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Summary 

 

Assessing the lithology of the subsurface is essential 

for taking a decision at the initial stages of survey on 

a study area. Geoscientists study the similarity 

between different well logs by visual inspection in 

commercial software or correlation study. However, 

the inherent nonlinearity of the earth system along 

with a possibility of human error associated with 

manual sequence matching encourage the researchers 

to opt for automation of the process using recent 

techniques other than simple correlation study. We 

propose a Motif-Synchronization based approach for 

automated matching of the well-logs pertaining to 

different wells. We compare the performance of the 

designed method with correlation study and dynamic 

time warping along with superimposed plots of the 

well logs. It can be envisaged that the method will be 

of immense help to the geoscientists working on oil 

exploration for similarity study to segment or classify 

well-log data. 

 

Introduction 

 

Reservoir characterization helps the geoscientist to 

identify potential drilling locations in a hydrocarbon 

field after analyzing integrated information from 

different domains like seismic attributes, well-log 

data etc. (Chaki2015). Well-log data acquired at 

different borehole locations across a study area carry 

lithological information of the particular locations 

and neighborhood of the boreholes. The high-

information carrying well logs and derived 

lithological properties e.g. porosity, sand fraction, 

shale fraction etc. can categorize different layers 

along the depth into hydrocarbon-carrying, water-

carrying, and dry layers (Chaki2015, Chaki2017). 

The well-log analysis includes similarity study of the 

different lithological property logs by experienced 

geoscientists using visualization platforms provided 

by high-end commercial software (Verma2014). This 

manual procedure involves log-segmentation, 

stretching, etc. using the well-log data (Verma2014, 

Kwon1979, and Moghaddamjoo1991). The manual 

nature of the process requires several trails and errors 

and is still susceptible to human errors. The decision 

on one particular formation took by analyzing well 

logs may also vary from one user to another. 

Correlation study has also been used to carry out 

similarity measure using different well logs 

(Kwon1979, Moghaddamjoo1989, and Kemp1982). 

 

The earth system is a non-linear; therefore, the 

lithology formation is inherently a non-linear, 

stochastics process (Leonardi1999). The well logs, 

which represent subsurface lithology at well 

locations, are therefore complex, non-linear, and non-

stationary signals. These facts make the linear studies 

insufficient for well-log data analysis and researchers 

opt for various non-linear approaches. 

 

The well logs can be converted from depth domain to 

time domain using well-seismic tie produced velocity 

profile at borehole locations (Chaki2015, 

Donges2011). Different non-linear similarity 

approaches based on wavelet transform (Chen1997), 

fuzzy theory (Li1992), dynamic programing 

(Lisiecki2002), dynamic time warping (DTW) 

(Herrera2014) and cross-recurrence plots (CRPs) 

(Marwan2002, Marwan2007) based synchronization 

have been applied on geoscientific datasets. Different 

generalized synchronization (GS) based methods 

have been applied geoscience data. For example, 

CRP based synchronization methods have been 

implemented on marine and core data in 

(Marwan2002, Marwan2007). Two GS methods such 

as visibility graph similarity (VGS) and 

synchronization likelihood (SL) have been applied to 

well logs for similarity assessment in Verma2014}. A 

detailed account of VGS application to geophysical 

data along with its strength and limitation have been 

provided in (Donner2012). 
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In this paper, we implement the recently published 

motif-synchronization (Rosario2015) method to find 

out matching between different well logs. It 

quantifies synchronization between time-series by 

evaluating the direction between two nodes of a 

network and the synchronization degree. It has been 

applied to electroencephalogram (EEG) signals to 

analyze the brain functional networks (Rosario2015, 

Deng2016), and alertness analysis (Sengupta2016) 

etc. The application of this new association based 

method-motif-synchronization for similarity 

assessment between different well logs is a novel 

approach. We compare the performance of the 

proposed method with the outcomes of correlation 

study and DTW methods. Gamma ray and porosity 

logs are selected as the geophysical non-linear time 

series for the current study. 

 

The remaining part of the paper is structured as 

follows: first, methodology adopted in this paper in 

terms of the theory of motif-synchronization and its 

application to well-log data is described. Then, the 

experimental results and analysis is presented. In 

conclusion, the paper completes with hints on the 

future scope. 

