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Abstract 

The advancements in sequencing high-throughput human genome and computational 

abilities have tremendously improved the understanding of the genetic architecture 

behind the complex diseases. These advances led to the identification of a number of 

single nucleotide polymorphisms (SNPs) associated with complex diseases. Identifying 

and characterizing these SNPs are being intensively studied in this new era of genome-

wide association studies (GWAS). These univariate studies ignore interaction effects 

between SNPs. It is widely believed that the etiology of most complex diseases depends 

on interactions between genetic variants and/ or environmental factors. Exposing these 

interaction effects are challenging due to biomolecular complexities, the high-

dimensionality problem, computational limitations, and the presence of noise in the 

biological data. Several machine learning and data mining approaches have been 

consistently successful in addressing these challenges. However, these traditional 

approaches are still left with several caveats when searching for useful subsets of SNP 

interactions. 

In this thesis, an associative classification (AC) based approach is implemented to 

identify multi-locus SNP interactions. In light of findings and difficulties observed 

during the experimental evaluations, a multifactor dimensionality reduction (MDR) 

based AC was proposed by reducing the dimensionality of the data. These strategies 

based on conventional methods are yet to produce remarkable results in identifying 

higher-order SNP interactions. Then the focus of this thesis is turned to explore the 

application of deep learning techniques by providing new clues into the interaction 

analysis. A deep neural network (DNN) is trained to detect informative interactions 

between SNPs. The performance of the deep learning method is maximized by 

improving network learning, and optimizing hyper-parameters. Further, DNN is unified 

with a random forest (RF) for achieving reliable interactions in the presence of noise. 

These methods are evaluated on various balanced and imbalanced simulated datasets 

for different epistasis models. The performance of these proposed methods are 

validated, and compared with the previous methods in the presence and absence of 

noise. Finally, the experimental findings are confirmed over four real world data 
applications. 
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Chapter 1 

Introduction 
In the current era of big genome data, there has been growing interest in identification 

and characterisation of genotype-phenotype relations to reveal the susceptibility of 

complex diseases. Many researchers have focused on genome-wide association studies 

(GWAs) to interpret the genetic architecture behind the manifestation of a disease. 

Single nucleotide polymorphisms (SNPs) have become most commonly used 

biomarkers in GWAs. Several hundreds to more than ten million SNPs from different 

individuals have been investigated to discover the underlying causes of traits [1]. 

Predominantly, GWAs are univariate analysis, which depends on a single-locus SNPs, 

leading to the problem of “missing heritability” [2]. The conventional single-locus SNP 

methods, such as, Chi-squared test or Fisher’s exact test unravel genetic basis by testing 

SNPs for the association of a disease. Highly ranked SNPs are considered to be highly 

associated with the disease. The major limitation of these linear methods is the need to 

analyze the association of each SNP with a disease in GWAs. Prediction errors due to 

multiple testing are high. Most of these studies also ignore interaction effects due to 
genetic and environmental factors.  

In reality, it is widely believed that many complex diseases are influenced by various 

genetic, and environmental factors acting together causing interaction effects [2] [3]. As 

a step forward, genome-wide association interaction studies (GWAIS) have emerged to 

discover gene-gene interactions in disease association models by providing further 

insights into genetic architecture of complex human diseases [4]. These gene-gene 

interactions (epistasis) can be either biological or statistical [5]. Biological epistasis is a 

phenomenon of physical interactions between biomolecules such as DNA, RNA, 

proteins, and enzymes. Statistical epistasis occurs at population level due to inter-

individual variation in DNA sequences. It is intuitively difficult to produce biological 

interpretations from statistical results due to the inherent nonlinearity. However, 

detecting these SNP interactions remains a biggest challenge in high-dimensional  

genome data due to the curse of dimensionality, biomolecular complexities, absence of 
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marginal effects, missing heritability, and computational limitations [2, 6]. These 

challenges have been partially addressed by a number of machine learning and data 

mining techniques [6, 7].  

Current research studies have explored the use of varying, and modifying logic 

regression [8], penalized logistic regression [9], classification and regression tree (CART) 

[10], multivariate adaptive regression splines (MARS) [11], focused interaction testing 

framework [12] and automated detection of informative combined effects (DICE) [13]. The 

evolution of huge high-dimensional data in genomics has led to the application of data 

mining and machine learning approaches including data reduction and pattern 

recognition. These approaches discover interesting interactions by considering all genomic 

variables in vast search spaces. Data reduction approaches reduce high-dimensional data 

to low dimensional data. They include combinatorial partitioning method (CPM) [14], 

restricted partition method (RPM) [15], set association [16], and multifactor 

dimensionality reduction (MDR) [17]. Pattern recognition approaches extract patterns 

from the data using techniques such as cluster analysis [18], support vector machines 

(SVM) [19], self-organizing maps (SOM) [20] and neural networks (NNs) [19]. Variable 

selection, model building and model interpretation are the three primary challenges in 

these approaches. In addressing these challenges, new strategies and methods are 
developed to improve genome-wide interaction studies.  

Tree based epistasis association mapping (TEAM) [21], Boolean operation based 

screening and testing (BOOST) [22], and GPU-based BOOST (GBOOST) [23] are some of the 

exhaustive search approaches. Even though these approaches are feasible, they are 

computationally intensive and execution time increases exponentially by the number of 

SNPs. In order to overcome these limitations, filtering approaches are used to analyse 

interesting SNPs. They include Random Forest (RF) [24], epiFOREST [25], SNPInterForest 

[26], Random Jungle (RJ) [27], forest based haplotype approach [28], Bayesian epistasis 

association mapping (BEAM) [29], fast epistatic interactions detection using markov 

blanket (FEPI-MB) [30], Bayesian network based epistatic association studies (bNEAT) 

[31], and Mega SNPHunter [32] and biological filters [2]. Though several aforementioned 

approaches are developed, SNPs with weak marginal effect may be filtered out that may 

significantly contribute to the disease. The contingency table had many empty cells which 

may lead to unstable estimation with large variance. Despite substantial advances in multi-
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locus interaction studies, the progress in detecting these SNP interactions by the 
conventional approaches is still left with several challenges.  

• A SNP at a locus can be associated with more than one disease.  

A SNP at a locus can have stronger association with a disease and a weaker 

association for other diseases. In some cases, a SNP may indirectly associate with 

a disease by influencing the nearest SNP in a different locus. This challenge is 

worth considering due to the genetic complexity stated in the previous research 

study [33]. The research exposed SNPs in chromosome 9p21 are associated with 

diseases like artery diseases, diabetes, and multiple cancers. The SNPs in this 

region did not alter any sequences. They influenced three nearest genes to be 

associated with these diseases. They are strongly correlated with gene ANRIL 

and weakly correlated with CDKN2A, CDKN2B genes.  

• SNPs at different region in a genome can cause various impacts over a 

disease.  

A SNP in coding region (the region in a DNA/RNA sequence that codes for a 

protein) may alter the functionality of protein. A SNP in promoter region (the 

region in a DNA sequence that initiates transcription of a gene) may affect 

transcription (the processes in which DNA sequence is copied to RNA sequences) 

regulation. A SNP in intron region (the region in a DNA sequence which is 

removed by RNA splicing) may affect splicing and expression of a gene. 

Identification of such disease causing SNPs is proven to be more challenging 

[34]. 

• Combinations of SNPs exponentially grow as number of SNPs increases.  

One million of SNPs would take approximately 3 years to analyse [35]. It is 

infeasible to find all the combinations of SNPs through exhaustive search. Power 

of current approaches decreases as dimensionality increases. Hence, efficient 

methods are required to handle high voluminous data being produced by 

genome sequencing. 

• The power of the method is reduced in the presence of noise.  

Some of the current approaches can handle noise reasonably well [36, 37]. 

However, they fail to address genetic heterogeneity and phenocopy, and their 
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combined effects [36]. The power of the current methods is drastically dropped 

by increasing the classification errors.  

These challenges include the development of efficient methods for detecting a true 
causal subset of SNP interactions responsible for a disease.  

1.1 Research Questions 

The following research questions are raised while developing the efficient methods in 

this thesis: 

 How efficiently methods can be developed to detect two-locus SNP interactions? 

 Can the proposed methods be flexible to extend for higher-order interactions? 

 How effectively the performance of the methods can be improved? 

 Can the proposed methods be applied for unsupervised tasks?  

 Can the proposed methods be implemented for imbalanced datasets? 

 How effectively the power of the methods can be improved in the presence of 

noise due to genotyping error (GE), missing data (MS), phenocopy (PC), and 
genetic heterogeneity (GH)? 

1.2 Research Objectives 

The overall objective of this thesis is to develop methods that could enhance the 

understanding of the genetic architecture of complex diseases. The main objectives of 
this research are as follows: 

Objective 1: Develop methods for search of two-locus SNP interactions 

 An associative classification based approach (AC) 

 Incorporating associative classification into MDR (MDR-AC) 

 Deep learning method (DNN) 

 Deep hybrid method (DNN-RF)  

Objective 2: Extend and improve the performance of the proposed methods  

 Investigate the proposed methods for higher-order SNP interactions 

-- Three-locus to ten-locus interactions 

-- Combined effect of higher-order interactions and main effects 
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 Investigate the methods for unsupervised tasks 

-- High-dimensional data to low dimensional data 

-- Discovering anomalies in the reduced representation of the data 

 Improve the performance of the methods 

-- Optimising hyper-parameters 

-- Perform sensitivity analysis 

-- Investigate and explore various optimising algorithms to improve the network 

learning 
Objective 3: Evaluating the proposed methods on both simulated and real data 

 Simulation studies 

-- Balanced and imbalanced datasets 

-- Absence of the noise and presence of the noise due to MS, GE, GH, PC, and their     

combined effects. 

 Real data application studies 

-- Sporadic breast cancer data 

-- Hypertension data 

-- Chronic kidney dialysis patients’ data 

-- Data obtained from whole genome study 

Objective 4: Comparing the performance of the proposed methods with the 

previous approaches 

 Validate the methods with previous methods on various simulated scenarios for 

the models exhibiting epistasis effects 
 Experimental findings are confirmed on real datasets  

1.3 Research Outcomes and Contributions 

This thesis makes following contributions to the current multi-locus interactions 
studies in genetic epidemiology.  

Associative classification:  An association classification (AC) based approach is 

implemented to detect two-locus SNP interactions in Chapter 3. The goal of this 

contribution is to implement associative classification, and study its effectiveness for 

detecting the epistasis in balanced and imbalanced simulated datasets. The approach is 
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evaluated for single-locus models to six-locus models for various simulated scenarios. 

The method is evaluated for various simulated scenarios and real datasets. The 

simulated datasets are generated for five different penetrance functions by varying 

heritability, minor allele frequency, and sample size. The experimental results 

demonstrated significant improvements in the performance of the method on 

imbalanced datasets when compared with the previous methods. These research 
outcomes were published in [38-40].  

MDR based association classification: Even though, the studies in Chapter 4 were 

encouraging for some of the balanced datasets, MDR performed significantly better than 

AC in all balanced datasets. Hence, the research proceeded by proposing MDR based AC 

(MDRAC) for revealing the unexplained hidden interactions behind complex diseases in 

Chapter 4. The proposed MDRAC is evaluated for same simulated scenarios, and real 

world datasets as presented in Chapter 3. The method is further studied in depth by 

adjusting threshold levels, and adding noise to the datasets. The experimental results 

demonstrated improved accuracy over previous method by reducing the classification 

errors. The proposed method identified some of the interesting interacting SNPs at 

various locations that are not exposed by traditional approaches. Further, the proposed 

method is successfully extended to higher-order SNP interactions (more than two-
locus). The work presented in this chapter has been published in [41-43] 

Deep learning method: In Chapter 5, it was observed that the power of MDRAC was 

much reduced in the presence of PC, and GH, and their combined effects with other 

sources of noise. Hence, deep learning strategies are explored in Chapter 5 for 

addressing this research problem. DNN is trained to predict two-locus polymorphisms 

due to interactions in genome-wide data. The performance of the method is studied on 

same simulated settings and on a published genome-wide dataset. The performance of 

the DNN is validated by varying the parameters of the models under various scenarios. 

The experimental evaluations over real data demonstrated significant improvements in 

the prediction accuracy over the previous machine learning approaches. This 

contribution has been published in [44, 45]. 

Improving deep learning method: Further studies are performed on DNN to 

maximise the prediction accuracy of best models by improving the method in Chapter 6. 
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The proposed method is extended by implementing dimensionality reduction using 

PCA, and studied the behaviour of the method for multi-locus SNP interactions (more 

than two-locus). The method is also studied for unsupervised feature learning tasks, and 

discovered anomalies using Autoencoder. The predictive performance of the models is 

improved by optimizing hyper-parameters, and improving network learning 

algorithms. Sensitivity analysis of input variables with respect to the response variables 

is also performed. Further, evaluations are performed to learn the behavior of the 

network in the presence of noise due to MS, GE, PC, and GH, and their combined effects. 

It is observed that, the power of the improved method is better than the previously 

proposed methods. However, still better approaches are investigated to improve the 

power of the extended DNN method in the presence of noise. These research outcomes 
were published in [46-48]. 

Deep hybrid method: In Chapter 7, a hybrid method is proposed by integrating DNN 

and RF (DNN-RF), to enrich the capabilities of DNN with the RF. The performance of the 

method is evaluated on number of simulated datasets, and findings are confirmed on a 

real world data application. On an average, the method outperformed for all the 

simulated models in the presence and absence of noise. The power of DNN-RF in the 

presence of PC, and GH, and their combined effects with other sources of noise are much 

higher than the previous methods. This is due to the incorporation of RF into the 

method, which improved overall predictive accuracy of the models. The work presented 
in this chapter is accepted [49]. 

1.4 Thesis Structure 

This thesis is written based on peer reviewed publications. Hence, the contents of the 

chapters will be partially overlapped with the published work. The outline of this thesis 
has been organised as follows.   

Chapter 2: “Literature Survey” reviews the relevant background related to this thesis. 

The chapter provides an overview of current approaches for identifying interactions 

that contributes complex diseases. It includes establishing the terminologies used in this 

thesis. It also investigates the challenges to be considered while developing the new 

methods. The chapter further discusses the data simulation tools, and sources of real 
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data to evaluate the performance of the methods. The review presented in this chapter 
is published in [50]. 

Chapter 3: “Associative classification for detecting higher-order SNP Interactions” 

provides an associative classification based approach to detect multi-locus interactions.  

Chapter 4: “Multifactor Dimensionality Reduction based Associative classification” 

describes the integration of multifactor dimensionality reduction into associative 
classification to address the problems that arise in rule based approach. 

Chapter 5: “Towards Deep Learning Models for SNP Interaction studies” explores deep 

learning techniques to improve the performance of the methods in the absence and the 

presence of noise. The models are trained and validated for various simulated datasets 
and real datasets  

Chapter 6: “Learning Method for an intensive search of higher-order interactions” 

investigates optimising techniques and applied on deep learning models to improve 

learning. The chapter also provides the behaviour of networks over higher-order 
interactions and their combined effects. 

Chapter 7: “A Deep Hybrid Method for the noise data” presents the details of a hybrid 

approach, which incorporates random forest into deep learning method. It further 
discusses and analyses the performance of the models in the presence of noise. 

Chapter 8: “Conclusions and Future works” provides a summary of the contributions 

presented in this thesis. It further includes the potential limitations of this research 

work. The chapter concludes by suggesting the potential areas of future work. 

Suggestions towards future works may partially presented in the published papers [49, 
51].   
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Chapter 2 

Literature Survey 
This chapter will provide some basic understanding of SNP interactions, and their 

association with complex diseases in Section 2.1 and Section 2.2.  Section 2.3 addresses 

the issues to be considered for designing the methodologies in the current literature. 

