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 Abstract- Time series data are ubiquitous and being 
generated at an unprecedented speed and volume in many fields 
including finance, medicine, oil and gas industry and other 
business domains. Many techniques have been developed to 
analyze time series and understand the system that produces 
them. In this paper we propose a hybrid approach to improve the 
accuracy of time series classifiers by using Hidden Markov 
Models (HMM). The proposed approach is based on the principle 
of learning by mistakes. A HMM model is trained using the 
confusion matrices which are normally used to measure the 
classification accuracy. Misclassified samples are the basis of 
learning process. Our approach improves the classification 
accuracy by executing a second cycle of classification taking into 
account the temporal relations in the data. The objective of the 
proposed approach is to utilize the strengths of Hidden Markov 
Models (dealing with temporal data) to complement the 
weaknesses of other classification techniques. Consequently, 
instead of finding single isolated patterns, we focus on 
understanding the relationships between these patterns. The 
proposed approach was evaluated with a case study. The target 
of the case study was to classify real drilling data generated by 
rig sensors. Experimental evaluation proves the feasibility and 
effectiveness of the approach. 
 
 

 Index Terms – Hidden Markov Model, Machine learning, 
Time series Classification. 

I.  INTRODUCTION 
Time series data are ubiquitous and broadly available in a 

broad range of applications in almost every domain. To gain 
knowledge from these data, numerous clustering and 
classification methods were developed [1]. Time series 
classification is a supervised machine learning problem aimed 
for labeling multivariate series of variable length [2]. It is an 
elementary procedure enables us to easily monitor the systems 
and detect the events (activities) that have been taken place 
during the whole process. 

Time series data often have a very high dimensionality. 
Thus, classifying such data poses a challenge because a vast 
number of features can be extracted [4][9]. That means, 
applying classification techniques directly on raw time series 
data is often not practical. To overcome this problem, the 
original raw data are usually replaced by a higher-level 
representation. This representation allows extracting higher 
order features [1][3].  

Window-based representation is a common representation 
in machine learning. Some examples of such techniques are 
Piecewise Aggregate Approximation (PLA) [10], Trend-based 
and Value-based Approximation (TVA) [9], and Symbolic 
Aggregate Approximation (SAX) [4]. In window-based 
representation, the whole time series data are divided into a 
sequence of equal sized windows (segments). One feature or 
more are extracted from each frame, and a vector of these 
features becomes the data-reduced representation.  
For time series classification, the created vectors are used to 
train a classifier. This classifier could be Support Vector 
Machine (SVM), Neural Network (NN), Rule Induction or any 
other classifier. In above mentioned classification approach, 
the temporal relations existing in time series data are ignored, 
which often leads to inaccurate classification results. 
 

In this work we propose a multiple classifier approach to 
improve the accuracy of time series classifiers. The 
improvement is performed by adding a HMM model to the 
classification system. The added model will regard the 
temporality of the data, and execute a second stage 
classification. Multiple classifier systems are more promising 
than those of single classifier systems for a wide range of 
applications [3][6][7]. The "No Free Lunch" Theorem states 
that there is no single learning algorithm that in any domain 
always induces the most accurate learner [3]. Therefore, the 
objective of this approach is to utilize the strengths of one 
technique to complement the weaknesses of another [6].  

In this work, we suppose that the system which generates 
the data works under a number of latent states as described in 
Fig. 1. Many time series datasets satisfy the mentioned 
assumption. For example, in oil and gas drilling systems all 
mechanical parameters e.g., rotary speed and hook load, are 
continuously measured by a group of rig sensors. In addition, 
these systems move dynamically from a state to another.  
 

The remainder of the paper is organized as follows:  
Section II explains the basics and advantages of Hidden 
Markov Models. Section III presents the general framework of 
our approach. Sections IV and V show the details of the 
training and classification algorithms. Section VI presents the 
evaluation procedure and the experimental results. 
 



