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 A novel human STR (Short Tandem Repeat) similarity method using cascade 

statistical fuzzy rules with tribal information inference is proposed. The 

proposed method consists of two cascade Fuzzy Inference Systems (FIS). 

The first FIS is to discriminate the tribal similarity, and the second FIS is to 

calculate the STR similarity. By using the allele marker’s statistical 

distribution probability density function as the membership function in the 

Fuzzy Rules of the first FIS, the new method makes it possible to tell the 

tribal similarity between two STR profiles. A 727 data acquired from tribal 

groups of Indonesia is used to examine the method produced promising 

result, being able to indicate higher tribal similarity score within a tribal 

group and lower similarity between tribal groups. In the light of Indonesia’s 

diverse tribal groups, these properties are able to be leveraged as a new way 

to improve the versatility of existing DNA matching algorithm. 
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1. INTRODUCTION 

DNA (Deoxyribonucleic Acid) is a genetic material which contains information that is unique for 

each individual. For this reason DNA has been used for human identification [1]. Currently there are many 

DNA analysis methods [2], e.g. Restriction Fragment Polymorphism (RFLP) analysis, Fragment Length 

Polymorphism (FLP), and Short Tandem Repeat (STR) analysis. The Federal Bureau Investigation (FBI) has 

chosen 15 locus and amelogenin based on STR analysis to be the standard of human identification [3]. M.R. 

Widyanto et al. [4] has proposed STR-Based DNA similarity matching using fuzzy inference system for 

human identification. There are many aims of human identification using DNA, e.g., family relation proof, 

criminal action evidence, and disaster identification. However, in the case of mass number of DNA suspects, 

it is important to reduce the numbers of suspects. Information regarding the possible tribe and ethnicity may 

help reducing DNA suspects for mass screening. Previous research on tribal information on DNA has been 

investigated. It has been observed that there are statistical and probabilistic properties of DNA in regards of 

the profile’s ethnicity [5]. There are studies suggesting that there are certain Short Tandem Repeat (STR) 

allele proportions which occur distinctively different across tribal groups [6]. However, the research is 

conducted on assumption that there is no noise and uncertainty condition during DNA data acquisition. 

This paper proposes a novel method to infer the similarity of tribal information using statistical 

fuzzy rules [7] to deal with uncertainty and impreciseness of STR. This paper is improvement of [4] to 

include tribal information inference on STR-Based DNA similarity matching using statistical fuzzy rules 

where the allele marker’s statistical distribution probability density function is used as the membership 

function in the fuzzy rules. The proposed method consists of two cascade Fuzzy Inference Systems (FIS). 

The first which is based on Takagi-Sugeno FIS [8] is to discriminate the tribal similarity, and the second 
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which is based on Mamdani FIS [9] is to calculate the STR similarity. In the light of Indonesia’s diverse 

tribal groups, these properties are able to be leveraged as a new way to improve the versatility of existing 

DNA matching algorithm. The experiment on 727 Indonesian DNA profiles shown that the new method is 

able to differentiate DNA profiles between tribal groups although the data is highly non-discriminative. In 

Section 2, the Fuzzy STR similarity method is described. In Section 3, the statistical property of tribal 

inference is explained. In Section 4, the proposed cascade statistical fuzzy inference system with tribal 

information inference is discussed. Section 5 discusses the experimental results of the proposed method. 

Conclusion is described in Section 6. 

 

 

2. FUZZY STR SIMILARITY 

DNA Profile is a set of numbers which reflects a person’s DNA makeup, in contrast to full genome 

sequencing. There are many methods to do this work [2], but STR (Short Tandem Repeats) analysis is 

preferred [3] as used by the United Kingdom and United States. STR analysis counts the repetition count of 

patterns of two or more nucleotides which are repeated and the repeated sequences are directly adjacent to 

each other. The idea is to capture the STR value of a few locations in a person’s genetic makeup called locus, 

as illustrated in Figure 1 (Original picture from National Institute of Standards and Technology (NIST)). 