Section 2.4 and Section 2.5 reviews the current methods and the related software 

packages to detect the SNP interactions. The strengths and limitations of current 

methodologies are also discussed in this section to highlight the gaps to be considered 

while designing the new methodology. The chapter further reviews the achievements in 

data simulation to evaluate the performance of current methodologies in Section 2.6. 
Finally, Section 2.7 discusses the alternative approaches of SNP interaction analysis. 
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2.1 Single Nucleotide Polymorphism 
The genetic epidemiology of human disease is complex, where no single factor on its 

own has been the cause of a disease. Rather, they are influenced by the combination of 

genetic, environmental, and life style factors. Some examples include breast cancer, 

diabetes, cystic fibrosis, multiple sclerosis, hypertension, obesity, asthma, anemia, 

parkinson’s and alzheimer’s disease. About 99% of the human genome is identical, with 

only 1% variations in deoxyribonucleic acid (DNA) [52]. Understanding the role of these 

variants related to a disease mechanism will improve the effectiveness of treatments. 

There have been an increasing number of studies that depict genotype-phenotype 

relationships by identifying genetic variants associated with a disease. The modern unit 

of genetic variation is the single nucleotide polymorphism (SNP, commonly pronounced 

as “snip”) [53].  A polymorphism is a region of the genome that varies between different 

individuals [54]. A SNP is a common genetic variation caused by the change of a single 

nucleotide (A, T, C and G) in the DNA sequence. SNPs are the most abundant form of 

genetic variations, and they are not evenly distributed across the human genome [53]. 

About 93% of all genes contain at least one SNP [54]. On average, one SNP occurs in 

every 300 nucleotides, such that there are around 12 million SNPs in the human 

genome [55]. The frequency of SNPs is at least 1% of the population. SNPs may occur in 

the coding sequence of genes, noncoding regions of genes, or regions between genes. 

The majority of SNPs (used as markers of a genomic region) have minimal impact on 

biological systems [53]. However, the functional consequences of SNPs causes changes 

to amino acid, mRNA transcript stability, and transcription factor binding affinity [53, 

56]. In rare genetic disorders, such as cystic fibrosis [57], disease manifestation is due to 

extremely rare genetic variants that initiate a change in protein function [53]. These low 

frequency rare genetic variants in the population are sometimes referred as mutation 

(structurally similar to a SNP)[53]. The frequency of rare variants is less than 1% in a 
population.  

Box 2.1: Single Nucleotide Polymorphism (SNP) 

DNA is a polymer composed of nucleotides, which are bonded asymmetrically [58]. Each 

nucleotide consists of a single nucleobase from four possible bases of adenine (A), thymine (T), 
cytosine (C) and guanine (G). Hydrogen bonds of A with T and C with G forms a double helical 

structure with two DNA molecules. DNA consists of genes and encodes information for 
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synthesizing proteins and ribonucleic acid (RNA). Even though, DNA is a stable molecule, about 

1% genetic variations occur between individuals.  The locations that differ from other individual 

are known as SNPs. That is, a base pair in a sequence is replaced by another base pair is a SNP. 

They are the most common variants in human genome, whose frequency is greater than 1% in a 

population.  

 

SNP

  

Figure.2.1 Single nucleotide polymorphism in DNA sequence (adopted from [59]). 

 

 

2.2 Interactions  
Recently, genome-wide association studies (GWAS) have been substantially expanding 

the knowledge on the role of SNPs and their associations in revealing the genetic 

epidemiology of a disease. GWAS identifies the SNPs that are candidate biomarkers for 

genes that could indicate complex diseases in an individual. Despite the success of 

GWAS in identifying disease causing SNPs, the progress in identifying interactions 

between SNPs and their associations with the disease is still limited. The biology behind 

complex diseases is characterized by multiple factors acting together and/or 

independently [2]. This “underground network” of multiple factors may eventually 

induce disease manifestations [60]. Some factors may cause the disease by themselves 

while some others may cause the disease in the presence of other factors. When two or 

more factors depend on each other to develop a disease, it is often due to interaction 
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effects [2]. The Webster’s dictionary meaning of interactions has two meanings: 

“intermediate action and action on each other; reciprocal action or effect” [61]. There is 

no universally accepted meaning for interactions by biologists and statisticians [61]. 

The author broadly defined the term interactions as the factors or objects that do not 

act independently. However, in the literature, the definition of interaction falls mostly 

under two main categories [2]. The first category is antagonistic interaction, where the 

expected measure of risk factors is lower compared to the sum of individual risk factors. 

In contrast, synergistic interaction occurs when the expected measure of risk factors 

exceeds the sum of individual risk factors. As part of the complexity of diseases, some of 

many phenomena are due to genetic heterogeneity, and non-linear interactions 

between genetic variants and environmental exposure rather than individual factors [6, 

62]. Exposing these interactions such as, gene-environment interactions and / or gene-

gene interactions play an important role in better understanding the development of 

complex diseases. Hence, the study of such interactions has been the subject in genome-
wide interaction studies (GWAIS) as a step forward from GWAS. 

2.2.1 Gene-Environment Interactions 
Garrod first studied the consequence of gene-environment (G×E) interactions by 

suggesting that the various effects of genes can be modified by environmental 

exposures [63]. Since then, there have been a number of studies aimed at describing the 

joint effects of genetic and environmental factors that influence a disease. Hunter and 

Thomas reviewed emerging studies associated with G×E interactions in human diseases 

[64, 65]. Widely in epidemiological studies, G×E interactions are statistically defined by 

estimating the degree of risk attributable to the combined effect of a genetic and an 

environmental factor on a disease, which exceeds or decreases when compared to the 

expected joint effect (additive) [65-67]. Alternatively in the context of intervention 

studies, G×E interactions are described as the risk conveyed due to specific genotypes 

depending on the level of one or more environmental exposures (such as diet and 

physical activity) [66].  

2.2.2 Gene-Gene Interactions 
Gene-gene (G×G) interaction also known as epistasis or genetic interaction has been 

one of the topics for many researchers to address several enduring questions of 
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underlying genetic architecture of complex diseases [3, 6, 35]. Epistasis has diverse 

definitions, given by biologists, statisticians, epidemiologists, and geneticists. Bateson 

first coined the term “epistasis” (a Greek word which means “standing upon”) to explain 

deviations from Mendelian inheritance [68]. The author described epistasis as an allele 

at a locus masks the expression of an allele at another locus. Subsequent descriptions of 

epistasis have given rise to various definitions in the literature. Fisher [69] defined 

epistasis as a deviation from additivity in a linear model. Cockerham [70] divided 

epistasis into three types: additive * additive, additive * dominant and dominant * 

dominant [71]. Further, the language of epistasis is discussed by Phillips [72] who 

extended epistasis into six types: dominant epistasis, recessive epistasis, duplicate 

genes with cumulative effect, duplicate dominant genes, duplicate recessive genes, and 

dominant & recessive interaction [71]. In genetic epidemiology, frequently epistasis can 

be defined as the interactions between alleles at different loci [61]. The locus not only 

represents location of a gene, it also represents the location of genetic variants nearby 

or within a gene. One gene or any genetic factor masks or suppresses the effect or action 

of other (s) is one of the other alternative definitions of epistasis provided by the 
author.  

However, according to the recent reviews, epistasis can be viewed in terms of biological 

and statistical effects [3, 35, 73]. Bateson’s biological epistasis is a contrast to Fisher’s  

statistical epistasis [73]. Moore defined biological epistasis as physical interactions 

between biomolecules (such as DNA, RNA, proteins and enzymes) within gene 

regulatory networks and biochemical pathways [5, 74]. In biological epistasis, the effect 

of a gene on a phenotype is dependent on one or more other genes. Statistical epistasis 

can be defined as the deviation from additivity in a generalized model [5]. This non-

additivity of genetic effects is measured mathematically from population level data. The 

distinction between biological epistasis and statistical epistasis is discussed in detail by 

Moore [5]. Even though, the author considers the significance of this distinction for 

drawing a biological conclusion from a statistical model that describes a genetic 

association [75], the definition of epistasis still causes  confusion when interpreting 

statistical findings. Hence, a clear meaning of epistasis is crucial to clarify the underlying 

genetic networks of biological systems. However, the classic definition of epistasis 
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provided by Bateson and Fisher is still considered to be a good starting point of 
explaining gene-gene interactions [76].  

Box2.2: Epistasis 
The interaction between two or more genes to affect a phenotype, such as disease susceptibility, 

is called epistasis [5]. An allele at a locus masks the expression of an allele at another locus. 

Biologically, epistasis likely arises from physical interactions occurring at individual molecular 

level [5]. Statistically, epistasis refers to the average effect of substitution of alleles at 

combinations of loci, with respect to the average genetic background of the population [6]. 

 
Figure.2.2 Relationship between Biological epistasis and Statistical epistasis (adopted from [5]). 

Biological epistasis occurs at an individual level which involves variations in DNA sequence 

(vertical bars), biomolecules (circle, cross, oval, and triangle), and their physical interactions 

(dashed lines) giving rise to a phenotype (star). Statistical epistasis occurs at a population level 

due to inter-individual variability in genotypes, biomolecules, and their physical interactions. 

 

Table 2.1: Extended types of epistasis as reported by Phillips [72] 

Gene interaction Inheritance pattern A-/B- A-/bb aa/B- aa/bb Ratio 

Additive Each genotype results in a 

unique phenotype. 

9 3 3 1 9:3:3:1 

Dominant The dominant allele of one gene 12 3 1 12:3:1 
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epistasis masks the expression of either 

allele of the second gene. 

Recessive 

epistasis 

(Supplementary 

interaction) 

The recessive allele of one gene 

masks the expression of either 

allele of the second gene. 

9 3 4 9:3:4 

Duplicate 

recessive genes 

(Complementary 

genes) 

At least one dominant allele from 

each of two genes needed for 

phenotype. 

9 7 9:7 

Duplicate 

dominant genes 

One dominant allele from either 

of two genes needed for 

phenotype. The duplicate genes 

are also called as pseudoalleles. 

15 1 15:1 

Duplicate genes 

with cumulative 

effect 

A new phenotype is expressed, 

on the presence of both the 

dominant non allelic alleles of 

two genes.  However, they 

express phenotype separately, 

when they are allowed to 

express independently. In the 

absence of any dominant allele, 

the recessive allele is expressed.  

9 6 1 9:6:1 

Dominant 

recessive 

interaction 

The dominant allele either in 

homozygous or heterozygous 

condition of one gene, and the 

homozygous recessive allele of 

other gene produce the same 
phenotype.  

13 3 13:3 

 

According to recent reviews, identifying these gene-gene interactions have become 

more pervasive, extremely important to consider and challenging to detect [2]. The 

current methods for identifying gene-gene/SNP-SNP interactions are mathematically 

challenging and computationally complex. The challenges include the high-

dimensionality problem, computational limitations, absence of marginal effects, missing 

heritability, and genetic heterogeneity [6, 19, 24, 26, 35, 73, 77, 78]. These challenges 
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have been addressed by a number of data mining and machine learning approaches. The 

current methods and the related software packages that are being used to detect SNP 

interactions are reviewed in this chapter. The issues that need to be considered when 

developing these methods are also addressed. In addition, the chapter reviews the 

achievements in data simulation for evaluating the performance of these approaches to 

identify the SNP interactions. Further, the future of SNP interactions and the methods to 
be considered are also discussed.  

2.3 Issues to be considered for designing the 

models 

A number of strategies are developed for identifying SNP interactions to reveal the 

underlying genetic architecture of complex diseases [79]. Understanding the role of 

SNPs and their interaction effects in the context of disease susceptibility will improve 

diagnosis, prevention and treatment [77]. The major problems associated with 

uncovering these interactions are variable selection, model building and model 
interpretation [2]. 

2.3.1 Variable Selection 

The challenge of variable (SNP) selections poses a needle-in-a-haystack problem. The 

variables are selected from high-dimensional datasets to understand the underlying 

phenomena of interest. There are about 12 million SNPs along the 3-billion-base human 

genome [80]. Evaluating combinations of SNPs from these candidates and identifying an 

optimal combination among an astronomical number of possible combinations is 

computationally infeasible [77]. For example, there will be 4.5*1010 two-way 

interactions and 4.5*1015  three-way interactions to be examined in a study of 300,000 

SNPs in GWA [2]. These computational challenges have been addressed in the current 

research either by using feature selection or feature extraction approaches.  

Feature extraction reduces the dimensionality of the variables by aggregation and 

projection [81]. Feature selection extracts an optimal subset of features to avoid over 

fitting, improve model performance, enhance data analysis and reduce execution time 

[35]. In contrast to the feature extraction methods, feature selection methods do not 
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reduce the number of variables. They select a subset of all the existing features. Hence, 

the number of tests for searching the combinations of SNPs is reduced. These methods 

reduce the burden of multiple testing by substantially decreasing the chances of 

rejecting the null hypothesis when it is true. The Feature selection methods are 

classified as filter, wrapper and embedded methods [35]. Filter methods select a subset 

of variables for analysis as a pre-processing step, by algorithmically assessing the 

quality of the variables independently. Wrapper methods use deterministic or 

stochastic approaches and iteratively select a subset of variables in accordance with 

their predictive power. Embedded methods select variables during the training step of 

the algorithm. They are more specific to the learning machine. These methods include 

interactions with classification models and they are computationally more efficient than 

filter and wrapper methods. The detailed reviews of feature selection are given by 

Guyon [82], and Saeys [83]. 

Table 2.2: Variable selection methods in detecting SNP interactions [35] 

Methods Approaches Description Reference 

Filter  Entropy based These methods detect SNP-SNP interaction (model 

free option ESNP2-S) and the best model is identified 

from various SNP interaction models (model based 

ESNP2-Mx). 

[84] 

 Synergy based It is a system based approach which identifies 

synergistically interacting SNPs by introducing 

information theory of multivariate synergy. 

[85] 

 ReliefF It chooses the instances randomly based on nearest 

neighbours from the entire vector values of all 

attributes by changing the weights. 

[86] 

 TuRF ReliefF is systematically improved by filtering worst 

attributes and re-estimating the weights of remaining 

attributes.  

[87] 

 SURF Spatially uniform ReliefF selects all neighbours which 

are in predefined epsilon to improve the sensitivity of 

the approach to identify epistasis. 

[88] 

 Evaporative cooling Attribute quality measure is used on thermodynamic 

free energy which integrates ReliefF and entropy to 

obtain the subset of features that contains SNPs 
associated with phenotype by removing the noisy 

[89] 
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features. 

Wrapper GPAS Genetic programming for association studies uses 

genetic programming and multi-valued logic in 

disjunctive normal form (DNF) to enable related 

categorical response variables. 

[90] 

 Ant-colonization 

optimization 

It is a positive feedback approach that modelled on 

the behaviours of ants (to find the shortest paths) and 

is easily parallelizable.  

[91] 

 AntEpiseeker It is a two stage modified generic optimization of ant 

colony algorithm. The first stage searches SNP sets 

using χ2 scores and pheromone levels. The second 

stage searches exhaustively for the SNP interactions 
within the subset set of highly suspected SNPs.  

[92] 

Embedded Decision tree based They are used for modelling the relationship between 

SNPs and a discrete end point by sorting through a 

tree. 

[93] 

 Recursive 

partitioning 

A population is segmented into non-overlapping 

groups in which the response of interest is more 

homogeneous within the segments. It greatly reduces 

effective search and inference space. 

[94] 

 Random forests They consist of regression trees generated from 

random vector using a bootstrap sample of instances 

from the data. Each tree is grown without pruning. 

[95] 

 Logic regression Logic regression adapts Boolean combinations of 

logical variables as predictors for the response in 

GWAS. LogicFS uses bagging in logic regression to 

detect SNP interactions associated with a binary 

response. 

[96] 

 

2.3.2 Model Building 

The second challenge that needs to be addressed is the developing of powerful 

statistical and computational methods for uncovering the SNP interactions. 

Characterizing the correlation between interacting SNPs, environmental exposures, and 

other genetic variants with disease susceptibility is more challenging while designing 

the models. This is due to the increase in dimensionality associated with multi-locus 



19 
 

genotype combinations when compared to assessing SNPs individually. That is, a SNP 

has two possible alleles, one common allele (A) and the variant or minority allele (a). 

