenerate(20,trans,emis)  (5)

The snapshot from MATLAB which generates 20 internal states 
is as given below in fig. 20:

 
Fig. 20: Generating Internal States and Sequences Using (5)

Therefore, the series of states generated (20 number states) can 
be shown using the following transition diagram as shown below 
in fig. 21

Fig. 21: State Transition Diagram generated using 20 states as 
output of HMM toolbox of Matlab 

Considering each magnitude of the earthquake caused due to a 
unique internal state we can represent the above diagram in fig. 
21 in terms of the internal states as shown below in fig. 22:

Fig. 22: State Transition Diagram for Distinct States

Using hmmestimate as shown in (6), the estimated values for the 
transition and emission matrices is calculated based on the above 
emission of sequence and states observed.

[estimateTR, estimateE] = hmmestimate(seq, states) (6)

Hmmviterbi function of Matlab is used to find the correctness of 
the states generated above using (5). Using hmmviterbi, one can 
calculate the ‘likelystates’ to be generated using Viterbi Algorithm 
for posterior states calculation as shown below in fig. 23. 
likelystates = hmmviterbi(seq,trans,emis)
plot(states, ‘color’, ‘blue’, ‘linewidth’, 3);
hold on
plot(likelystates, ‘color’, ‘red’, ‘linewidth’, 1);
hold off
sum(states == likelystates)/length(states)

Fig. 23: Viterbi Algorithm

A comparison plot between the states generated using hmmgenerate 
and hmmviterbi is as shown below in fig. 23. Therefore, for 
generating 20 states, hmmgenerate and hmmviterbi produce states 
that match 85% of the data. Therefore, 17 out of 20 states and 
likelystates match properly.
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Fig. 24: Comparison of States Generated Using hmmgenerate and 
hmmviterbi Algorithm

VI. Conclusion
The analyses of hidden Markov models seek to recover the 
sequence of states from the observed data. Hidden Markov Model 
is a probabilistic model and provides a great help in modeling a 
process where the direct knowledge about the state of the system is 
not given. Hidden Markov Model gives a picture about the internal 
activities the earth is going through before the occurrence of the 
main shock. As analysed in the dissertation that the seismicity rate 
increases before the occurrence of the mainshock. However, the 
same can be illustrated more accurately if the dataset span is larger 
which covers the analysis to be done over the years to accurately 
describe the increase in seismicity rate before the mainshock. 
Based on the size of the dataset provided for the analysis, the 
following state transition diagram clearly indicates the different 
states the system tends to be in when a particular earthquake 
occurs. Please note that a location such as Papua New Guinea, 
the earthquakes generally hit with a magnitude greater than 5.0 
on the Richter Scale are very common. Thus, the analysis work 
under the scope of this dissertation also includes the dataset with 
records having magnitude greater than 5.0.  The state transition 
diagram is shown in fig. 25 below:

Fig. 25: Estimated Sequences of Shocks in the Earth After an 
Earthquake Occurs

The dataset collected for the period post 27th April 2014 till 13th 
May 2014 as shown using the following snapshot illustrates that 
the analysis done above is correct as most of the sequence of 
occurrences of the earthquakes follow the state transition diagram 
shown in figure above.

Therefore, 8 out of 9 states predicted are correct and hence the 
accuracy of the analysis is close to 90%. The future scope of 
the project includes working on the analysis of the World data 
together and the other affecting parameters such as temperature, 
pressure etc. can be added for the real forecasting of the sequences 
of the shocks. 
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