 
Figure 1. Dynamic Systems: The objective of this approach is to classify 
the time series data generated by state-machine based systems. 

II. HIDDEN MARKOV MODEL 
A Markov chain is a mathematical model that consists of 

a finite number of states ሼ ଵܵ, ܵଶ, … , ܵ௡ሽ  and some known 
probabilities ܲ ൌ ሼ݌௜௝ሽ where ݌௜௝  is the probability of moving 
from state ௜ܵ  to the state ௝ܵ . Markov chain has the Markov 
property (memoryless) where the next state depends only on 
the current state and not on the sequence of states that 
preceded it [5]. In other words, the Markov chain should 
satisfy equation 1. ܲሺ ௧ܵାଵ|ܵ଴, ଵܵ, … , ௧ܵሻ ൌ ܲሺ ௧ܵାଵ| ௧ܵሻ  (1) 

That means, the state at any given time ݐ ൅  1 depends only 
on the previous states at time ݐ. 
 
 Hidden Markov model is a Markov chain in which the 
states are not directly visible, but observations, dependent on 
the state, are visible. Each state has a probability distribution 
over the possible output observations. Therefore the sequence 
of observations generated by HMM model gives information 
about the corresponding sequence of states. The “hidden” 
word in Hidden Markov Models means that the observer does 
not know in which state the system may be in, but has only a 
probabilistic insight on where it should be. Hidden markov 
model is usually defined by the following equation 2. The 
structer of HMM is described in Figure 2. ߤ ൌ ሺܵ, ܱ, ,ܣ ,ܤ  ሻ  (2)ߨ

Where 
• The variable ܵ ൌ ሼ1ݏ, ,2ݏ … ,  ሽ  is the hidden states set݊ݏ

of the model.  
• The variable ܱ ൌ ሼ1݋, ,2݋ … ,  ሽ  is the observations set݉݋

of the model. 

• The variable ܣ  is the transition matrix. It is given by 
equation 3. ܣ ൌ ൛ܽ௜௝ൟ, ݆ܽ݅ ൌ ܲሺ݅ݏ|݆ݏሻ ݅, ݆ ൌ 1,2, … , ݊ 

(3) 

• The variable ܤ  is the emission matrix. It is given by 
equation 4. ܤ ൌ ൛ܾ௜௝ൟ, ܾ݆݅ ൌ ܲሺ݅ݏ|݆݋ሻ ݅ ൌ 1,2, … , ݊ ݆ ൌ 1,2, … , ݉ 

(4) 

• The variable π is the initial state matrix where π௜  is the 
probability that state ݏ௜ is a start state. 

 
Hidden Markov Models are used to model temporal and 

sequence data. They are commonly used in temporal pattern 
recognition such as time series classification [8], speech 
recognition [5], part-of-speech tagging, and bioinformatics.  

There are three basic problems associated with hidden 
Markov models. These problems are the following: 

A. The Learning Problem 
Basically, the learning problem is how to find the 

parameters of a HMM model ߤ ൌ ሺܣ, ,ܤ  ሻ given a sequenceߨ
of observations (training data) ܱ ൌ ሼ ଵܱ, … , ்ܱሽ. The target of 
the learning problem is to maximize PሺO|µሻ. This problem can 
be solved using Baum–Welch algorithm  

B. The Evaluation Problem 
Given the parameters of the model ߤ ൌ ሺܣ, ,ܤ  ሻ, and aߨ

sequence of observation ܱ ൌ ሼ ଵܱ, … , ்ܱሽ. How to compute the 
probability of the observation sequence ܲሺܱ|ߤሻ.  

C. The Decoding Problem 
Given the parameters of the model µ ൌ ሺA, B, πሻ and a 

particular output sequence O ൌ ሼOଵ, … , OTሽ. How to choose a 
corresponding state sequence S ൌ ሼSଵ, … , STሽ  that is most 
likely to have generated that output sequence. This requires 
finding a maximum over all possible state sequences. This 
problem can be solved efficiently using Viterbi algorithm. 