Three possible genotypes (AA,Aa/aA, and aa) are yielded due to duplication of  DNA in 

each cell. Hence, the interaction between two SNPs will yield 32 =9 two-locus genotype 

cells. There will be 27 three-locus genotype cells for third order interactions and so 

forth [78]. This dimensionality problem (curse of dimensionality) [97] has been 

analytically challenging to detect SNP  interactions in sparse data. The traditional 

parametric statistical approaches (such as logistic regression) do not deal effectively 

with curse of dimensionality [77]. Hence, several data mining and machine learning 

approaches were developed and they are more powerful than linear approaches [6, 7, 

19, 35, 71, 73, 77]. However, these approaches are susceptible to learn rare patterns in 

datasets that results in false positives. The false positives can be reduced by 

implementing permutation testing [98] and cross validation [99]. Further, these non-

parametric approaches do not have underlying theoretical distributions that can lead to 

over-fitting the data. These issues are to be addressed while designing models that can 

identify the interactions effectively in a large search space.   

2.3.3 Model Interpretation 

The interpretation of SNP interaction models is still a challenging issue to be addressed. 

Once the multi-locus SNP interaction model is detected for disease susceptibility, a 

biological interpretation is to be developed for that model. For example, in [2], a four-

way SNP interaction model is identified in a particular biochemical pathway. Increase or 

decrease of disease susceptibility by the particular genotype combination is more 

challenging than identifying an interaction model. There will be 81 possible genotype 

combinations for four SNPs. At least 81 experiments are required to evaluate the effects 

of SNPs on the enzyme activity in the biochemical pathway. Hence, the biological 

interpretation of four-locus model creates 81 transgenic mouse lines for each genotype 

at a single-locus. A number of software packages are developed to assess biological 

plausibility. GenePattern [100] integrates a set of analysis tools and knowledge sources 

to facilitate biological interpretation. Exploratory visual analysis is designed to integrate 

results with biological knowledge from public databases and have been applied to GWA 

data [101]. Some of the other packages for interpreting results include Pathway Studio 

from Ariadne and Ingenuity Pathway Analysis from Ingenuity Systems [77]. Ontology 
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based methods [102] and literature based systems [103] have also been proposed for 

aiding the biological interpretation [77]. The biological interpretations inferred from 

statistical interaction models are still limited. Some recent studies focus on strong prior 

biological models that have been extensively studied in the current literature [104, 105] 

to assess the fitness of the models from the out-breeding population. 

2.4 Methods for detecting SNP interactions 

The conventional statistical approaches [6, 77] focus on a single-locus analysis where 

Mendelian laws hold. A series of statistical tests are performed on genome-wide 

association data by examining each SNP individually for the association to a phenotype. 

These statistical tests (depend on various factors) are different for quantitative traits 

and case-control studies [106] [107]. Generally, quantitative traits are analyzed by 

generalized linear model (GLM) approaches, and analysis of variance (ANOVA). On the 

other hand, case-control traits are generally analyzed by using contingency table tests, 

and logistic regression. Contingency table tests (such as, Chi-squared test, and Fisher’s 

exact test) examine the SNPs that are associated with a phenotype. Highly ranked SNPs 

are considered to be highly related to the disease. Logistic regression (the outcome of 

linear model is transformed using logistic function) is the most widely used approach 

that allows adjustment for clinical covariates, and can provide adjusted odds ratios. In 

addition to single-locus analysis, a number of recent reviews suggested that exploring 

interaction effects will also play an important role in revealing the full extent of genetic 

architecture [3, 6]. Consequently, this led to an intensive research of discovering multi-

locus SNP interactions in GWAS. Multi-locus analysis is not as simple as single-locus 

analysis due to numerous statistical, logistical, and computational complexities. By 

addressing current challenges, efficient statistical and computational techniques have 

been consistently explored. The following subsections briefly review some of the 
current data mining and machine learning methodologies to detect SNP interactions. 

2.4.1  Multifactor Dimensionality Reduction  

Multifactor Dimensionality Reduction (MDR) [17, 36, 108] is a model free, 

nonparametric, exhaustive method to identify gene-gene interactions in higher-order 

data. It reduces high-dimensional genotypic combination data to a single dimension 
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using the constructive induction approach. The model selects n set of factors (SNPs) 

from all possible combinations of n loci.  SNPs are bi-allelic and can be genotyped in 

three possible combinations. The combinations for selected n SNPs are represented by 

cells in n-dimensional space as contingency tables. The case to control ratio for each cell 

is calculated and is classified as either a high risk or a low risk cell based on a threshold 

value. The model is evaluated using Naive Bayes classifier and the balanced accuracy is 

reported. Finally, an optimal predictive model is obtained by performing cross-

validation. The statistical significance of the final model is achieved by performing 

permutation testing using 1000 permutations. The null hypothesis of no associations 

was rejected when the p-value from permutation test is ≤ 0.05. The MDR tool [109] 

implemented in java is publicly available for download from http://www.epistasis.org/.  

Even though MDR could successfully identify SNP interactions by reducing the false 

positive rate, it still suffers from major drawbacks. The model does not scale up to 

analyze a large number of SNPs. It may eliminate useful interactions due to reduction of 

high-dimensional genotype combinations to one dimension. It is unable to assess the 

proportion of risk level and is restricted to balanced datasets. Further, its efficiency is 

reduced in the presence of genetic heterogeneity and phenocopy. Hence, several 

aforementioned strategies are extended by addressing the limitations of MDR. Velez 

[108] extended MDR for imbalanced datasets. Lee [110] applied regression to MDR to 

deal with non-binary and continuous variables. Pattin [111] used interaction networks 

to reduce the computational time. Two-way ANOVA statistical tests are performed to 

identify significant interactions supported by text mining and experimental evidences. 

Namkung [112] extended MDR to address missing data. The author evaluated the 

performance of MDR using weighted balanced accuracy and ordinal association 

measures. This improved the power of MDR to detect interactions. Odds Ratio based 

MDR (OR-MDR) [113] uses odds ratio as a quantitative measure to identify the 

interacting SNPs. The odds ratios of each combination of genotype are ordered from 

highest to lowest. Further, a confidence interval is calculated for each combination of 

genotypes using an empirical distribution (bootstrap or sampling theory) to identify the 

significant odds ratio. The significance of the model can still be determined by 

permutation tests based on cross validation consistency.  

http://www.epistasis.org/
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Generalized MDR (GMDR) [114] is a generalized unified linear model based on the 

scores that allows adjustments for discrete and quantitative covariates. The framework 

can handle both quantitative and dichotomous phenotypes. Model based MDR (MB-

MDR) [37, 78, 115] is a flexible framework that combines multi-locus genotype cells 

using disease status. The model introduces the concept of no evidence cells (O) to 

increase the power of MDR. Robust MDR (RMDR) [116] uses Fisher’s exact test instead 

of a predetermined threshold for objective statistical criteria. It solely considers 

statistically significant genotype combinations obtained from MDR to make the final 

model more robust. Some of these approaches are successfully applied over genetic data 

[17, 113-116]. The statistical significance of MDR based models are generally evaluated 

using 1000-fold permutation testing. The permutation based testing (for accurate 

multiple testing corrections) is computationally infeasible for high-dimensional genome 

data [35]. It is also a time consuming strategy as tests have to be performed for all 

permutations to find the threshold. Non-fixed and omnibus alternative permutation 

testing strategies are explored by Motsinger [117]. The author demonstrated improved 

performance of MDR by using omnibus permutation testing with reduced false 

positives. In further studies, the author recommended reduction in cross validation 

from 10-fold to 5-fold that will reduce the runtime of the algorithm without losing the 

performance [118]. However, MDR performed poorly in the presence of genetic 

heterogeneity for both 10-fold and 5-fold (even worse) CVs. MaxT (permutation based 

gamma distributions) is an efficient technique implemented to control the false positive 

rate by improving the memory efficiency and speed [119]. Detailed study of MDR and 
extended methods are reviewed by Gola [120]. 

2.4.2 Random Forest  

Random forest (RF) [121, 122] is an ensemble classification and regression trees 

(CARTs) that are grown in a random subspace of data. Each tree in the forest is grown 

using a bootstrap sample of instances from the data. One third of samples are left in out-

of-bag (OOB) to estimate the prediction error. The attributes in the tree are chosen 

using random feature selection. A binary split is represented as a node, which 

terminates at a leaf. The data is recursively split into distinct subsets using appropriate 

splitting rules. Each subset of child nodes is purer than the corresponding parent node. 

Finally, the subjects are classified by majority votes over all trees in the forest. RF 
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outperforms the prediction when the trees do not exhibit a correlation with each other. 

It can estimate the importance (Gini) of each attribute in the training data. It can also 

determine the pairwise proximity among the samples. These features of RF uncover the 

interactions between genes in the absence of main effect [123]. The algorithm is 

implemented in a number of open source software packages, such as R [124], Rapid 

miner [125], Weka [126] and Willows packages [127]. RF can be very suitable for 

handling large p-value problems. However, RF contradictorily requires a marginal effect 

in at least one of the SNP interacting pair. This confound reduces the power of detecting 
interacting SNPs.  

These limitations are addressed by several extensions of RF. EpiForest [25] uses RF 

analysis to obtain the Gini importance of individual SNPs. It merges with Sliding 

window sequential forward feature selection (SWSFS) algorithm to obtain a subset of 

SNPs by reducing the classification errors. The statistical significance of two-locus and 

three-locus models is identified using a hierarchal procedure based on B statistic. 

Random Jungle (RJ) [27] is a computationally efficient publicly available software 

package specially designed to analyze the high-dimensional genome data. RJ uses 

variable backward elimination to measure the features. It executes in parallel by using 

the multithreading and message passing interface (MPI) parallelization [27]. Important 

SNPs responsible for interactions are identified by permutation based importance 

measure. RFCouple [128] constructs a RF based pre-screening method by aggregating 

information of multiple SNPs. Further, it is coupled with the MDR approach to improve 

the performance. Permutation based measures of MDR are used to determine 

statistically significant interactions. SNPInterForest [26] reconstructs RF by selecting 

multiple-SNPs at a node and bounds a procedure for extracting SNP interactions. 

Although the approach is computationally demanding, it outperforms BOOST [22] and 

SNPHarvester [129], by reducing the FDR. Stratified sampling RF (SRF) [130] constructs 

RF using the stratified sampling method to select the feature subspace. SRF uses the 

equal width discretization algorithm in which, width of in-formativeness of each set of 

variables is equal. TRM [131] is a hybrid model that merges RF with multivariate 

adaptive regression splines (MARS). RF identifies the subset of useful SNPs, followed by 

detecting interacting SNPs using MARS. Mutual information network guided random 

forest (MINGRF) integrates mutual information network (MIN) with RF to reduce bias 
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on the marginal main effect and to avoid random sampling of variables [132]. The 

method demonstrated reduced false positive rates compared to MARS. Most of these RF 

based methods still suffer from multiple testing problems. High performance statistical 

tests with adjustments for multiple testing are desirable. RF and its extensions are 

successfully implemented over real genetic data [26, 27, 130-133].  

2.4.3 Neural Networks  

Neural Networks (NNs) [121] are popular machine learning models inspired by the 

brain’s ability to solve problems. The basic units of NNs are neurons. NNs represent a 

directed graph in which nodes denote neurons (computational processing unit), arcs 

represent connection between neurons, and directionality of arcs represents the 

direction of information flow [73, 134]. These nodes are portrayed by layers with an 

output node. The input layer with one or more nodes are linked to nodes that are in 

hidden layers through arcs. Weights are assigned to the arcs to minimize the prediction 

errors. NNs are trained using known SNPs as inputs and disease traits as output. 

Linkage (identifying linkage between disease locus and a marker) and association 

(identifying linkage disequilibrium of disease locus and a marker) analysis are the two 

different methods used to discover the associated SNPs related to a disease [7].  

Tomita [135] implemented artificial neural networks along with the parametric 

decreasing method to predict the SNP interactions associated with childhood allergic 

asthma. Evaluation of significant interactions is determined by an effective combination 

value (ECV). Keedwell [136] combined a Genetic Algorithm (GA) with NN to identify the 

interactions in temporal gene expression datasets. It finds the gene network that fits the 

gene expression data in reasonable execution time. Back propagation NN (BPNN) is 

traditional NN to detect the interactions between non-functional SNPs. Genetic 

programming NN (GPNN) [137] is an optimized NN using genetic algorithm to identify 

the associations in human disease. The algorithm optimizes input variables, nodes, 

weights, arcs and hidden layers. Power and predictive ability are improved against 

BPNN for both functional and non-functional SNPs on two-locus models. It is 
successfully implemented on real genetic data [134, 138].  

However, the factors that hinder GPNN are two connections per node that are 

apparently more simplified for the complex data. Any changes in the program will lead 
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to an unstable network and will increase the execution time. Moreover, it may not cope 

well with complex data due to a restricted number of layers. The method did not 

perform well on three-locus models. It had more false positives with low power. In 

addressing these concerns, Grammatical Evolution NN (GENN) [134, 138] was 

developed. GENN is an evolutionary strategy that uses the linear genome of individuals 

sheared into codons. These codons are translated into phenotype using a grammar. The 

computational scalability of the method is demonstrated on 500,000 SNPs. Even though 

it outperforms the previous methods, it could only identify strong pair-wise 

interactions. Further, the interaction effect is influenced by genetic heterogeneity, 

polygenic inheritance, high phenocopy rates and incomplete penetrance [19]. Hardison 

[139] combined GENN with quantitative traits (QGENN) and the approach was 

evaluated using simulated genetic models. It investigated the quantitative trait 

associations and demonstrated high performance than traditional statistical 

approaches. The final model obtained by this method has all causative loci with high 

CVC. Although, the grammar used in the model provides high generality, the power of 

the model is reduced by increased computational time. The analysis tool for the 

heritable and environmental network association (ATHENA) [140] uses alternative tree 

based crossover backpropagation for locally fitting NNs weights. It initializes the search 

for SNP interactions by incorporating the domain knowledge obtained from publicly 
available biological databases.  

2.4.4 Support Vector Machines  

Support Vector Machines (SVMs) [121] are supervised pattern learning methods that 

are as powerful as NNs in identifying SNP interactions. They are non-probabilistic 

binary linear classifiers as they identify a linear hyper-plane to separate data points of 

two classes [19]. SVM can be used to detect interacting SNPs by learning from the 

features [7]. The training data of SVM consists of two sets of feature vectors that are 

labelled as positive and negative. Positive vectors indicate the presence of interactions 

between SNPs and negative vectors indicates a lack of interactions between SNPs. Each 

feature vector characterizes a pair of SNPs. These features are mapped into a high-

dimensional space and are separated into genetically interacting pairs and non-

interacting pairs using a hyper-plane [7]. SVMs are successfully implemented in both 

simulated and real data to detect SNP interactions [141-143]. They provide 
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interpretable results and reduce the instability in response variables. However, SVM 

approaches face a number of major challenges. They produces unacceptable type I 

errors. These models are applicable only for a small number of SNPs. They do not cope 

well with missing data and genetic heterogeneity. The pioneering works are reviewed in 

detail by Koo and some of the methods are reviewed below [7].   

Chen [142] proposed a framework  by combining SVM with combinatorial optimization 

techniques to form four models: They are: Recursive Feature Elimination (SVM-RFE), 

Recursive Feature Addition (SVM-RFA), local search (SVM-local), and Genetic Algorithm 

(SVM-GA). Even though, the computational cost of the method is high, the results 

demonstrated a strong capacity for identifying the SNP interactions with less concern 

for over-fitting. The approach handles unbalanced input data sets effectively by 

introducing penalized SVM formulation. Ozgur [144] proposed an intelligent  method by 

combining automatic  text mining and network analysis to extract disease related SNPs. 