Previous research has been undertaken to harness the flexibility of Fuzzy Set to the DNA (Deoxyribonucleic 

Acid) Profile matching’s problem. M. R. Widyanto et al. [4] proposed a method to assign fuzzy similarity 

measure [10] between two allele markers, in contrast to crisp 0 or 1 similarity measure used in conventional 

STR based DNA profile matching algorithm [11]. The need to have a fuzzy similarity measure is triggered by 

the fact that STR profiles often showed real-valued numbers as an allele marker value instead of natural 

numbers. This is supposedly the effect of noise in the process of analyzing the STR profile. Using fuzzy 

similarity measure, two alleles with small difference will still get a similarity score instead of a crisp 0, which 

discard the possibility of the two alleles having similarity value although only differ slightly, which could 

occur because of the noise during DNA data acquisition. 

 

 

 
 

Figure 1. The Locus in Chromosomal Positions 

 

 

In DNA profile matching problem, for  (  ) amount of individuals, the dataset is described as 

 

*     +   
 , (1) 

 

where    is a vector of DNA profile evidence and    is a vector of DNA profile reference. The vector    and  

   are the   (  ) dimensional vector consisting of the value of 15 loci without amelogenin as has been used 

by Federal Bureau of Investigation (FBI) [3]. 

Value of every DNA loci is represented by fuzzy number (as shown by Figure 2) where the 

fuzziness value is set to be 0.4 through experiments [4] and the center of the fuzziness    is the value of the 

corresponding loci. The similarity value [10] between an allele of DNA profile evidence and DNA profile 

reference is given by 
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where      is the value of the j-th loci of the DNA profile evidence and     is the value of the j-th loci 

of the DNA profile reference. Further by breaking down the formulation through doing simple multiplication 

operations, it is obtained 
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And by dividing and multiplying the coefficients, finally the simple linear form is begotten 

 

       )               . (4) 

 
The similarity between two DNA alleles is thus calculated as the average of the similarity of the 

entire locus, which in turn is arithmetic mean, which is expressed as 
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where    is the value of similarity between DNA profile evidence and DNA profile reference of the i-th 

individual. The next step to obtain the STR similarity value is to calculate the similarity between    and    
(  ) which is the family reference value of the i-th individual through Mamdani FIS [9] which consist of 9 

rules as follow. 

1. If    is low and    is low then STR Similarity is low, 

2. If    is low and    is medium then STR Similarity is low, 

3. If    low is and    high is then STR Similarity is medium, 

4. If    medium is and    is low then STR Similarity is medium, 

5. If    is medium and    is high  then STR Similarity is medium, 

6. If    is medium and    is high then STR Similarity is medium, 

7. If    is medium and    is low then STR Similarity is medium, 

8. If    is high and    is medium then STR Similarity is medium, 

9. If    is high and    is high then STR Similarity is high. 

 

 

  
 

Figure 2.  Fuzzy Similarity between Two Locus 

 

 

For the antecedent the fuzzy membership function for low, medium, and high are given by Figure 3. 

The low membership function value is 1 when     is 0 until 0.18, and become 0 when     is 0.3. The medium 

membership function has its peak at    is 0.35 and having zero value at     is 0.2 and 0.5. The high 

membership function has zero value at     is 0.4 and 1 at     is 0.5 until 1. 

For the consequent the fuzzy membership function for low, medium, high are given by Figure 4. The 

low membership function value is 1 when similarity is 0, and becomes 0 when similarity is 0.4. The medium 

membership function has its peak at similarity is 0.5 and has zero value when similarity is 0.3 and 0.8. The 

high membership function has zero value at similarity is 0.8 and 1 at similarity is 1. 