 

Methodology 

 

This section describes the theory of motif-

synchronization in brief. Then, the methodology 

adopted to apply the motif-synchronization to well-

log data is outlined. 

 

Theory of Motif-Synchronization 

 

Motif-synchronization is an association based 

method to evaluate synchronization between time 

series (Rosario2015). A time series like an EEG signal 

can be converted to a sequence of smaller patterns 

appear maintaining a particular order called motifs 

(Olofsen2008). The motifs can be categorized into 

slopes, peaks or troughs based on the motif degree 

and lag. As in (Rosario2015), the first step for the 

computation of motif-synchronization is to convert 

two time-series X  and Y into two motif series 

MX and MY respectively. Let us assume the motif 

degree n and lag  as three and one respectively for 

this paper. According to (Rosario2015), for a motif 

degree 3n  , ! 6n   number of motifs can be 

defined by comparing the successive elements 

iX ,
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Similarly, Y can be converted to
MY . The maximum 

number of times in which the identical motif can 

appear in 
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(2)  

where,  varies from 0 to n and 
m

L represents the 

time-varying window size. The opposite measure 

YXc can be evaluated by altering the ordering of the 

motif such as 
i iM MY X


 in equation (2). The 

degree of synchronization XYQ and the direction of 

synchronization XYq can be defined as 
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The value of XYQ can vary between 0 to 1, and 

XYq will assume different values following  
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In this study, we compute the similarity of two well-

logs at a time using motif-synchronization. 
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Application to a Real Dataset 

This paper presents the results obtained using two 

well logs such as porosity and gamma ray (GR) logs 

to evaluate the synchronization among multiple wells 

using motif-synchronization. The well logs are 

acquired over 12 boreholes across a western onshore 

hydrocarbon field of India. The lithology of the study 

area contains thin sand and shale layers along the 

depth. The lithological formation is more or less 

continuous and there is no major fault in the area as 

in (Verma2014). GR log represents the total natural 

radioactivity in American Petroleum Institute (API) 

unit by a lithology formation and it is mainly an 

indicator of sand-shale characteristics 

(schlum_oil_gloss). Porosity log presents the 

percentage pore volume within a rock and it is an 

indicator of hydrocarbon reserve in a field 

(Zerrouki2014). The value of GR logs varies between 

10 API to 180 API combining all wells. On the other 

hand, porosity value varies between 0-0.3.  

 

The well-log data used in this study are converted 

from depth domain to time domain at a sampling 

interval of 0.15 ms using available velocity profiles at 

well locations. For this study, we select the motif 

degree 3n  and lag 1  . The time delay in 

equation (2) is varied from zero to 20 empirically. 

We set the window size in equation (2) as 100 

empirically. We calculate the similarity between two 

well logs at a time and present the obtained result in 

form of a XYQ matrix representing the well numbers 

as the axes. The direction of synchronization XYq is 

not used as there is no precedence rule available. The 

Pearson’s correlation coefficient values are computed 

and presented along with superimposed plots of 

porosity and GR logs. 

 

We have compared the performance of the proposed 

method with respect to an existing symmetry 

assessment method- DTW for validation purpose. 

Additionally, correlation coefficients and 

superimposed plots of the signals have also been 

generated for analyzing the similarity between the 

non-linear logs. 

 

 

 

 

Experimental Results 

 

The superimposed plots for porosity and GR logs 

pertaining to different wells are depicted in Figure 1. 

Figure 2 depicts the variation of absolute correlation 

coefficient among different wells these logs. The 

synchronization degree plots between different wells 

are depicted in Figure 3. Comparative analysis of the 

plots in Figure 2 and Figure 3 reveals that the ranges 

of correlation coefficients (0.0062-0.4924 for GR, 

0.0018- 0.3047 for porosity) are smaller than that of 

the synchronization degree (0.3244-0.5056 for GR, 

0.3167- 0.4656 for porosity). 