An interaction network is modelled from known disease related SNPs by using text 

mining based on dependency parsing and SVMs. The SNPs in the network are ranked by 

using the degree, eigenvector, and closeness centrality metrics. The genes identified by 

degree and eigenvector methods are significantly better than by the baseline method 

(Fisher’s exact method). The approach is robust to random errors by randomly 

removing the edges of the constructed gen-interaction network. Shen [145] proposed a 

two-stage approach to detect disease associated SNP interactions. In the first stage 

candidates are selected using a model selection method (SVM with L1 penalty). In the 

second stage, p-values are calculated for the candidates identified from the first stage 

using the ad hoc logic regression method [145]. Non-significant candidates are removed 

using Bonferroni correction to reduce type I error. The approach was analyzed on 

Parkinson disease data with 540 cases and controls individually with 408,000 SNPs. 

Single-locus logic regression was used to compute p values for each SNP. SNPs whose p 

values exceeded 0.001 were excluded. A subset of 401 SNPs was obtained and was 

further analyzed using the proposed approach. It identified the interaction between two 

SNPs (rs2351881, rs7924316), whose p-value was less than 0.05. Fang [146] proposed 

an extended SVM and SVM based pedigree based GMDR (PGMDR) to identify the 

interactions in the presence and the absence of main effects by adjusting covariates. The 

approach demonstrated high prediction accuracy, consistency, and an ability to detect 
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SNP interactions by controlling type 1 error rates. Grammatical SVM (GESVM) [147] 

combines SVM with GE  to select features and parameters. Zhang [148] coupled SVM 

with Binary matrix shuffling filter (BMSF) to overcome the limitations of traditional 

wrapper methods and over-fitting. It automatically conducts multiple rounds of filtering 

for the potential interactions during gene selection and provides highly accurate 
classification of the samples.  

2.4.5 Regression Models 

Regression models are a well-established statistical data analysis technique that 

determines the relationships between input variables and an output variable. In linear 

regression, a quantitative outcome y is a function of predictor variable x [6]. It is 

represented using regression equation y = mx + c, where, m is the regression coefficient 

or slope of the best fit line and c corresponds to the intercept [6]. Multiple regression 

models of three variables are represented as y = m1x1 + m2x2 + m3x3 + c. It is assumed 

that there is a linear relationship between each of the input variables (x1, x2 and x3) 

with the outcome variable y [6]. Logistic regression (LR) [6, 24] tests for statistical 

interactions using log odds ln(p/(1-p)), where, p is the probability of disease risk. In 

particular, these regression models use Boolean combinations to improve the 

prediction ability of the models. LR is successfully applied over SNP data to analyze the 

SNPs associated with the phenotype [96, 149-152]. However, the major challenges of 

these methods are model specific, over fitting, and computationally intensity (that is, n 

way interactions require 2^n regression equations). Generally, parametric regression 

models perform hypothesis based statistical tests by performing multiple comparisons 

that can lead to incorrectly rejecting the null hypothesis. This multiple testing problem 

is usually corrected with Bonferroni correction by adjusting p-values to control family 

wise error rate (FWER) (the probability of at least one type 1 error). In a study that 

performs 1000 hypothesis tests with a conventional 5% statistical significance, the 

Bonferroni correction for each test will be set to 0.05/1000.  Benjamini-Hochberg is a 

powerful procedure to correct false discovery rate (FDR) (proportion of false positives 

among the set of rejected hypothesis). These corrections can lead to identifying SNPs 

with strong interaction effects by ignoring many weaker interaction associations with 

the phenotype. Hence, adjusting for multiple testing may reduce the power of these 

methods to detect weaker interacting associations.  
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Several strategies have been proposed to increase the capability of LR. Park [9] 

combines a penalization of the L2 -norm of the coefficients with LR. It reduced the 

problem of empty cells in the contingency table. The approach does not reduce the 

stability of the fits and does not degrade the collinearity among the variables. PLINK 

[153] is an open source whole-genome association analysis toolset providing a logistic 

regression test for interaction that assumes an allelic model for the main effects and 

interactions [154]. Logic Feature selection (LogicFS) [96] combines logic regression 

with bootstrap analysis. It improves the variable selection and interpretation so that 

SNP interactions are directly identifiable. Monte Carlo Logic regression (MCLR) [155] is 

proposed by merging the Markov chain Monte Carlo and logic regression, an adaptive 

regression methodology to identify SNP interactions associated with a disease outcome. 

Full Bayesian logic regression (FBLR) [150] is proposed by combining logic regression 

with the Bayesian method. Briggs proposed a four-stage methodology by combining RF 

and logistic regression models to test for epistasis. Genetic programming for association 

studies (GPAS) [90] directly searches logical expression in disjunctive normal form 

(DNF) using genetic programming (GP). It iterates until the number of generations 

reaches the predetermined number of generations or till it achieves the desired fitness 

level [24]. Modified logic regression-gene expression programming (MLR-GEP) [24] is 

based on LR that uses a stochastic searching algorithm, and gene expression 

programming (GEP) to increase the computational efficiency. GEP has the advantages of 

both genetic algorithm (GA) and GP. 

2.4.6 Bayesian Approaches 

Bayesian models are an alternative strategy for regression models that incorporate 

prior knowledge and accumulated experience into probability calculations. Lunn [156] 

proposed Bayesian based stepwise regression that detects the single-locus models and 

is implemented in the software WinBUGS. Further, inclusion of interaction effects is 

straight forward. Bayesian epistasis association mapping (BEAM) [29] is a Markov chain 

Monte Carlo (MCMC) based approach that detects multi-locus SNP interactions in 

GWAS. It uses the Metropolis-Hasting method to assign group labels to a locus. The 

distribution of genotypes is different between cases and controls if SNPs are related to 

the disease. Predictors are divided into three groups: group 0, group 1, and group 2. 

Group 0 consists of SNPs which do not relate to the disease. Group 1 consists of SNPs 
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which contribute to disease in the presence of the main effects. Finally, group 2 contains 

SNPs that contribute to disease risk due to interaction effects [6]. The statistical 

significance of the algorithm is inferred using B-statistic. The results demonstrated that 

the approach is more powerful and computationally feasible than existing methods. 

BEAM is successfully applied to Wellcome trust case control consortium (WTCCC) 

Crohn’s data [6]. Fast epistatic interactions detection using Markov blanket FEPI-MB 

[30] is a novel and fast Markov Blanket method to detect SNP interactions by heuristic 

search. The Markov Blanket is defined as a set of variables that are probabilistically 

independent of target variables from all other variables [157]. Bayesian Network based 

epistatic association study (bNEAT) [31] is proposed to address the small sample 

problems. The method employs the Branch and Bound (B&B) algorithm for training the 

data. The results demonstrated that bNEAT outperformed Markov based methods when 

the sample size is small. Although, Bayesian approaches increase the power and 

decrease false positives, they are not suitable for detecting SNP interactions in the 

absence of main effects. These approaches perform poorly when the sample size is 

small. 

2.4.7 Ant Colony Optimization Approaches 

Ant colony optimization (ACO) is a probabilistic and positive feedback approach, which 

is modeled by the behaviors of ants [158]. Ants communicate with each other through 

pheromone levels to find the optimal path to a food source. If an ant finds the shortest 

distance, it increases pheromone levels along the path it travels. Subsequently, other 

ants follow the path with increased levels of pheromone by creating a positive feedback. 

AntEpiSeeker is an iterative procedure, which searches parallely for SNP interactions in 

large-scale association studies [92]. It adopts a two-stage optimization derived from 

ACO. In the first stage, highly suspected SNP sets determined by χ2 and reduced SNP sets 

determined by top ranking pheromone levels are searched. The second stage 

exhaustively searches for the SNP interactions. The approach detects pure interactions 

and the interactions among SNPs with large marginal effects. Further, the approach 

implements a new procedure to reduce false positives. The results demonstrated that 

the method with minimized false positives significantly outperforms other existing 

methods on large scale data by reducing FDR.  MACOED is an ACO based multi-objective 

heuristic search approach to detect genetic interactions [159]. It combines Logistic 
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regression and Bayesian network methods resulting in high power with low false-

positive rate. A memory based multi-objective ACO is designed to reduce space and time 

complexity of the high-dimension problem.  

Ant colony optimization algorithm (ACA) coupled with logistic regression is proposed 

for gene interaction studies involved with large number of SNPs [160]. The method is 

implemented using sliding window (SW/H) and single-locus genotype association (RG). 

It obtains optimal solution in less number of iterations compared to other methods that 

adopts ACO. An ACO based approach is proposed by integrating a novel encoding and 

tournament selection mechanism to discover SNP interactions associated with type II 

diabetes, obtained from WTCCC [161]. The likelihood of two-way interaction 

associations due to chance is determined by the p-value of each combination. The study 

further analyzed the higher-order interactions (combinations of 3 SNPs) within 

reasonable computation time. Decision tree and contingency table models are hybrid 

with ACO to identify SNP interactions in GWAS [162]. The study searched vast space of 

interactions between SNPs by using ACO, decision tree and contingency table models 

discovering the most discriminatory arrangements of those interacting SNPs from a 

statistical perspective. A prototype of probabilistic search wrapper is developed with 

expert knowledge for pheromone updating rule by ACO metaheuristic [91]. Expert 

knowledge is obtained from Tuned ReliefF (TuRF). The wrapper is integrated with MDR 

to analyze interactions in GWAS [163]. The performance of the method is assessed by 

varying distribution parameter, the retention factor and weights of expert knowledge. 

However, currently studies are not transparent about how interactions are tested [3]. 

Detecting higher-order interactions (such as three-locus interactions) require 

multilayer hypothesis testing, which makes these methods as difficult as regression 

methods. 

2.4.8 Other methods 

Some of the other exhaustive methods to detect SNP interactions are briefly reviewed in 

this section. Fast ANOVA [164] is an efficient algorithm for performing ANOVA tests on 

SNP pairs in a batch mode. ANOVA test is a widely used statistical method for 

quantitative phenotype association studies. FastANOVA constructs an upper bound 

(derived from sum of two terms) of the two-locus ANOVA test. The two terms are based 
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on single-locus ANOVA test, and on SNPs and independent of any phenotype 

permutation. SNP pairs are organized into groups by sharing same upper bound for 

each group. The experimental results demonstrated FastANOVA is faster than the brute 

force implementation of two-locus ANOVA test, by identifying the most significant SNP 

pairs. COE [165] is a generalized approach to find an optimal solution for detecting two-

locus interactions. It analyses large scale data by utilizing the convexity of statistical 

tests. SNP pairs are grouped and indexed by their genotypes. These SNP-pairs are 

pruned by utilizing the upper bound and the indexing structure without compromising 

the optimality of the results. The statistical significance of the findings is assessed by 
permutation.  

Boolean operation based screening and testing (BOOST) [22] discovers all pairwise 

interactions in genome-wide SNP data. A Boolean representation of the data used in the 

method increases space and CPU efficiency. It is a model based approach and performs 

two stage search method (screening and testing). It has demonstrated improved 

performance over PLINK [153]. Null simulation is performed under two scenarios 

(without linkage disequilibrium (LD) and with LD) for testing type I errors. Type I error 

rate of BOOST is reduced compared to PILINK as p-values are calculated by using 

𝜒2 distribution with degrees of freedom ≤ 4. Tree based epistasis association mapping 

(TEAM) [21] is a model free approach that addressed the heavy computation arising 

due to permutation test. The contingency tables for epistasis tests are updated by using 

the minimum spanning tree without scanning all individuals. Family-wise error rate 

(FWER) and false discovery rate (FDR) controlling procedures are used to reduce error 

rate by supporting statistical tests based on contingency tables. Genome-wide 

interaction search (GWIS) is a platform based on classification and novel rigorous 

statistical tests (based on receiver operating characteristic curve) [166]. It is a model 

free approach based on analytical solutions to hypothesis-based testing, rather than 

computationally expensive cross validation and permutation methods. The approach 

exhaustively searches all pair-wise SNP interactions, and is implemented on both CPU 
and GPU by reducing the execution time over previous methods. 
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Table 2.3: Data mining and machine learning approaches for detecting SNP interactions [7]: © 2018 IEEE 

Methods Examples Real Datasets Strengths  Limitations 

Multifactor  

dimensionality 

 reduction  

MDR [17], Velez 

[108], Lee [110], 

Pattin [111], 

Namkung [112], OR-

MDR [113], MB-MDR 

[78], GMDR [114], and 

RMDR [116]. 

Sporadic breast cancer 

[17], smoking and bladder 

cancer [116], chronic 

fatigue [113], bladder 

cancer [115], and nicotine 

dependence [114]. 

 

 Model free, non-parametric approach 

that identifies higher-order interactions. 

 Reduces false positive rates by cross- 

validation. 

 Power remains high with 5% missing 

data and genotypic error. 

 A quantitative measure of disease can 

be identified in OR-MDR  

 Models are easily interpreted in RMDR. 

 MB-MDR improves power and reduces 

false positive errors. 

 Model scale up to analyse small 

number of SNPs. 

 It lacks in assessing the risk levels.  

 Restricted to balanced datasets. 

 The power of the model is 

significantly reduced nearly by 50% 

in the presence of noise. 

 Computationally intensive when 

SNPs exceed 10.  

 Empty cells are not classified. 

 False positive errors and false 

negative errors are high when the 

test data and the whole dataset are 

equal.  

Random  

Forest 

RF [122], EpiForest 

[25], RJ [27], 

RFCouple [128], 

BOOST [22] , 

SNPHarvester [129], 

SRF [130], TRM [131], 

and MINGRF [132]. 

Alzheimer’s disease [167], 

sclerosis [168], Crohn’s 

disease [27], Bladder 

cancer [132], Familial 

combined hyperlipidemia 

(FCH) [169], Colon cancer 

and ovarian cancer [170], 

asthma related ADAM33 

gene [133], and 

 It does not overfit the data.  

 It outperforms the prediction when the 

trees do not exhibit correlation with 

each other. 

 It determines the pair-wise proximity 

among the samples and it estimates the 

importance of each attribute in the 

training stage. 

 RJ is computationally efficient and 

 Power of detecting interacting SNPs 

is reduced, as it requires a marginal 

effect for at least one of the 

interacting SNP.  

 In few cases, it underestimates 

important scores of SNPs without 

marginal effects. 

 RF detects interactions only in large 

data.  
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rheumatoid arthritis [171] 

and Cancer [131]. 

designed to analyse the genome-wide 

scale.  

 RJ fails when main effects are weak. 

Neural networks GANN [136], GPNN 

[137], GENN [138], 

and QGENN [139]. 

Childhood allergic asthma 

[135], Parkinson’s disease 

[172], alzheimer’s disease 

[137], breast disease 

[137], colorectal disease 

[137], and prostate’s 

disease [137]. 

 These models can deal with large 

datasets and improves the power. 

 Performance is high in the presence of 

noise. 

 It can predict the data where the 

disease outcome is unknown. 

 GPNN and GENN optimises NNs to 

discover the presence of non-functional 

SNPs. 

 More complex which may decrease 

the performance of the algorithm.  

 Difficult to enumerate NN 

architecture and altering the 

architecture will change the results.  

 False positive errors are high for 

three-locus interaction models.  

 It is difficult to interpret the output 

which is a represented as a binary 

expression tree.  

 It requires cross-validation to 

confirm the validity. 

Support  

vector machines 

Chen [142], Ozgur 

[144], Shen [145], 

Fang [146], GESVM 

[147], and Zhang 

[148]. 

Prostate cancer [142], 

Prostate cancer [144], 

Parkinson disease [145], 

Type 2 diabetes [173], 

COGA [146], Human 

cancer [148], and Disease 

model M1 and M2 [147]. 

 Output can be easily interpreted and 

robust to noise. 

 It does not trap at local minima and not 

prone to over-fitting.  

 Does not require user defined decisions 

for classification and is ready to be 

generalized to new structures.  

 They do not cope well with missing 

data and power is reduced in the 

presence of noise. 

 It is restricted to pair-wise 

classification and cannot be used as 

feature selection. 

 Computationally expensive as 

additional training required to 

correct the bias of prediction 

accuracy. 