 
Figure 2. Hidden Markov Model: States ={S1, S2, S3}, A is the transition 
matrix, Observations = {O1, O2, O3,O4}, B is the emission matrix  
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Figure 3. The general framework. There are two phases: Training and Classification 

 

III. THE GENERAL FRAMEWORK 
The main objective of the proposed approach is to 

improve the accuracy of time series classifier. To this end a 
HMM model was trained to evaluate, confirm and correct the 
classification results performed by the initial classifier. The 
general framework of the approach is sketched in Fig. 3 which 
shows the two phases of this approach. 

In training phase, the confusion matrices and the classified 
data outputted by the classifier will be used to train the model. 
In classification phase, the trained model will be used to 
reclassify the sequence of classified samples. The correct 
samples will be confirmed and the misclassified samples will 
be corrected. In other words, classifying any new dataset will 
be done using two classification stages as described in Fig. 4. 
In the first stage, the input data will be classified by the first 
classifier (sample by sample). In the second classification 
stage, the classified samples will be grouped as a sequence and 
reclassified using HMM model.  
The HMM model can correct the misclassified samples 
because it being learned from the mistakes produced by the 
initial classifier. In addition, it models the dynamic behaviour 
of the underlying system.  
 

 
Figure 4. Sequence Classification 

 
The idea behind our approach is to look at the 

classification process itself as a dynamic system with hidden 

states and observations. HMM technique can be used to model 
such classification system because the output of this system is 
a sequence of observations, and these observations depend 
probabilistically on the internal states. In our case the states 
and the observations are the same.  

IV. TRAINING ALGORITHM 

 Training a HMM with the original and the classification 
systems requires calculating the model parameters. Fig. 5 
shows the main steps of the training algorithm and further 
described below. 
 
Training Algorithm: 
Input  

• A group of classified datasets with their confusion 
Matrices  

Output 
• A trained HMM ߤ ൌ ሺܣ, ,ܤ   :ሻ whereߨ

• A is the Transition Matrix, 
  is the Emission Matrix and ܤ •
  is Initial Matrix ߨ •

Do 
• Create a HMM ߤ with ܰ states.  
• Calculate the transition matrix ܣ ൌ ሼܽ௜௝ሽ where ܽ௜௝ ൌܲሺ ௝ܵ| ௜ܵሻ the propability of moving from state ௜ܵ to state ௝ܵ 
• Calculate the emission matrix ܤ ൌ ሼܾ௜ሺ݇ሻሽ where ܾ௜ሺ݇ሻ ൌ ܲሺܱ௞| ௜ܵሻ which is the propability that state ௜ܵ 

emits the observation O୩ 
• Calculate the initial matrix ߨ ൌ ሼ݌௜ሽ where ݌௜ ൌ ܲሺ ௜ܵሻ  
• Add ܤ ,ܣ and ߨ to the model ߤ 
• Return ߤ 

End 

Figure 5. The Training algorithm: Training the HMM requires 
calculating the transition matrix, emission matrix and initial matrix 
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A. Transition Matrix A 
The transition matrix ܣ  is calculated by the following 
algorithm (Fig. 6). 
 
Transition Matrix 
Input  

• A training dataset ܦ 
Output 

• Transition Matrix ܣ 
Do 

• Extract a unique list of predefined classes S א ሼSଵ, … , S୬ሽ. 
S will be considered as the states set 

• Extract the list of the labels LS from the datasets: ܮS ൌ ሼݏଵ, ,ଶݏ … ,   ,ሽ்ݏ
ܶ is length of ݏ ܦ௜ א ݅ ׊ ܵ ൌ 1, … , ܶ 

• Calculate the transition matrix ܣ ൌ ሼܽ௜௝ሽ  ܽ௜௝ ൌ ሺ∑ ௜ܵ ՜ ௝ܵሻ ൈ 100∑ ௧௧்ୀଵݏ ൌ ௜ܵ ௧ݏ   ൌ ௜ܵ, ݏ௧ାଵ ൌ ௝ܵ (5) 