 

  
(a) (b) 

Figure 1: Superimposed plots of GR and porosity logs 

for different wells 

 

 
(a) 
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(b) 

Figure 2: Correlation coefficient among different 

wells for (a) porosity log and (b) GR log 

 

 

The correlation coefficient presents the linear 

dependency between two time-series. However, the 

well logs are non-linear time-series; the non-linear 

association methods are a more desirable way to 

present the relation among different logs. Sometimes, 

the correlation coefficient may not be able to capture 

the non-linear dependency between the logs. The 

non-linear association methods like SL, and VGS etc. 

are helpful to the geoscientists for obtaining the 

similarity between geophysical logs as in 

(Verma2014). It has been seen that the correlation 

coefficients and the non-linear similarity measures 

may not obtain exact similar variation. However, the 

outcomes of the association based non-linear 

measures are more acceptable. For example, the 

porosity and GR logs pertaining to the Well 2 and 

Well 3 are similar to each other except last 200 

samples as in Figure 1. However, correlation 

coefficients between these logs are quite small (for 

GR 0.1625, for porosity 0.0251) as observed in 

Figure 2 (a)-(b). On the other hand, Figure 3 (a) and 

(b) reveal that the similarity degree between Well 2 

and Well 3 are medium (for GR 0.42, for porosity 

0.37) as opposed to the correlation outputs. 

Therefore, the motif-synchronization method is able 

to yield the similarity between Well 2 and Well 3 

exploiting its nonlinearity. The similarity between 

Well 11 and Well 12 are evident in terms of 

correlation as well as synchronization degree as in 

Figure 2 and Figure 3. 

 
(a) 

 
(b) 

Figure 1: Synchronization degree ( XYQ ) by Motif-

Synchronization method among different wells for 

(a) porosity logs, (b) GR logs 

 

 
(a) 

 
(b) 

Figure 4: Dynamic Time Warping (DTW) output 

among different wells for (a) porosity logs, (b) GR 

logs 
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The detailed theory of the selected DTW algorithm 

can be found out in (Herrera2014). In brief, DTW 

algorithm finds an optimal non-linear alignment 

between the time sequences sampled at the same 

sampling frequency. Linear programing while 

computing the DTW distance (Herrera2014) can 

accommodate the stretching and squeezing in the 

time series. DTW finds the minimum cost function 

for traversing from the initial point to the final point 

of the time sequence. Figure 4 represents the 

normalized outcome of DTW method on the same 

well-log dataset. The window parameter associated 

with DTW has been empirically selected as 100. 

However, we have observed that the outcome of 

DTW algorithm has not been modified largely while 

modulating the window parameter. In case of DTW, 

the output metric represents the similarity measure in 

a reverse manner using distance instead of similarity. 

For example, it can be seen from Figure 3 that the 

characteristics of Well 1 is not similar to the other 

wells. In case of Figure 4, the distance between Well 

1 and the remaining wells are comparatively large. 

Thus, the performance of DTW algorithm has 

validated the performance of the Motif-

Synchronization algorithm. Thus, the proposed 

method has been established to be an efficient 

similarity assessment technique involving 

geophysical signals. The well-log signals are high 

information carrying signals characterized with high 

frequencies (Chaki2015, Chaki2017, Chaki2018, and 

Chaki2019). Therefore, one important and counter-

intuitive aspect of the study is the development of a 

robust representation based on the comparison of the 

high-frequency signals in constant time steps. 

 

Conclusions 

 

This paper proposes an association based method to 

obtain synchronization degree among multiple well 

logs. The results obtained in this paper suggests that 

similarity matching can be automated using the 

proposed motif-synchronization based method. The 

selection of associated parameters like the degree of a 

motif, time-delay, and window size are crucial to 

bring out inherent information from these non-linear 

logs. The different metrics such as correlation 

coefficient, distance computed by DTW algorithm 

and synchronization degree obtained from motif-

synchronization are based on different aspects of 

signal processing. Therefore, the comparison between 

these measures is qualitative rather than quantitative. 

 

As the similarity between different portions of well 

logs reflects the lithological similarity between the 

wells. This method would be beneficial to the 

geoscientists for similarity matching along with 

visual inspection. Instead of manually observing 

every well logs, it is a much simple and fast approach 

to calculate the similarity measures of the time 

sequences and inspect the similarity measure matrix 

at a glance. The similarity measures between the 

well-logs enable a user to identify well tops. In case 

the well tops information is available in advance, 

then the outcome of the similarity measures 

algorithms can be verified. Moreover, pseudo logs of 

geophysical properties can also be generated between 

closely connected well logs using similarity 

information. A comparative analysis of all recently 

published similarity methods like SL, VGS, and 

motif-synchronization etc. along with recurrence-

based algorithms can be carried out using a 

geophysical dataset in future. 
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