Regression models LR [24], PLINK [153], Bladder cancer [149],  They enhance the prediction of the  Large number of genotype 



34 
 

LogicFS [96], MCLR 

[155], FBLR [150], 

and MLR-GEP [24]. 

Sporadic breast cancer 

[96, 150],  

Trachomatoustrichiasis 

[151], Heart disease [155], 

Myocardial infarction and 

Stroke [152]. 

models by using Boolean combinations. 

 Performs well on a dynamic phenotype 

variable with expected marginal effect. 

 

combinations requires small p-

values. 

 Computationally intensive due to 

curse of dimensionality.  

  Model specific, with too many 

empty cells in contingency table. 

 

Bayesian models 

 

 

 

 

 

 

 

Ant colony 

optimization 

approaches 

Lunn[156], BEAM 

[29], FEPI-MB [30], 

and bNEAT [31]. 

 

 

 

 

 

 AntEpiSeeker [92], 

MACOED [159], ACA 

[160], and Wrapper 

intergrated with MDR 

[163]. 

Crohn’s disease [6], and 

age related macular 

degeneration [174]. 

 

 

 

 

 

Rheumatoid arthritis [92, 

175], type II diabetes [161, 

162, 175], and Late-onset 

Alzheimer’s disease [159].  

 It computes measures of evidence.  

 The biological knowledge is adapted in 

the models using rational and 

quantitative way. 

 The limitations of p-values are reduced 

by modelling assumptions. 

 

 

 It searches parallely for SNP 

interactions in large-scale association 

studies. 

 Positive feedback leads to identify the 

optimised solutions. 

 Minimises the false positives by 

reducing FDR. 

 It requires explicit assumptions on 

associated SNPs due to 

computational constraints.  

 Specifying prior probability 

distribution for the models is 

complex. 

 Computationally intensive. 

 

 These studies are not transparent on 

how SNP interactions are tested. 

 These methods are as difficult as 

regression methods due to 

multilayer hypothesis testing. 
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2.5 Summary of methods in view of searching strategies 

The computational approaches to investigate the multiple interactions between SNPs 

are divided into three categories based on the search strategies used: exhaustive search, 
stochastic search, and heuristic search [176]. 

Exhaustive
Search

MDR

MB-MDR

OR-MDR

CPM

RPM

TEAM

BOOST

FastANOVA

fastChi

COE

FITF BGTA BNMBL

FIM GMDR RMDR

Stochastic
Search

Random Jungle

epiforest

Random forest

Stratified 
random forest

HapForest

GANN

GPNN

BPNN

GENN

QGENN

LogicFS epiMODE Mega 
SNPHunter

CART MARS BEAM

Heuristic
Search

ANTEpiseeker

MACOED

PLR

TWG

Two-stage two-
locus

AntMiner

ACO

epiACO

DPM

Mutual 
Information

INTERSNP AGR RandomPat

SNP Harvester MECPM SNPRuler

 

Figure.2.3 Methods based on searching strategies to detect epistasis (adopted from 
[176]). 
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2.5.1 Exhaustive Search Methods 

The simplest way to search for interactions between multi-locus SNPs is by searching 

exhaustively using chi-square, exact likelihood ratio, and entropy based tests. The 

exhaustive algorithms enumerate all possible combinations of SNPs in genotype data 

and perform the interaction test for each combination. Mostly, exhaustive methods are 

used to discover two-locus interactions. More than two-locus or higher-order 

interactions are not scalable due to high computational burden (number of tests 

increases exponentially with the order of interactions that are considered) by losing 

statistic power. Hence, the success of these methods depends on sample size, model 

complexity, and expected effect size. Use of optimal algorithms can improve the 

performance and stability of these methods. Pioneering works in exhaustive search 

[176] include the combinatorial partitioning method (CPM) [14], multifactor 

dimensionality reduction (MDR) [17], extensions of MDR based approaches [120], 

focused interaction testing framework (FITF) [12], restricted partitioning method 

(RPM) [15], full interaction model (FIM) [177], 1-degree-of-freedom [178], backward 

genotype-trait association (BGTA) [179] , FastANOVA [164], COE [165], fastChi [180], 

Boolean operation-based screening and testing (BOOST) [22], tree-based epistasis 

association mapping (TEAM) [21], and Bayesian network minimum bit length score 
(BNMBL) [181]. 

2.5.2 Stochastic search methods 

Stochastic search methods use random sampling to search the space of SNP 

interactions, instead of enumerating all possible combinations. The performance of 

these methods depends on random chance to select SNPs associated to a phenotype. As 

number of SNPs increases, the chances of identifying correct interacting SNPs drops. 

Further, execution time increases as number of iteration for sampling is huge. Hence, 

they may not be suitable for genome-wide datasets. Some of the pioneering works  in 

stochastic search include classification and regression trees (CART) [121], random 

forests [182], multivariate adaptive regression spline (MARS) [11], Monte Carlo logic 

regression [155], genetic programming optimized neural network (GPNN) [172], 

epistatic module detection (epiMODE) [183], Bayesian epistasis association mapping 
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(BEAM) [29], HapForest [28], LogicFS [96], detection of EPIstatic interactions using 
random FOREST (epiForest) [25], and Random Jungle [27]. 

2.5.3 Heuristic search methods 

Heuristic search methods adopt machine learning techniques (such as neural networks 

and predictive rules) to search for higher order SNP interactions. These methods run 

fast by adopting optimal heuristic information and prior biological knowledge data. 

Power is high for moderate GWA datasets with efficient screening process. However, in 

these strategies, power is lost at higher-order interactions with insignificant marginal 

effect. Further, these methods lacks in controlling false discovery rate (FDR). Some of 

the pioneering works of heuristic approaches are Trimming, weighting and grouping 

(TWG) [184], two-stage two-locus [185], penalized logistic regression (PLR) [9], 

INTERSNP [186], association graph reduction (AGR) [187], SNPHarvester [129], 

maximum entropy conditional probability modelling (MECPM) [188], AntEpiSeeker 

[92], Discriminative pattern mining (DPM) [189], mutual information [190] and 
SNPRuler [191]. 

2.6 Data simulation and Real-world data for 

evaluating the models 

Along with the rapid development of SNP interaction methods, data simulation plays an 

important role in the aforementioned performance assessments and in studying 

hypotheses on genomic variations affecting the disease. It is difficult to evaluate the 

performance of novel interaction models when real data are used due to unknown SNPs 

related to disease susceptibility. Hence, the performances of the models are evaluated 

on simulated datasets before their findings are confirmed on real-world data. A number 

of accurate and efficient simulators have been developed to generate simulated data 

under realistic scenarios, which includes the effect of natural selection, recombination, 

gene conversion and complex demographic and environmental factors [192] .This 

section based on the review [71],  introduces some of the currently popular software 

packages for simulating the genetic data. Most of the data simulators in the literature 

fall under three categories: coalescent, forward-time, and resampling [192-195]. 
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Furthermore, this section introduces briefly introduces the real-world data available 

publically to test the performance of the models, which detect SNP interactions in 

GWAS.  

2.6.1 Coalescent Simulation 

The coalescent or backward-time approach was originally developed by Kingman in 

1982 [196, 197]. The basic approach was extended by including recombination, 

selection and other complex evolutionary methods [71]. Coalescent simulators [193, 

198-200] have two processes: coalescent and permutation. The ancestral history of a 

sample of individuals originating from MRCA (most recent common ancestor) is 

described in the coalescent process [192]. That is, all SNP alleles are tracked to a single 

ancestor based on the derivation of an ancestor with survived progeny. The 

permutation process is followed by the coalescent process where mutation, 

recombination, selection, and other complex evolutionary models are introduced [201]. 

The process describes how and when alleles are mutated over time. The simulated data 

is generated through evolutionary changes originating from MRCA. The Wright-Fisher 

(W-F) model is implemented in the coalescent process. It describes the transmission of 

genes from one generation to the next and the evolution of an idealized population [71].  

 The coalescent simulation is computationally efficient as it only traces the 

history of lineages based on backward-in-time with survived offspring in the current 

population [192, 202]. Further, it maximizes the probability of the given data by 

estimating the parametric values [203]. These coalescent simulators are used to 

simulate genotypes under different demographic scenarios, but do not generate 

phenotypes. However, generating phenotypes are also required to detect associations 

between genetic and phenotypic variations. Some of the coalescent simulators are listed 

in Table 2.4, by extending the models with more realistic scenarios of evolution and 

demography. The considerable drawbacks of coalescent simulators are: ignored un-

sampled members of the population, not suitable to track complete ancestral 

information, and cannot handle diploid-specific effects in complicated scenarios (such 

as in complex epistasis models) [192]. Hence, these simulation frameworks cannot 

simulate multiple epistatic effects into a single dataset. Tools such as CoaSim, has an 

option of mapping qualitative phenotypes onto simulated genotypes [200]. Phenosim 
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[204] is a software used to add phenotypes onto genotypes that are generated by 

coalescent simulation tools. It simulates both quantitative and qualitative phenotypes 

by differentiating additive and epistatic effects between causal genetic variants. Hence, 

the tool can simulate case-control based samples, and can be used to search quantitative 

trait nucleotides (QTNs) of a complex disease. Additionally the tool provides a user-

defined architecture, by allowing the users to assess the influence of different factors for 

association mapping, varying number of markers, and estimating optimal sample size 

for a given study. The output of the tool can be directly fed as an input to different 
GWAS tools.  

2.6.2 Forward-time Simulation 

Forward-time simulation [192, 205-211] starts from an initial ancestral population and 

follows its evolution over a number of generations under various evolutionary and 

demographic scenarios. The final population is achieved by the stopping criteria of the 

specified number of generations [192]. In this simulation framework, the complete 

ancestral information can be tracked at any generation. Hence, the approach is more 

flexible and can simulate arbitrarily complex genetic disease models under various 

migration and demographic scenarios. They can simulate more than one causal factor, 

including epistasis models. Computational time and memory usage are the critical 

issues to be considered when large scale genome-wide SNP samples are generated 

[192]. Further controlling minor allele frequencies (MAFs) between multiple epistasis 
models are still challenging. 

2.6.3 Resampling Simulation 

Random sampling simulators [192, 201, 212] generate samples by random selection 

(such as bootstrapping) from existing datasets. These models can generate simulated 

datasets of LD patterns and MAFs. They can generate a single simulation dataset from a 

multiple epistasis models. This method is useful to validate the genotype-phenotype 

associations and evaluate the SNP interaction models. Though resampling simulators 

are faster than coalescent and forward-time simulators, the length of simulated SNPs 

are limited and are not suitable for generating genomic diversity [192, 201]. A number 
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of simulators based on coalescent, forward-time, and resampling simulations are listed 
in Table 2.4. 

Table 2.4: Data  simulators for evaluating the models  [71, 213]: © 2018 IEEE 

Framework Simulator Purpose Weblink Reference 

Coalescent CoaSim CoaSim is a tool (based on 

Monte Carlo approach) for 

recombination and gene 

conversion under various 

demographic models. It maps 

qualitative phenotypes onto 

simulated genotypes. 

http://users-

birc.au.dk/mailund/Co

aSim/index.html 

[200] 

 fastsimcoal2 It generates multi-locus allelic 

data based on infinite allele 

mutation model under 

arbitrarily complex 

evolutionary models.    

http://cmpg.unibe.ch/s

oftware/fastsimcoal2/ 

[214] 

 GENOME A rapid coalescent based 

simulator that simulates SNP 

data with LD and MAF. 

http://www.sph.umich

.edu/csg/liang/genom

e/ 

[199] 

 macs It simulates whole-genome 

SNP data as a Markovian 

process. 

http://www-

hsc.usc.edu/~garykche

/ 

[198] 

 mlcoalsim Multi-locus coalescent 

simulation is designed to 

perform multi-locus analysis 

by including heterogeneity. 

http://code.google.com

/p/mlcoalsim-v1/ 

[215] 

 Msms It generates sequence samples 

under neutral, epistasis, and a 

single-locus selection models. 

http://www.mabs.at/e

wing/msms/index.sht

ml 

[216] 

 SIMCOAL2 It is an extended version of 

SIMCOAL that simulates 

datasets with arbitrary 

recombination between 

partially linked loci under 

various demographic models 

and also simulates SNP data 

along a single chromosome. 

http://cmpg.unibe.ch/s

oftware/simcoal2/ 

[217] 

http://users-birc.au.dk/mailund/CoaSim/index.html
http://users-birc.au.dk/mailund/CoaSim/index.html
http://users-birc.au.dk/mailund/CoaSim/index.html
http://cmpg.unibe.ch/software/fastsimcoal/
http://cmpg.unibe.ch/software/fastsimcoal/
http://www.sph.umich.edu/csg/liang/genome/
http://www.sph.umich.edu/csg/liang/genome/
http://www.sph.umich.edu/csg/liang/genome/
http://www-hsc.usc.edu/~garykche/
http://www-hsc.usc.edu/~garykche/
http://www-hsc.usc.edu/~garykche/
http://code.google.com/p/mlcoalsim-v1/
http://code.google.com/p/mlcoalsim-v1/
http://www.mabs.at/ewing/msms/index.shtml
http://www.mabs.at/ewing/msms/index.shtml
http://www.mabs.at/ewing/msms/index.shtml
http://cmpg.unibe.ch/software/simcoal2/
http://cmpg.unibe.ch/software/simcoal2/
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Forward-time SimRare It is a rare variant simulation 

and analysing tool, that 

implements realistic 

evolutionary models (includes 

multi-locus) by generating 

variant data for different 

population.  

http://code.google.com

/p/simrare/ 

[218] 

 genomeSIMLA It uses Hardy-Weinberg 

equilibrium to simulate the 

data from generation to 

generation through forward-
time. It generates purely 

epistatic gene-gene 

interactions in family based 

and case-control based 

studies. 

http://chgr.mc.vander

bilt.edu/genomesimla/ 

[205] 

 Nemo It is simulates the evolution of 

genetic markers, life history 

traits, life cycle of events, and 

phenotypic traits. 

http://nemo2.sourcefo

rge.net/ 

[206] 

 QuantiNemo It is designed to analysis the 

quantitative traits with explicit 

genetic architecture. 

http://www2.unil.ch/p

opgen/softwares/quan

tinemo/ 

[207] 

 SimAdapt It combines with a landscape 

cellular automaton to 

represent evolutionary 

processes using NetLogo 

environment. 

http://www.openabm.

org/model/3137 

[208] 

 simuGWAS It simulates data for genome-

wide association studies. 

http://simupop.source

forge.net/cookbook/si

mugwas 

[209] 

 SimuPOP It is a population genetics 

simulation environment based 

on forward-time simulation. 

http://simupop.source

forge.net/cookbook/si

mugwas 

 

[210] 

Resampling GWAsimulator It simulates genotype data for 

case-control or population 

http://biostat.mc.vand

erbilt.edu/wiki/Main/

[212] 

http://code.google.com/p/simrare/
http://code.google.com/p/simrare/
http://chgr.mc.vanderbilt.edu/genomeSIMLA/
http://chgr.mc.vanderbilt.edu/genomeSIMLA/
http://nemo2.sourceforge.net/
http://nemo2.sourceforge.net/
http://www2.unil.ch/popgen/softwares/quantinemo/
http://www2.unil.ch/popgen/softwares/quantinemo/
http://www2.unil.ch/popgen/softwares/quantinemo/
http://www.openabm.org/model/3137
http://www.openabm.org/model/3137
http://simupop.sourceforge.net/Cookbook/SimuGWAS
http://simupop.sourceforge.net/Cookbook/SimuGWAS
http://simupop.sourceforge.net/Cookbook/SimuGWAS
http://simupop.sourceforge.net/Cookbook/SimuGWAS
http://simupop.sourceforge.net/Cookbook/SimuGWAS
http://simupop.sourceforge.net/Cookbook/SimuGWAS
http://biostat.mc.vanderbilt.edu/wiki/Main/GWAsimulator
http://biostat.mc.vanderbilt.edu/wiki/Main/GWAsimulator
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samples. GWAsimulator 

 HAPGEN 

 

 

 

HAP-SAMPLE 

It simulates case-control 

datasets at SNP markers.  