• Return ܣ 
End 

Figure 6. Calculating Transition Matrix A 
 

B. Emission Matrix B 
The emission matrix ܤ is calculated from the confusion 
matrix C (Table 1). ܥ ൌ ൛ܿ௜௝ൟ,  ݅, ݆ ൌ 1,2, . . , ݊ 

The item ܿ௜௝  represents the number of samples that belong to 
state ௜ܵ but they have been classified as ௝ܵ. These samples 
called misclassified samples. Fig. 7 shows the algorithm. 
 
Emission Matrix 
Input  

• A confusion matrix ܥ 
Output 

• Emission Matrix ܤ 
Do 

• Create a matrix B where, ܾ௜௝ ൌ ௝ܿ௜ ൈ 100∑ ௝ܿ௜௜ୀଵ௡   ݅, ݆ ൌ 1,2, … , ݊ (6) 

• Return ܤ 
End 

Figure 7. Calculating Emission Matrix B 
 

C. Initial Matrix ࣊ 
The initial matrix is calculated by equation 7. All states have 
the equal probabilities to be the initial state  

௜݌ ൌ 1∑ ௜ܵ  ݅ ൌ 1,2, . . , ݊ (7) 

TABLE. 1 CONFUSION MATRIX 

 Actual States ࡿ૚ ࡿ૛ … ࢔ࡿ ... ࢐ࡿ 
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 ૛ ܿଶଵ ܿଶଶ … ܿଶ௝ … ܿଶ௡ࡿ ૚ ܿଵଵ ܿଵଶ … ܿଵ௝ … ܿ௜௡ࡿ 
 ௜௡ܿ … ࢐࢏ࢉ … ௜ଵ ܿ௜ଶܿ ࢏ࡿ … … … … … … …
 ௡ଵ ܿ௡ଶ … ܿ௡௝ … ܿ௡௡ܿ ࢔ࡿ … … … … … … …

 

V. CLASSIFICATION ALGORITHM 

The main difference between traditional machine learning 
classifier (i.e. SVM, NN, etc.) and Hidden Markov Model is 
that HMM classifies the data on the basis of their temporal 
relations. The classification algorithm takes a sequence of 
observations (labels) as input, and returns a sequence of states 
as output. In other words, to classify a given sequence of 
observations, we need to find the most likely sequence of 
states (path) that produces these observations. Viterbi 
algorithm [11] was used to find the most likely path through a 
trellis. The trellis in our case is a graph of a states set and 
observations. Each node in trellis represents a state and each 
edge represents a transition between two states. An example of 
a trellis is shown in Fig. 9. The pseudocode of the 
classification algorithm is shown in Fig. 8. 

 
Classification Algorithm 
Input  

• The trained HMM ߤ ൌ ሺܣ, ,ܤ   ሻߨ
• A sequence of observations ܱ ൌ ሼ݋ଵ, … ,  ሽ்݋

Output 
• A best path of states S ൌ ሼݏଵ, … ,  ሽ்ݏ

Do 
• Create a path probability matrix ܸ.  
• Foreach  ݐ ൌ 0,1, . . , ܶ 

Foreach ݏ ൌ 0,1, … , ܰ 
For each transition ݅ ՜  ݏ

݁ݎ݋ܿܵݓ݁݊  ൌ ,ݏሾݒ  ሿݐ ൈ ܽሾݏ, ݅ሿ ൈ ܾሺ݅,  ௧ሻ݋
 if ( ݊݁݁ݎ݋ܿܵݓ ൐ ,ݏሾݒ   ( ሿݐ

,ሾ݅ݒ  ݐ ൅ 1ሿ ൌ  ݁ݎ݋ܿܵݓ݁݊
,ሾ݅ݎ݁ݐ݊݅݋݌ܾ݇ܿܽ  ݐ ൅ 1ሿ ൌ  ݏ 

• Select the highet probability state in final column of ܸ 
and backtrack (constract the path ܵ) 