μ 𝑥𝑗  𝑦𝑗) 
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Figure 3. Fuzzy Membership Function for 

Antecedent 

Figure 4. Fuzzy Membership Function for 

Consequent 

 

 

3. THE STATISTICS OF TRIBAL INFERENCE 

In forensic science, it has been the standard to profile DNA samples with the Short Tandem Repeat 

(STR) characteristic of certain loci [11-12]. The Federal Bureau Investigation (FBI) has chosen 15 markers 

(called locus) and amelogenin based on STR analysis to be the standard for human identification. The 

standard is called CODIS (Combined DNA Index System) [3], enables a uniform representation of DNA 

profile and exchange DNA between countries. The 15 locus are CSFF1PO, FGA, TH01, TPOX, VWA, 

D21S11, D3S1358, D5S818, D7S820, D8S1179, D13S317, D16S539, D18S51, D19S433, D2S1338, plus 

amelogenin. In the frequent case where no identical STR match is found, any intelligence which could be 

inferred from the sample is very precious in aiding the investigation, especially in reducing the number of 

interviews and suspects. Information regarding the probable ethnicity and tribal information of an otherwise 

totally unknown offender may help investigators to look for targets and setting priorities for mass screening 

or interviews [3]. One of the information that could be inferred is the tribal information of the person from 

which the DNA sample is profiled. There have been a lot of studies concerning the variation of the STR 

profile proportion between tribal populations [13-14]. In one study, Gill et al. [15] have described 

distributions for three tribal groups employing four different single locus probes. The confirmation that the 

technique in [15] can provide qualified indications, but not tribal categorical conclusions are given, it has 

been described by Evett et al. [6]. In contrast, in this paper, the novel method to infer tribal information of a 

person is proposed. 

 

 

4. THE PROPOSED TRIBAL INFERENCE 

The development of the Fuzzy Inference System (FIS) for the DNA profile matching was focused 

on how to infer statistically useful information from the DNA profiles. The idea of the proposed method is to 

incorporate the statistical property of Probability Density Function of the distribution of allele markers of 

certain tribal information and incorporate the calculation using Takagi-Sugeno FIS [8]. Figure 5 shows the 

overview of how the algorithm is carried out. Start step is to compare the DNA profile evidence with DNA 

profile reference from DNA database. If all references have not been checked, pick the next reference profile. 

If all loci have not been compared then compare the next loci using the proposed FIS. If all locus have been 

compared, then check whether all references have been checked or not. If all references have been checked 

then calculate the average tribal similarity. After that, calculate the aggregate tribal similarity value. 

The proposed FIS can be configured to use as many profiles as intended, and therefore giving the 

investigator the flexibility in testing different tribal groups. The following explains in detail the walkthrough 

of the framework that is embodied in the proposed FIS, which uses the allele marker’s distribution as 

membership function. And then adjust the settings of the Takagi-Sugeno FIS and perform some calculations 

to obtain the value that reflects the tribal information similarity between two STR-Based DNA profiles. The 

hypothesis in embedding the tribal information inference in the proposed FIS is to somehow incorporate the 

statistical property of the tribal characteristic so that the tribal information is not lost in the STR similarity 

calculation. It has been noted that although M. R. Widyanto et al [4] were adequate in assigning a fuzzy 

similarity measure between two alleles, the statistical information regarding the two profile’s tribal 

information is lost. This lost information is what the system is trying to regain. Initial statistical analysis of 

the DNA profiles showed an interesting pattern. It seems that the allele markers’ probability distributions 

within a tribal group form a Gaussian distribution with different standard deviations between tribal groups. 

low medium high low medium high high 
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Figure 6 depicts the plot of the distribution of the D19S433 allele markers of a tribal group in Indonesia i.e. 

Javanese. 

 

 

  
 

Figure 5. The Overview of the Tribal Information Inference 

 

 

 
 

Figure 6.  The Gaussian distribution of Allele Marker Value 

 

 

Although it has been said that each tribal group has their unique allele distribution, there is a caveat 

that the difference in their distribution is very tight and hardly discriminative. Taking this statistical property, 

the logical hypothesis is to embed this Gaussian Probability Density Function (PDF) as the membership 

function in the proposed FIS that is built. This way, the Gaussian function acts similar to a membership 

function that assign a value to an allele marker, to which tribal group it belongs to. The Gaussian PDF is 

described as 

 

 (  )     
 
.    /

 

    (6) 

 

Where in the light of the statistical information,    ,     is the mean of the distribution (the 

peak of the curve), and     is the standard deviation of the distribution. Figure 6 shows how the Gaussian 

membership function generated from the average and standard deviation of the data fits the marker 

distribution of the allele marker (marked by the spiky line fluctuations), thus modeling the probability density 
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function. Apparently, this approach could assign a membership value, or in this case, the probability that a 

marker value    falling within the Gaussian interval belongs to a particular tribal group. Figure 7 shows the 

discrete distribution of statistical tribal data: raw data and Figure 8 shows the adjusted discrete distribution of 

statistical tribal data: after natural adjustment. 