 

 

It is a web application that 

simulates SNP genotypes for 

case-control and affected-child 

trio studies. 

 

https://mathgen.stats.

ox.ac.uk/genetics_soft

ware/hapgen/hapgen2

.html 

http://www.hapsampl

e.org/ 

[219] 

 

 

 

[220] 

Other 

Frameworks 

epiSIM 

 
 

 

GAMETES 

It simulates multiple epistasis, 

linkage disequilibrium 
patterns, and haplotype blocks 

for genome-wide interaction 

analysis. 

It generates complex SNP 

models with pure, strict, 

epistatic models with random 

architecture. 

https://sourceforge.ne

t/projects/episimsimul
ator/files/ 

 

http://sourceforge.net

/projects/gametes/?so

urce=navbar 

[201] 

 
 

 

[221] 

 

2.6.4 Real-world Data Applications 

There are a number of available real datasets to evaluate the effectiveness of the 

interaction models. WTCCC is a group formed in 2005 by over 50 research groups in the 

UK to explore the utility, design, and analyses of GWAS [175]. The initial GWA studies 

were performed on 2000 cases and 3000 shared controls for 7 complex diseases (type 1 

diabetes, type 2 diabetes, coronary heart disease, hypertension, bipolar disorder, 

rheumatoid arthritis and Crohn's disease) [222]. Further there were two additional 

GWA studies. The first study was performed for tuberculosis with 1500 cases and 1500 

controls. The second study was performed for malaria, breast cancer, multiple sclerosis, 

ankylosing spondylitis and autoimmune thyroid disease in 1500 shared controls and 

1000 cases. The data is obtained from WTCCC data access committee to qualified 

researchers for appropriate use. The cancer genome atlas (TCGA) dataset, comprise two 

petabytes of genomic data in 33 types of cancer [223, 224]. It is publicly available from 

genomic data commons (GDC) (https://gdc-portal.nci.nih.gov/). The Leukemia dataset 

http://biostat.mc.vanderbilt.edu/wiki/Main/GWAsimulator
https://mathgen.stats.ox.ac.uk/genetics_software/hapgen/hapgen2.html
https://mathgen.stats.ox.ac.uk/genetics_software/hapgen/hapgen2.html
https://mathgen.stats.ox.ac.uk/genetics_software/hapgen/hapgen2.html
https://mathgen.stats.ox.ac.uk/genetics_software/hapgen/hapgen2.html
https://sourceforge.net/projects/episimsimulator/files/
https://sourceforge.net/projects/episimsimulator/files/
https://sourceforge.net/projects/episimsimulator/files/
http://sourceforge.net/projects/gametes/?source=navbar
http://sourceforge.net/projects/gametes/?source=navbar
http://sourceforge.net/projects/gametes/?source=navbar
https://gdc-portal.nci.nih.gov/
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is available publicly from gene patterns with 38 bone marrow samples for training and 

35 bone marrow samples for testing [225]. The GWA study of celiac disease dataset can 

be downloaded from https://www.ncbi.nlm.nih.gov/gap/.  

Many research studies have analyzed the performance of their interaction models by 

using real datasets, to discover unknown multi-locus SNP interactions associated with 

complex diseases. Some of these studies based on real data are listed in Table 2.3. The 

power of the models to detect SNP combinations are reduced (when compared to the 

evaluations performed on simulated datasets) due to the challenges posed by real-

world data. These challenges are due to the presence of noise (such as genotyping error, 

phenotype, missing data, and genetic heterogeneity [36]), missing heritability, and small 

sample size. Hence, new effective and flexible methods are required to discover highly 

significant SNP combinations that contribute to a disease. 

2.7 Alternative Methods 

The era of GWAS continues and the field of SNP interaction analysis will become more 

prevalent. A number of strategies were developed to identify the SNP interactions 

responsible for disease susceptibility. It is apparent that detecting these interactions in 

the large scale genome data is still a challenging and critical issue to be considered. 

Currently, many researchers are exploring alternative filtering methods, efficient 
computational algorithms and pathway approaches for interaction analysis.  

2.7.1  Biological Filters 

The role of epistasis and its biological relevance to complex disease is still developing 

and its impacts need to be determined [35]. The SNP interactions which do not have 

independent effects would be missed by filtering with simple statistics, such as ranking 

the SNPs by using either p-value or effect size (selects highly ranked SNPs), and 

removing the SNPs based on a threshold value (selects SNPs exceeding a threshold 

value). Filters based on machine learning approaches may or may not pick up the 

interacting SNPs, depending on the nature of the interactions. It is worthwhile to 

explore novel or alternative approaches which apply existing biological knowledge to 

filter the SNPs that may interact with each other. Some of the biological knowledge 

based databases are Biomolecular Interaction Network Database (BIND) [226], 

https://www.ncbi.nlm.nih.gov/gap/
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Molecular Interaction Database (MINT) [227], Human Protein Reference Database 

(HPRD) [228], Database of Interacting Proteins (DIP) [229], Biological General 

repository for interaction datasets (BioGrid) [230], and Reactome [231] [232]. 

Researchers can extract the required gene information from these knowledge databases 

to filter out the non-potential interacting SNPs. Consequently, a number of biologically 

inspired filters have been developed to detect SNP interactions by reducing the search 

space. The biological filters can be derived from the knowledge obtained from the 

interaction of SNPs through their biochemical pathways, networks, and location of 

SNPs.  They are used to analyse the data efficiently and retain the knowledge for future 

use. For instance, Bio-filter uses the extrinsic biological knowledge to filter SNPs and 

prioritises SNP combinations based on the biological knowledge [233]. The success of 

these filters depends on the quality of information in the knowledge base. The quality of 

information can be assessed by the accuracy and completeness of the information. 

Further, these filters depend on biological patterns at cellular level and statistical 

patterns of SNPs observed at population level [77]. Some of the other drawbacks of 

using biological knowledge in association studies include [2], in reality, the publicly 

available biological  knowledge being incomplete and restricted to the information 

available in the scientific domain. There is inherent knowledge bias as filtering is done 

purely based on the published knowledge [234]. These knowledge bases are flooded 

with false positive discoveries and by the non-publication of negative findings. 

Additionally, interacting analyses are performed only on the currently available 
knowledge prohibiting novel biology.  

Table 2.5: Biological knowledge based databases 

Database Description Web link 

Human protein Reference 

Database (HPRD) 

 

It stores the information related to 

domain architecture, post-translational 

modifications, interaction networks, and 

disease association for each protein.  

 

http://www.hprd.org  

Biological General 

Repository for Interaction 

Datasets (BioGrid) 

 

The interaction database complied 

through comprehensive efforts. 

 

http://thebiogrid.org 

http://www.hprd.org/
http://thebiogrid.org/
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Bimolecular Interaction 

Network Database (BIND) 

It stores the description, molecular 

complexes and pathways. 

 

http://binddb.org  

Molecular Interaction 

Database (MINT) 

It stores experimentally verified protein 

interactions mined from scientific 

literature. 

 

http://mint.bio.uniroma

2.it/mint/Welcome.do  

Database of Interacting 

Proteins (DIP) 

Database with experimentally determined 

interactions between proteins. 

http://dip.doembi.ucla.e

du/dip/Main.cgi  

 

Reactome Manually created peer-reviewed pathway 

database with PubMed literature. 

http://www.reactome.or

g/ReactomeGWT/entryp

oint.html  

 

2.7.2 Computational Optimization  

Computational burden increases exponentially as the order of interaction analysis 

increases. For example, if data consist of 100,000 SNPs, there will be �100000
2 � =  5 ×

109 SNP combinations for 2nd order interaction search. Similarly, there will be 

1.7 × 1014 , 4.2 × 1018, 8.3 × 1022 , 1.4 × 1027   SNP combinations for 3rd, 4th, 5th and 6th 

order interactions respectively. Searching exhaustively for SNP interactions 

(responsible for a disease) in the full set of higher-order SNP combinations is 

computationally infeasible. It is estimated that it would take years to examine three-way 

interactions in large scale GWAS datasets by using current machine learning approaches 

[23]. Hence, a number of current computational strategies are being explored to 

overcome these computational limitations. Parallel computing, grid computing and 

cloud computing are some of the optimization strategies explored in interaction studies. 

Parallel computing is increasingly used in statistical and computational genomics due to 

the rapid advancements achieved in the field of supercomputing. Parallelization is 

adopted in the algorithms to improve the speed and efficiency of the current methods to 

analyze SNP interactions. Grid computing and cloud computing are the alternatives to 

parallel computing infrastructure advancements that have attracted growing interest 

from many researchers. These approaches deploy a group of remote servers and 

software networks for sharing and accessing the genome data online. However, a grid is 

http://binddb.org/
http://mint.bio.uniroma2.it/mint/Welcome.do
http://mint.bio.uniroma2.it/mint/Welcome.do
http://dip.doembi.ucla.edu/dip/Main.cgi
http://dip.doembi.ucla.edu/dip/Main.cgi
http://www.reactome.org/ReactomeGWT/entrypoint.html
http://www.reactome.org/ReactomeGWT/entrypoint.html
http://www.reactome.org/ReactomeGWT/entrypoint.html
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not always a cloud. A grid is a collection of computer resources from multiple domains 

to reach a common goal. Grids are a form of distributed computing with non-interactive 

workloads [235]. Cloud computing is the use of computing resources that are delivered 

as a service over a network [235]. It allows extension of many algorithms to parallel 

implementations for increasing computation speed by acquiring more cloud computing 
resources, such as memory and processing power.  

FastEpistasis [236] is the extension of PLINK [153] by implementing parallel computing 

to detect epistasis of a continuous phenotype. It has been successfully implemented on 

5000 samples with 500000 SNPs. EPISNPmpi [237] is developed by extension of the 

Kempthorne model [238] by using parallel computing. It requires 20 hours to detect 

two-way interactions of 100000 SNPs. GPUs are high performance parallel processors 

with high computation speeds for accessible programming interfaces. MDRGPU [239] is 

a tool that runs MDR using the PyCUDA library to boost performance and to run faster 

than MDR. EpiGPU [240] is a tool developed by using graphics processing units (GPUs) 

that parallelize exhaustive searches with quantitative traits. The authors reported a 

92 × increase in the speed of an exhaustive pairwise SNP-SNP interaction scan [240]. 

SHEsisEpi [241] is developed by combining GPUs parallel computation and attribute 

selection strategy to improve the efficiency of detecting SNP interactions. eCEO [242] 

uses cloud computing to detect SNP interactions and has demonstrated the efficiency of 

the model on 40 node clusters. Hybrid cluster cloud high performance computing (HCC-

HPC) [202] is a distributed analytical approach to detecting SNP interactions and their 

associations allowing for interactions (omnibus) by using cloud and cluster grids. 

GBOOST is a GPU implementation of BOOST by reducing the execution time to discover 

pairwise interactions [23]. GMDR-GPU implements parallel computation of GPU to 

analyze GWAS data to run faster than the previous version of GMDR [243]. EpistSearch 

is a parallelized hybrid tool that combines Pthreads and CUDA by taking advantage of 

CPU/GPU architecture [244]. SNPsyn is a heterogeneous, GPU and Intel MIC-accelerated 

software for exploration and discovery of SNP interactions using information-theoretic 

approach [245]. A cloud based dynamic clustering for higher-order genome-wide 

epistatic interactions detecting (DCHE) is proposed for discovering higher-order multi-

locus (two-locus and three-locus) interactions by reducing the runtime [246].  
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Almost all the researchers have reported that, the speed of exhaustive search for 

pairwise interactions increase by adopting parallelization. However, only a few studies 

are successful in searching for third order interactions that too on a smaller size of 

GWAS [246-249]. The computational burden for exhaustive search of higher-order 

interactions (three or more) are still infeasible to handle, as search space increases 

dramatically even for small to medium GWAS datasets. In addition, due to 

advancements in high-throughput genotyping techniques, the number of SNPs are 

consistently increasing, which will hugely increase the search space. Hence, single 

handedly parallel computing cannot eventually replace the machine learning 

approaches with current computational optimization techniques. However, exploration 

of super computing and efficient optimization techniques in depth on interaction 
studies could be promising. 

2.7.3 Pathway Approaches 

Development of methods and tools related to pathway analysis is ongoing and dynamic 

[250] . GWAS pathway analysis (GWASPA) integrates the results of GWAS and the genes 

in a known molecular pathway to test for association with a disorder [251]. These 

association results are assigned to the pathways and tested with computational tools 

and pathway databases [251]. Pathways represent a series of biological processes that 

lead to a cell function, factors leading to human disease, biosynthesis, metabolic process, 

and immune response [251]. The set of genes in the pathway indicates the order of gene 

interactions to achieve a specific task [252]. Alternative paths can also be considered 

with the same genes or different genes that lead to the same results. The pathway 

analysis tests the association of genes in the pathway that lead to complex traits. There 

are two approaches to identifying these pathways [251]. The first approach integrates 

the results of GWA studies and genes in the known pathway to test for the association 

with the disease. The second approach formulates a prior hypothesis of pathways which 

may be involved in the disorder. There is growing interest in pathway based approaches 
whose pathways are stored in web-based pathway databases.  

Among 300 databases listed in Pathguide [253], some of the commonly used databases 

are Pathway interaction database (PID) [254], Kyoto encyclopaedia of genes and 

genomes (KEGG) [255], Gene ontology (GO) [256], Visualization and integrated 
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discovery (DAVID) [257], WTCCC [175], Biocarta [258], and Protein analysis through 

evolutionary relationships (PANTHER) [259]. The recent databases, such as alzGene 

[260] and UCSC cancer genomics browser [261], aggregate diverse information on a 

particular disease [250]. A number of pathway based studies in the current literature 

include PLINK set test [153], SNP ratio test [262], MEGENTA [263], PARIS [264], PATH 

[265], interSNP [266], GenGen [267], DAPPLE [268], and Gene set enrichment analysis 

(GSEA-SNP) [269]. These approaches have been successfully implemented for Crohn’s 

disease [270], bipolar disorder [271], multiple sclerosis [272], Parkinson’s disease 

[273], schizophrenia [274], rheumatoid arthritis [275] and type 1 diabetes [275]. The 

human genome constitutes only 1-2% of genes. Hence, efficient strategies to leverage 

both genic and non-genic data for pathway analysis may provide an increased capability 

to detect interactions [250]. These interaction results can be used to generate 

subnetworks from enriched pathways. The role of pathways and networks can be vital 
to revealing biological mechanisms behind complex diseases. 

2.8 Chapter Summary 

This chapter has provided a better understanding of SNP interactions and their 

relations with complex human diseases. Detecting these interactions in high-

dimensional genomic data is difficult due to the growing number of genetic variants in 

human genetics. A number of efficient methodologies and computational techniques 

have been reviewed in this chapter. This chapter has briefly reviewed the factors to be 

considered while designing those methodologies. Advantages and disadvantages of 

current methodologies were also discussed in order to highlight the gaps to be 

considered while designing the new methodology. Further, the chapter has focused on 

the achievements in data simulation for evaluating the performance of these 

methodologies. This chapter also introduced some of the other alternative methods by 

combining knowledge in biology, statistics, and genetic epidemiology. In the next 

chapter, an associative based approach is implemented and studied for detecting SNP 

interactions in balanced and imbalanced datasets.  
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Chapter 3 

Associative classification for 

detecting higher-order SNP 

Interactions 
In current genetic epidemiology, a number of research studies have been reviewed in 

the previous chapter to detect epistasis with application of new computational 

techniques, and methods. Despite their limitations, the existing approaches identify the 

existence of major proportions of interacting genes at multi-locus. However, none of 

these models could expose SNPs at a locus which can have a stronger association with a 

disease, and a weaker association for another disease. In a few cases, a SNP may not be 

directly associated with the disease, but may influence the nearest genes to be 

associated with the disease. Further, the accuracy of the current models is degraded in 

imbalanced datasets by increasing the classification errors. Hence, there is no single 

model, which can reveal the complexity of genetic architecture by identifying disease 
causal SNPs, and their interaction effects between SNPs. 