• Return S 
End 

Figure 8. The Classification algorithm 



 
Figure 9. Trellis - a graphical representation of possible state evolution 

 

VI. EXPERIMENTAL RESULTS (CASE STUDY) 

To evaluate our approach, many experiments were executed. 
We collected real time datasets from different drilling 
scenarios. The collected datasets were classified using the 
classifier described in [9]. The collected datasets and the 
classification accuracies are described in table 2.  

TABLE 2. DRILLING DATASETS  

Scenario #Instances #Time Series #Events Accuracy 
#1 18000 10 10 76% 
#2 22500 10 9 85% 
#3 24000 10 10 95% 

The drilling sensors data (time series) used in classification 
process are described in table 3, and part of these data is 
shown in Fig. 10. 

TABLE 3. STANDARD DATA CHANNELS 

Channels  Description 
flowinav Average mud flow-rate 
hkldav Average hook load 
mdbit Measured depth of the bit 
mdhole Measured depth of the hole 
posblock Block position 
prespumpav Average pump pressure 
ropav average rate of penetration 
rpmav Average drill string revolutions 
tqav Average torque 
wobav Average weight on bit 

 
Figure 10. A multivariate time series of drilling data. (Eight variables 
representing eight mechanical parameters measured at the rig). 

 
To train the model, the confusion matrices were used to 
calculate the emission matrix as described in Fig. 7. Table 4 
shows the confusion matrix of the third scenario. The 
anonymous names (E1, E2,…, E10) are used to represent 10 
different events (classes). As an example, Fig. 11 illustrates 
how the calculation done for the event E4 which is “CircHL” 
event. 

TABLE 4. CONFUSION MATRIX  

Actual Events 

 E1 E2 E3 E4 E5 E6 E7 E8 E9 E10 % 

E1 3191 47 236 2 19 1 1 9 0 0 91.0

E2 242 3257 502 43 1 12 3 1 0 5 80.1

E3 146 147 7328 78 0 2 4 2 0 62 94.3

E4 1 2 12 3883 5 20 19 3 47 187 92.9

E5 2 0 0 8 525 35 2 5 1 23 87.3

E6 0 19 6 60 25 936 11 2 1 82 81.9

E7 0 2 2 25 0 26 617 9 30 0 86.7

E8 0 0 0 16 9 4 15 317 17 2 83.4

E9 0 0 0 6 0 1 8 16 9441 7 99.6

E10 0 0 0 1 11 6 1 0 22 102
35 99.6

% 89.0 93.7 90.6 94.2 88.2 89.7 90.6 87.0 98.7 96.5  
 

 
Figure 11. Calculating the emission of the state “CircHL” 

 
In addition to the emission matrix, the transition matrix (state 
machine) was calculated from the classified data. Fig. 12 
shows the transitions from MakeCN  (E3) to others states. It is 
clear that there no transition from E3 event (MakeCN)  to E9, 
E10, E7, E8 and E6 events. 
After training a HMM model, this model was used to execute 
the second cycle classification. Table 5 shows the result. It is 
obvious that when the classification accuracy is low, the 
improvement will be significant. 
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Figure 12. Drilling State Machine (MakeCN) 
 

TABLE. 5 HMM RESULTS 

Scenario First Cycle 
Classification 

Second Cycle 
Classification Improvement % 

#1 76% 90% 14% 
#2 85% 94% 9% 
#3 95% 97% 2% 

VII. CONCLUSION 

The following conclusion can be drawn from the concepts 
presented in this paper: 

• Multiple classifier systems are more accurate than those 
of single classifier systems. 

• Using Hidden Markov Models for sequence classification 
will improve the classification accuracy of time series 
classifiers. 

• The low classification accuracy we have, the more 
improvement we get. 
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