 

 

  

 

 

 

 

 

 

 

 

 

 

Figure 7. The Discrete Distribution of Statistical 

Tribal Data: Raw Data 

 

 

 

 

 

 

 

 

 

 

Figure 8. The Adjusted Discrete Distribution of 

Statistical Tribal Data: After Natural Adjustment 

 

 

The proposed method consists of two cascade Fuzzy Inference Systems (FIS). The first which is 

based on Takagi-Sugeno FIS [8] is to calculate the tribal similarity, and the second that is based on Mamdani 

FIS [9] is to calculate the STR similarity. The Takagi-Sugeno FIS takes two inputs and two outputs, with the 

first output being the input for the second FIS and the second output is the tribal similarity that indicates how 

close the control profile and the query profile ethnically. This is in contrast to previous existing DNA 

matching algorithms which only produce one STR similarity score [4]. The tribal similarity score is only 

useful when the evidence profile is compared to a group of reference profiles whose ethnicity is known 

beforehand.  Figure 9 shows the arrangement of the FIS. 

 

 

  
 

Figure 9. The Configuration of the Takagi-Sugeno FIS 

 

 

5. EXPERMENTAL RESULTS 
To examine the discriminating ability of the proposed fuzzy inference system (FIS), a prototype is 

implemented and an experiment using a real dataset containing 727 profiles from the people of Indonesia is 

conducted. The proposed cascade Fuzzy Inference System (FIS) is implemented in Microsoft .NET platform 

using C# as the programming language and using Visual Studio 2015 IDE. The database is stored in a 

MySQL DBMS storing 727 profile data. The Fuzzy Logic Library is based on FuzzyLogicLibrary 

(http://fuzzynet.sourceforge.net/), modified to some extent to support the features used in the FIS design 

which is previously unavailable in the default package. The database is accessed and mapped using the ORM 

Vici Coolstorage (http://viciproject.com/). 

 

5.1. STR Similarity Experiment Design 

The first experiment is to examine the STR Similarity performance by comparing the proposed 

Cascade FIS, the previous Fuzzy Short Tandem Repeat (STR) Similarity [4], and the conventional STR 

match [11]. The data is 727 of Indonesia STR Based DNA profiles. The experiment is design to calculate the 

similarity between each STR profile with his or her family STR profile i.e. father or mother or sibling 

available in the database. If the STR similarity is greater than 0.5 then the family relationship is correct 

otherwise false. The Table 1 below shows the correctness percentage of the three methods compared. The 

STR Similarity 

Tribal Similarity  

Input to 

Mamdani FIS 

𝑂𝑓 

http://viciproject.com/
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table shows that the proposed method achieves the accuracy of 100%, meanwhile the previous Fuzzy STR 

Similarity method [4] also achieves the accuracy of 100%. In contract, the conventional STR match [11] only 

achieves 76.3% accuracy. This is supposedly the effect of noise in the process of analyzing the STR profile. 

The false calculation is due to the crisp calculation where two locus having slightly differ value got similarity 

score 0. Using fuzzy similarity measure, two alleles with small difference will still get a similarity score 

instead of a crisp 0. The result shows that the proposed Cascade Fuzzy Inference system does not  

under-grade the performance or previous Fuzzy STR Similarity as has been proposed in [4]. Moreover, the 

proposed Cascade Fuzzy Inference System is able to calculate the tribal similarity which cannot be found in 

the previous method. The experiment on how the experiment of the proposed method in calculating tribal 

similarity is discussed in the next sub-section. 