 

This chapter is based on the following publications: 

• S. Uppu, A. Krishna, and R. P. Gopalan, "An Associative Classification Based Approach for Detecting 

SNP-SNP Interactions in High-dimensional Genome," in Bioinformatics and Bioengineering (BIBE), 

2014 IEEE International Conference on, pp. 329-333, 2014 : © 2014 IEEE, “The original publication is 

available at https://ieeexplore.ieee.org/document/7033602 ”. 

• S. Uppu, A. Krishna, and R. Gopalan, "Detecting SNP interactions in balanced and imbalanced datasets 

using associative classification," Australian Journal of Intelligent Information Processing Systems, vol. 

14, pp. 7-18, 2014. 

• S. Uppu, A. Krishna, and R. P. Gopalan, "Rule-based analysis for detecting epistasis using associative 
classification mining," Network Modeling Analysis in Health Informatics and Bioinformatics, vol. 4, pp. 

1-19, 2015: © 2015 Springer, “The original publication is available 

at https://link.springer.com/article/10.1007/s13721-015-0084-3 ”. 

https://ieeexplore.ieee.org/document/7033602
https://link.springer.com/article/10.1007/s13721-015-0084-3
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Many researchers have shown that Associative Classification (AC) is more accurate than 

traditional classifiers [276]. The rules generated in AC can be stored and can provide 

reasoning to the classification. AC is also suitable for both categorical and discrete data. 

Mapping SNP-SNP interactions to a disease can be improved by integrating association 

rules, and classification. In this chapter, a new approach based on AC is implemented to 

identify the interactions more effectively than the existing methods. The rule based 

approach will classify the subjects by determining the complexity of interactions and 

their associations with the disease. The goal of this study is to evaluate the rule based 

approach on the simulated data by varying heritability, minor allele frequencies and 

case control ratio. The preliminary studies identified two-locus SNP interactions for 

both balanced and imbalanced datasets. Further, the approach is validated in terms of 

accuracy and compared with previous methods (such as MDR, Naïve Bayes, RF, NNs, 

and SVM) under same simulated scenarios. Though, AC showed only relatively small 

improvement in accuracy for balanced datasets, it outperformed existing approaches in 
imbalanced datasets.  

Subsequently, in this chapter, the research has been further extended to confirm the 

findings of the rule based approach over single-locus to six-locus models by varying 

heritability, minor allele frequencies, sample size and case-control ratios. Several 

experiments are conducted over two simulated scenarios to demonstrate the 

performance of the method. Further, the experiments are conducted to evaluate the 

performance of the method with some of the unsupervised algorithms, such as, KMeans 

and principal component analysis (PCA). Finally, the rule based approach is applied to a 

genetic dataset (sporadic breast cancer dataset) to identify the interacting SNPs that 
could lead to the disease.  

In this chapter, the associative classification is briefly reviewed, and applied to the 

present problem in Section 3.1. Data simulation scenarios and real dataset are explained 

in Section 3.2 and Section 3.3 respectively. Section 3.4 includes data analysis of the rule 
based method. Finally, experimental results are evaluated and discussed in Section 3.5. 
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3.1 Associative classification 
Data mining is a process of searching for important information in terms of patterns or 

rules from vast data. Fayyad defined data mining as the important stage in knowledge 

discovery from databases (KDD) that extracts the useful patterns from data [277]. Some 

of the other stages of KDD are data selection, pre-processing, transformation, and 

evaluation. Data mining performs various tasks, such as, classification, clustering, 

regression, associative rule mining, and pattern recognition [278]. Classification is a key 

function in data mining, which builds a classifier (model) to predict the class labels of an 

unknown data. For example, in case-control studies, patients and non-patients (healthy) 

are classified as cases and controls respectively. The data classification is of two-step 

process by partitioning the data for training and testing. In training, the classifier is 

learned by analyzing training data with known class labels. In testing, the trained model 

predicts the class labels of unknown data objects. Association rule mining (ARM) is an 

another important task in data mining, which is proposed by Agrawal [279]. Initial 

studies were performed on market basket analysis to predict the relationships between 

the items purchased by the customer. ARM finds the interesting correlations between 

the frequently occurring data items in a data repository. The data items are considered 

as frequent, if they occur greater than or equal to the predefined threshold. These 

frequently occurring items (frequent items) are used to generate a special subset of 

association rules called class association rules (CARs). 

Associative classification (AC) is a promising approach that integrates ARM and 

classification to build a classifier for prediction [276]. ARM discovers the descriptive 

knowledge from databases, and classification builds the model for categorizing new 

data. In general, the association rules generated from frequent item sets are used to 

classify data based on the class labels. The classification based on ARM (so called 

association classification mining (ACM)) builds classification system (also called as 

associative classifier) [280]. The steps involved in AC are illustrated in Figure 3.1 (based 

on [276]): a) Identifying frequently occurring conjunctions of attribute – value pairs 

(frequent item sets) in training dataset, b) Generating class based association rules 

(CARs) from frequent item sets, which satisfy minimum confidence and support criteria, 

c) Pruning and ranking these CARs to organize for the classification, and d) classifying 

the test dataset into predefined class labels.  
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Training Data

Frequent rule items

Set of Class 
association rules

(CARs)

Pruning and ranking 
of

CARs
Classifier

Test Data

Discovery of 
Frequent items

Association 
rule generation

CAR evaluation 
and ordering

Qualitative 
CARs

Prediction

 

Figure.3.1 Steps involved in Associative classification 

A number of studies have been successfully implemented AC in data mining to build 

more efficient, and accurate classifiers than traditional techniques [276]. AC extracts all 

the hidden rules that would have missed by other classification algorithms. The rules 

produced by AC can be easily interpreted as they are simple if-then rules. This hybrid 

approach of association rules and classification mining was first proposed by Liu [281]. 

Apriori algorithm is used to generate CARs that satisfies the minimum threshold of 

support and confidence. It is a rule based classifier with single rule that cannot handle 

large number of rules. Hence, the research further progressed by implementing FP-

growth algorithm to generate multiple CARs for the classification. Some of the popular 

AC algorithms are: classification based on association (CBA) [281], classification based 

on multiple association rules (CMAR) [282], classification based on predictive 

association rules (CPAR) [283], An associative classifier with negative rules (ACN) 

[284], positive and negative rules [285], live and let live ( L3) [286], adaptive associative 

classification (ADA) [287], multi-class multi-label associative classification (MMAC) 

[288], and multi-class classification based on association rule (MCAR) [289]. Different 

algorithms use different data layout, rule discovery, rule ranking, rule pruning, and 

prediction methods. The review and comparison of some of the these AC algorithms are 

studied in detail by Thabtah [276].   
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3.1.1  Workflow of the method 

The main goal of AC is to generate a model with set of efficient rules. The generated 

model is used to predict the class labels of unknown data. That is, a classifier 𝑙 ∈ 𝑅 is 
trained to maximize the probability of 𝑙(𝑣) = 𝑦 for each test tuple [276]. Where 

mapping form of classifier is: 𝑅:𝑆 → 𝑌 , 𝑆 is set of 𝑖𝑖𝑖𝑖𝑠𝑖𝑖𝑠, and 𝑌 is set of class labels. 

Figure 3.2 (drawn based on [290]) represent the workflow of associative classification 

based on algorithm [283] is implemented to detect SNP interactions.  

Preprocessing

Case-control 
Data

1
6

Training (9/10) Testing (1/10)

Cross Validation

Rule discovery using FOIL gain 
method

Rule Pruning using Laplace expected 
error estimate

Select all the rules generated for 
each class of cases and controls, 
which satisfies test data object 

 The best k rules of each case and 
control class are selected

The case or control class with the 
highest Laplace accuracy is chosen 
as the predicted class for test data 

object

Building Associative 
Classifier

Classification for 
Test data object 

Rule Ranking using Support, 
Confidence, and Rule cardinality

Training Data

SNP1
SNP2
SNP3

.

.

.
SNPn

 

Figure.3.2 Workflow of the implemented Associative classifier to detect SNP interactions  

Attributes can be either categorical or continuous in AC. All the values are mapped to 

positive integers for categorical attributes, where else, discretization method is used for 

continuous attributes. Once, case-control data is preprocessed, ten-fold cross validation 

is performed for training and testing. Training dataset is used to build associative 

classifier. Rules are generated using FOIL gain method. Generated rules are pruned for 
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high quality rules using Laplace expected error estimate. Further, the rules are ranked 

using support, confidence, and cardinality. Initially, the rules are sorted based on 

confidence. If more than one rule has same confidence, they are sorted based on 

support. If two rules have same confidence and support, they are sorted based on lower 

antecedent length of the rule. If two rules have same confidence, support, and 

cardinality, they are sorted randomly. Finally, the trained classifier predicts appropriate 
class labels for test dataset. The classifier maps set of 𝑖𝑖𝑖𝑖𝑠𝑖𝑖𝑠 on to a set of classes. 

3.1.2  Definitions  

The current problem is formulized by using AC definitions (as reported in [276]) :  

Definition 1: A row or a training case in 𝐷 is represented by the name of an attribute 
𝑆𝑆𝑆𝑖 and its value 𝑣𝑖 . Hence, an item is denoted as 〈(𝑆𝑆𝑆𝑖 ,𝑣𝑖)〉. Where, 𝐷 is a training 
dataset of tuples |𝐷|. 

Definition 2: An 𝑖𝑖𝑖𝑖𝑠𝑖𝑖 in a training object is represented as list of attribute names 
and it’s values with a class 𝑐𝑖, denoted as 〈(𝑆𝑆𝑆𝑖1,𝑣𝑖1), (𝑆𝑆𝑆𝑖2,𝑣𝑖2), … , (𝑆𝑆𝑆𝑖𝑖,𝑣𝑖𝑖)〉.  

Definition 3: A 𝑟𝑟𝑙𝑖𝑖𝑖𝑖𝑖 𝑟 is defined as 〈𝑖𝑖𝑖𝑖𝑠𝑖𝑖, 𝑐〉, where 𝑖𝑖𝑖𝑖𝑠𝑖𝑖 is a antecedent, and 

𝑐 is a class, 𝑐 ∈ 𝐶 . Set of classes 𝐶  is used to predict the unknown classes of test data. In 
case-control datasets, 𝐶  can be either a case or a control. 

Definition 4: The actual occurrence (𝑎𝑐𝑖𝑎𝑐𝑐𝑟) of  𝑟, (𝑎𝑐𝑖𝑎𝑐𝑐𝑟(𝑟)) in 𝐷 is the number of 

cases in 𝐷 that matches 𝑟’s antecedent.  

Definition 5: The support count (𝑠𝑟𝑠𝑠𝑐𝑎𝑟𝑠𝑖) of  𝑟, (𝑠𝑟𝑠𝑠𝑐𝑎𝑟𝑠𝑖(𝑟)) in 𝐷 is the number 

of cases in 𝐷 that matches 𝑟’s antecedent and belongs to class 𝑐 of 𝑟𝑟𝑙𝑖𝑖𝑖𝑖𝑖 𝑟. The 

support of 𝑟 is represented as: 𝑠𝑟𝑠(𝑟) = 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑠(𝑟)
|𝐷|

. 

Definition 6: The occurrence of 𝑖𝑖𝑖𝑖𝑠𝑖𝑖 (𝑎𝑐𝑐𝑖𝑖𝑖) 𝑖, (𝑎𝑐𝑐𝑖𝑖𝑖 (𝑖)) in 𝐷 is the number of 

cases in 𝐷 that matches 𝑖.  

Definition 7: An 𝑖𝑖𝑖𝑖𝑠𝑖𝑖 𝑖 passes threshold of 𝑖𝑖𝑠𝑠𝑟𝑠𝑠 when �𝑠𝑠𝑠𝑖𝑠𝑜(𝑖)
|𝐷| �≥ 𝑖𝑖𝑠𝑠𝑟𝑠𝑠. 

All the 𝑖𝑖𝑖𝑖𝑠𝑖𝑖𝑠 that passes 𝑖𝑖𝑠𝑠𝑟𝑠𝑠 threshold are called as frequent 𝑖𝑖𝑖𝑖𝑠𝑖𝑖𝑠. 
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Definition 8: A 𝑟𝑟𝑙𝑖𝑖𝑖𝑖𝑖 𝑟 passes threshold of 𝑖𝑖𝑠𝑠𝑟𝑠𝑠 when �𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑠(𝑟)
|𝐷| � ≥

𝑖𝑖𝑠𝑠𝑟𝑠𝑠. All the 𝑟𝑟𝑙𝑖𝑖𝑖𝑖𝑖𝑠 that passes 𝑖𝑖𝑠𝑠𝑟𝑠𝑠 threshold are called as frequent 

𝑟𝑟𝑙𝑖𝑖𝑖𝑖𝑖𝑠. 

Definition 9: A 𝑟𝑟𝑙𝑖𝑖𝑖𝑖𝑖 𝑟 passes threshold of 𝑖𝑖𝑠𝑐𝑎𝑠𝑚 when �𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑠(𝑟)
𝑎𝑠𝑠𝑠𝑠𝑠𝑟(𝑟)

�≥

𝑖𝑖𝑠𝑐𝑎𝑠𝑚. The confidence of 𝑟 is represented as: 𝑐𝑎𝑠𝑚(𝑟) =  𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑠(𝑟)
𝑎𝑠𝑠𝑠𝑠𝑠𝑟(𝑟)

. 

Definition 10: A CAR is represented as 𝑎𝑠𝑖𝑖𝑐𝑖𝑎𝑖𝑠𝑖 → 𝑐 . Where 𝑎𝑠𝑖𝑖𝑐𝑖𝑎𝑖𝑠𝑖  of the rule 
is an  (𝑆𝑆𝑆𝑖1,𝑣𝑖1)˄ (𝑆𝑆𝑆𝑖2,𝑣𝑖2)˄… ˄(𝑆𝑆𝑆𝑖𝑖,𝑣𝑖𝑖), and 𝑐 is a class on 𝑐𝑎𝑠𝑠𝑖𝑐𝑟𝑖𝑠𝑖 of the 

rule.  

3.1.3 Data Representation 

Data is represented horizontally for generating association rules. Horizontal layout, in 

which, the training dataset consist of number of rows with each row associated to a list 

of attribute values. Consider 𝐷 be a relation of tuples, whose schema is represented by 𝑠 
distinct attributes 𝑆𝑆𝑆1, 𝑆𝑆𝑆2, … . . ,𝑆𝑆𝑆𝑖, and list of class attribute 𝐶 . Let 𝐶  be a finite set 

of class labels with case 𝑐1 and control 𝑐2 respectively, where, 𝑐𝑖  є 𝐶 . The attributes are 

treated as categorical, where the class labels are known in training data instances in 𝐷, 

and the class labels are unknown in testing data instances. SNPs are bi-allelic that are 

mapped to a set of positive integers. The number of rows in 𝐷 is represented by |𝐷|. 

Each instance tuple in 𝐷 is represented as 𝑖𝑖 =  (𝑣𝑖1, 𝑣𝑖2, … , 𝑣𝑖𝑖,𝑐𝑖) where 𝑣𝑖1 R is an item 

value for 𝑆𝑆𝑆1, 𝑣𝑖2 for 𝑆𝑆𝑆2 R, so on, and 𝑐𝑖   is a class label.  Association rule 𝑅 is 

generated in the form of 𝑆 →  𝑌 which matches a tuple 𝑖 є 𝐷 when 𝑆 ⊆  𝑖 . 𝑆 is the 

antecedent, which represents interacting SNPs associated with the class label and 𝑌 the 

consequent which represents either case or control. The rules are generated, whose 

support (𝑖𝑖𝑠𝑠𝑟𝑠𝑠) and confidence (𝑖𝑖𝑠𝑐𝑎𝑠𝑚) are greater than or equal to minimum 

threshold values. Support and Confidence are the two parameters used to measure the 

quality of association rules. Support is the number of tuples in 𝐷 containing 𝑆 ∪ 𝑌, and 

confidence is the number of tuples matching 𝑆 ∪ 𝑌 divided by the number of tuples 

containing S. The time complexity of generating these rules and rule selection is huge 

when the datasets have a large number of rows and/or columns. Hence, FOIL (First 
Order Inductive Learner) Gain method is used to generate the rules.  