 

 

Table 1. Correctness Percentage of Family Relationship Similarity 
Compared Method Correctness Percentage 

The proposed Cascade Fuzzy 

Inference System 
100% 

The previous Fuzzy STR 
Similarity [4] 

100% 

The conventional STR Match [11] 76.3% 

 

 

5.2. Tribal Similarity Experiment Design 

The experiment objective is to see whether the proposed Tribal Similarity is able to indicate 

correctly that profiles which belong to different tribal groups should get lower tribal similarity score than 

those which belong to the same tribal group. This was done by first labeling the profiles to two separate 

groups, those who belong to tribal group A, and those which do not belong to group A. Then, every profile 

from each of the tribal groups was compared in different ways as illustrated in the diagrams below and the 

statistics of tribal similarity score results are observed.A total of 727 profiles were available, with 398 

profiles known to be of Javanese tribal group. The rest of the profiles’ ethnicity was unknown, so they were 

tested against the Javanese profiles. There were three modes of testing i.e. every Javanese compared against 

every Javanese, all non-Javanese against the Javanese, and every profile against themselves. Profiles with 

known ethnicity were needed as control group because the model assumes known ethnicity of the profile 

being used as comparison. For all the 3 modes of experimental comparison, various types of membership 

function discussed in the previous section are used in the experiments to see which one is most suitable for 

this particular statistical classification problem. The tables in the following show the experimental results. 

Naturally it would expected that the result from the same tribal group to score higher than those from 

different tribal group. Each modes and types of testing produce different results and the similarity scores of 

all the test within a mode is thenaveraged to see how good it is generally.  

Table 2 shows tribal similarity average, max, and mean value. 

 

 

Table 2. Tribal Similarity Average, Max, and Mean Value 
Continuous Form 

   Mode 1 Mode 2 Mode 3 ∆ 
Average 0.89742 0.39634 0.59658 0.50108 

Max 0.92329 0.52076 0.6214 0.40253 

Min 0.5905 0.19099 0.2909 0.399951 
Discrete Form 

    Mode 1 Mode 2 Mode 3 ∆ 

Average 0.78958 0.38558 0.58674 0.404 
Max 0.88685 0.58182 0.68333 0.30503 

Min 0.5908 0.28778 0.28864 0.30302 

Adjusted Discrete Form 
  Mode 1 Mode 2 Mode 3 ∆ 

Average 0.92436 0.19038 0.59153 0.73398 

Max 0.98764 0.58242 0.68395 0.40522 
Min 0.60337 0.10023 0.20112 0.50314 

 

 

The ∆ column shows the difference of the similarity score between Mode 1 and 2. The positive ∆ 

value confirmed the correctness of the proposed Takagi-Sugeno FIS. The benchmark is, the bigger the 

difference, the better discriminated are the profiles. The result shows that the use of discrete form of 

membership function to model the distribution of the allele markers resulted in averagely lower 
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discrimination of the profiles. However when adjusted, the results showed up a significant improvement. The 

most important thing is, the result shown that the proposed method of applying Takagi-Sugeno FIS with three 

different membership functions has excellent results.  

 

 

5. CONCLUSIONS 
A novel human STR (Short Tandem Repeat) similarity method using cascade statistical fuzzy rules 

with tribal information inference is proposed. The proposed method consists of two cascades Fuzzy Inference 

Systems (FIS). The first FIS is to discriminate the tribal similarity, and the second FIS is to calculate the STR 

similarity. By using the allele marker’s statistical distribution probability density function as the membership 

function in the Fuzzy Rules of the first FIS, the new method makes it possible to tell the tribal similarity 

between two STR profiles. A 727 data acquired from tribal groups of Indonesia is used to examine the 

method produced promising result. In the first experiment the proposed method achieves 100% accuracy in 

recognizing family relationship which is the same performance compared to the previous Fuzzy STR 

Similarity method. In contract, the conventional STR match only achieves 76.3% accuracy. This is 

supposedly the effect of noise in the process of analyzing the STR profile. However the proposed method is 

able to calculate Tribal Similarity that cannot be performed by the previous Fuzzy STR Similarity. In the 

light of Indonesia’s diverse tribal groups, these properties of the proposed method are able to be leveraged as 

a novel and new way to improve the versatility of existing DNA matching algorithm. 
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