56 
 

3.1.4 Rule generation 

The rules are generated by using the weighted FOIL gain method (greedy approach) 

used in CPAR [283]. The approach measures the information gained by the current rule 

by adding an item to its antecedent. For class C, let |P| be the positive data objects 

(training objects that contain class C) and |N| the negative data objects (training objects 

that class C never occurs) in the training dataset, which satisfy the current rule 𝑟. After 

item 𝑠 (the best gain attribute) is added to the rule, there will be |P+| positive data 

objects and |N-| negative data objects in the new associated rule in the training dataset. 
The FOIL gain of item 𝑠 is defined as:  

𝑔𝑎𝑖𝑠 (𝑠) = |𝑆+|��log�
|𝑆+|

𝑆+ + 𝑆−��− �log �
|𝑆|

|𝑆| + |𝑆|���                                                  (3.1) 

The FOIL algorithm seeks the item that yields largest positive gain for a particular class 

in training dataset. Selecting a single item will generate a lower number of rules and 

may ignore close FOIL gain values. Hence, accuracy and efficiency of the rule generation 

was improved by assigning weights to the data objects. Once the data objects associated 

with the item are covered by the rule, the weight decreases by multiplying a factor. This 

weighted approach extracts more items and generates more rules simultaneously. The 

algorithm uses PNArray data structure to store the number of positive and negative 

objects before and after appending item 𝑠 to rule 𝑟 [285]. It is utilized to reduce storage 

space and computational time. The accuracy of rules generated is evaluated using the 

Laplace expected error estimate. Expected accuracy is calculated for each rule before 

the test objects are classified. The expected accuracy of a rule r is given by: 

𝐿𝑎𝑠𝑙𝑎𝑐𝑖  𝐴𝑐𝑐𝑟𝑟𝑎𝑐𝑦 (𝑟) =   
𝑆𝑠(𝑟) + 1
𝑆𝑠𝑠𝑠(𝑟) +𝑖                                                                                       (3.2) 

where 𝑖 is the number of class labels, 𝑆𝑠𝑠𝑠(𝑟) is the total number of objects in training 

dataset that satisfies the antecedent of 𝑟, and 𝑆𝑠(𝑟) is the number of objects are covered 

by rule 𝑟 that belongs to class 𝑐. The case and control class rules are ranked based on 
highest to lowest Laplace accuracy estimation.  
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3.1.5 Classifier 

The rules generated for training dataset 𝐷 are organized in the order to form the 

classifier [283]. The size of the rule set is reduced in the rule pruning phase to improve 

efficiency and accuracy. Laplace expected accuracy is calculated for each rule. The rules 

with the highest expected accuracy are selected. The best 𝑘 rules generated for each 

class in a rule set are used for the prediction. To classify the test object 𝑖 using the 

classifier 𝑅, the algorithm selects all the rules whose antecedent satisfies 𝑖. The best 𝑘 

rules are selected for each class from the generated rules. Finally, it compares the 

average expected accuracy of the best 𝑘 rules of each class, and chooses the class with 

the highest expected accuracy as the predicted class. The accuracy of the classification 
in this chapter is evaluated using 𝐹1-score (𝐹-score or 𝐹- measure) [280].  

𝐹1 = 2 ∗  
𝑆𝑟𝑖𝑐𝑖𝑠𝑖𝑎𝑠 ∗ 𝑅𝑖𝑐𝑎𝑙𝑙
𝑆𝑟𝑖𝑐𝑖𝑠𝑖𝑎𝑠 + 𝑅𝑖𝑐𝑎𝑙𝑙                                                    (3) 

𝑆𝑟𝑖𝑐𝑖𝑠𝑖𝑎𝑠 =  
𝑇𝑆

𝑇𝑆+ 𝐹𝑆                                                                 (4) 

𝑅𝑖𝑐𝑎𝑙𝑙 =  
𝑇𝑆

𝑇𝑆 + 𝐹𝑆
                                                                     (5)  

where, 𝑇𝑆, 𝐹𝑆, and 𝐹𝑆  are true positive, false positive and false negative rates 

respectively. True positive (TP) rate is the proportion of positive cases that are 

correctly classified. False positive (FP) rate is the proportion of negative cases that are 

incorrectly classified as positive. False negative (FN) rate is the proportion of positive 

cases that are incorrectly classified as negative. 

3.2 Data Simulation 
A number of studies have been published on the basis of simulated data [36, 37, 108, 

182, 291] to identify the interacting genes related to the disease. Hence, in this section, a 

simulation based study is performed. The 𝑠 locus interaction models are generated 

from publicly available tool GAMETES [221]. The tool generates randomly pure and 

strict n-locus disease models with specified heritability, minor allele frequency and 

population size. It generates the datasets from these models. The goal of this simulated 

study is to detect interactions between multi-locus SNPs using the AC approach. Two 
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simulated scenarios are considered to evaluate the accuracy of AC with the previous 
approaches in the absence of main effect.  

3.2.1 Scenario I 

In the first scenario as reported in Ritchie [36], six two-locus epistasis (gene-gene 

interactions) models with different penetrance values are simulated for 20 SNPs with 

two functional SNPs (P1 and P2), and 18 independent non-functional SNPs. Case-control 

datasets are simulated with 200 cases and 200 controls in accordance to Hardy-

Weinberg proportions using GAMETES tool [221]. Table 3.1 represents the overview of 

model dependent allele frequencies along with their penetrance tables. A simple model 
of two alleles (𝑠 and 𝑐) necessarily sums to unity.  That is, 𝑠+ 𝑐 =  1 where 𝑠 is minor 

allele frequency and 𝑐 is the alternative allele frequency. Model 1 is based on nonlinear 

XOR function described by [292, 293] in which all high risk genotype combinations 

(AaBB, Aabb, AABb and aaBb) have a penetrance value of 0.1. Model 2 is described by 

[293, 294] in which high risk genotype combinations (AAbb, AaBb and aaBB) have 

penetrance values 0.1, 0.05 and 0.1 respectively. Other four models are described by 

[293] with Minor Allele Frequencies (MAFs) of 0.25, 0.25, 0.1 and 0.1 respectively. Cases 

and controls of 1:1, 1:2, 1:4, and 1:6 ratios are generated for 400 samples. 100 datasets 

are simulated for each model in order to evaluate the power of AC by estimating the 

number of times the approach successfully identified two functional SNPs. In total, 
2,400 datasets are generated and analysed [38]. 

Table 3.1: Epistasis models exhibiting interactions between two SNPs in the absence of main effects. 

Case-control datasets are generated using various penetrance functions and allele frequencies 𝑠 and 𝑐 (as 

reported in [36]) updated with heritability using GAMETES tool based on [221]: © 2014 IEEE. 

Model 1 
   

Model 2 
  

Model 3 
  p=0.5, q=0.5, H=0.053 

 
p=0.5, q=0.5, H=0.051 

 
p=0.25, q=0.75, H=0.016 

  BB Bb bb 
 

  BB Bb bb 
 

  BB Bb bb 
AA 0 0.1 0 

 
AA 0 0 0.1 

 
AA 0.08 0.07 0.05 

Aa 0.1 0 0.1 
 

Aa 0 0.05 0 
 

Aa 0.1 0 0.1 
aa 0 0.1 0 

 
aa 0.1 0 0 

 
aa 0.03 0.1 0.04 

Model 4 
   

Model 5 
  

Model 6 
 p=0.25, q=0.75, H=0.033 

 
p=0.1, q=0.9, H=0.02 

  
p=0.1, q=0.9, H=0.015 

  BB Bb bb 
 

  BB Bb bb 
 

  BB Bb bb 
AA 0 0.01 0.09 

 
AA 0.07 0.05 0.02 

 
AA 0.09 0.001 0.02 

Aa 0.4 0.01 0.08 
 

Aa 0.05 0.09 0.01 
 

Aa 0.08 0.07 0.005 
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aa 0.07 0.09 0.03 
 

aa 0.02 0.01 0.03 
 

aa 0.003 0.007 0.02 

 

3.2.2 Scenario II 

In the second scenario, datasets are replicated as in the simulated study performed by 

Velez, D.R., [108]. Datasets are generated using GAMETES tool, which generates pure, 

and strict 𝑠-locus disease models [221]. Various datasets with 𝑖 SNPs are generated for 

one to six loci models by varying heritability, minor allele frequency, and population 

size. There are 𝑠 functional and 𝑖 − 𝑠 non-functional SNPs generated for 𝑠-locus models 

with 𝑖 number of SNPs. The datasets are generated for single-locus to six-locus models 

with 20 SNPs. In the single-locus, one SNP is functional and 19 SNPs are non-functional. 

In two loci among 20 SNPS, two SNPs are functional and 18 SNPs are non-functional. 

Similarly, in three, four, five & six loci models, three, four, five & six SNPs are functional 

and 17, 16, 15 & 14 SNPs are non-functional respectively. Each genetic model is 

distributed across seven heritability (0.01, 0.025, 0.05, 0.1, 0.2, 0.3 and 0.4) and two 

different minor allele frequencies (0.2 and 0.4). Where heritability is the proportion of 

observable difference between individuals due to genetic differences and minor allele 

frequency is the frequency at which less common allele occurs in a given population. 

Five models for each 14 heritability-allele frequency combinations are generated to 

develop 70 epistasis models in accordance to Hardy-Weinberg proportions. Penetrance 

is the proportion of a genotype combination that expresses the probability of a disease. 

The penetrance tables of 70 epistasis models in the absence of main effect are available 

in Table 3.2. For each model, the datasets are simulated with different case-control 

ratios (1:1, 1:2, and 1:4), and sample size (400, 800 and 1600). One hundred datasets 

are generated for each model by generating 12,600 datasets for each locus. In total, 

75,600 datasets has to be generated for one to six-locus models.  

However, only 54,900 datasets were generated due to limited ability of GAMETES to 

generate models with higher heritability [221]. Extremely low probability penetrance 

tables are generated for certain values of heritability and prevalence. For example, n-

locus penetrance tables are generated for all heritability ≤ 1 having prevalence and MAF 

equal to 0.5 [221]. However, in 5 and 6 locus, models cannot be generated for 

heritability ≥ 0.1 after 100,000 iterations. In addition, models cannot be generated for 
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heritability = 1 and prevalence =0.25. The limitations are more severe if MAFs are 

specified [221]. Hence, a few models could not be generated in simulated scenarios of 

three loci, four loci and six loci models. In spite of these limitations, the GAMETES tool 

was still used in this research to simulate genetic models, as it generates pure and 

strictly epistatic models which constitute worst case to detect the associations of the 

disease [108, 221]. Further, it considers complex multi-locus effect in generating the 
disease model. 

Table 3.2: Penetrance table for 70 epistasis models generated in simulated scenario II. 

Model 1 
 

Model 2 
 

Model 3 
MAF = 0.2, H = 0.01, K=0.117 

 
MAF = 0.2, H = 0.01, K=0.623 

 
MAF = 0.2, H = 0.01, K=0.096 

  AA Aa aa 
 

  AA Aa aa 
 

  AA Aa aa 
BB 0.117 0.12 0.095 

 
BB 0.598 0.67 0.661 

 
BB 0.086 0.12 0.062 

Bb 0.117 0.123 0.068 
 

Bb 0.664 0.553 0.535 
 

Bb 0.119 0.048 0.107 
bb 0.119 0.02 0.851 

 
bb 0.71 0.437 0.736 

 
bb 0.069 0.094 0.544 

Model 4   Model 5  Model 6 
MAF=0.2, H=0.01, K=0.07    MAF=0.2, H=0.01, K=0.942  MAF=0.2, H=0.025, K=0.065 
  AA Aa aa 

 
  AA Aa aa 

 
  AA Aa aa 

BB 0.092 0.056 0.062 
 

BB 0.931 0.961 0.961 
 

BB 0.066 0.065 0.039 
Bb 0.058 0.124 0.068 

 
Bb 0.961 0.902 0.942 

 
Bb 0.067 0.069 3.706 

bb 0.048 0.097 0.444 
 

bb 0.959 0.947 0.622 
 

bb 0.022 0.034 0.995 
Model 7 

 
Model 8 

 
Model 9 

MAF = 0.2, H = 0.025, K=0.611 MAF = 0.2, H = 0.025, K=0.046 
 

MAF = 0.2, H = 0.025, K=0.089 
  AA Aa aa 

 
  AA Aa aa 

 
  AA Aa aa 

BB 0.644 0.552 0.57 
 

BB 0.056 0.03 0.017 
 

BB 0.11 0.048 0.081 
Bb 0.531 0.759 0.705 

 
Bb 0.03 0.081 0.019 

 
Bb 0.051 0.171 0.036 

bb 0.733 0.379 0.529 
 

bb 0.013 0.026 0.733 
 

bb 0.057 0.085 0.627 
Model 10 

 
Model 11 

 
Model 12 

MAF = 0.2, H = 0.025, K=0.936 MAF = 0.2, H = 0.05, K=0.677 
 

MAF = 0.2, H = 0.05, K=0.593 
  AA Aa aa 

 
  AA Aa aa 

 
  AA Aa aa 

BB 0.919 0.969 0.952 
 

BB 0.663 0.676 0.927 
 

BB 0.544 0.703 0.515 
Bb 0.97 0.867 0.967 

 
Bb 0.676 0.747 0.153 

 
Bb 0.7 0.361 0.753 

bb 0.951 0.969 0.449 
 

bb 0.928 0.152 0.883 
 

bb 0.538 0.708 0.573 
Model 13 

 
Model 14 

 
Model 15 

MAF = 0.2, H = 0.05, K=0.168 
 

MAF = 0.2, H = 0.5, K=0.098 
 

MAF = 0.2, H = 0.5, K=0.052 
  AA Aa aa 

 
  AA Aa aa 

 
  AA Aa aa 

BB 0.211 0.084 0.149 
 

BB 0.132 0.036 0.048 
 

BB 0.075 0.012 0.015 
Bb 0.083 0.34 0.153 

 
Bb 0.033 0.224 0.125 

 
Bb 0.012 0.136 0.038 

bb 0.16 0.132 0.588 
 

bb 0.071 0.078 0.694 
 

bb 0.015 0.039 0.778 
Model 16 

 
Model 17 

 
Model 18 

MAF = 0.2, H = 0.5, K=0.052 
 

MAF = 0.2, H = 0.1, K=0.364 
 

MAF = 0.2, H = 0.1, K=0.178 
  AA Aa aa 

 
  AA Aa aa 

 
  AA Aa aa 
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BB 0.075 0.012 0.015 
 

BB 0.44 0.204 0.459 
 

BB 0.242 0.061 0.104 
Bb 0.012 0.136 0.038 

 
Bb 0.217 0.684 0.182 

 
Bb 0.052 0.422 0.255 

bb 0.015 0.039 0.778 
 

bb 0.352 0.398 0.317 
 

bb 0.179 0.104 0.762 
Model 19 

 
Model 20 

 
Model 21 

MAF = 0.2, H = 0.1, K=0.118 
 

MAF = 0.2, H = 0.1, K=0.921 
 

MAF = 0.2, H = 0.2, K=0.470 
  AA Aa aa 

 
  AA Aa aa 

 
  AA Aa aa 

BB 0.172 0.016 0.091 
 

BB 0.878 1 0.984 
 

BB 0.389 0.667 0.198 
Bb 0.021 0.318 0.079 

 
Bb 0.999 0.768 0.911 

 
Bb 0.666 0.016 0.982 

bb 0.047 0.166 0.881 
 

bb 0.992 0.896 0.003 
 

bb 0.209 0.961 0.735 
Model 22 

 
Model 23 

 
Model 24 

MAF = 0.2, H = 0.2, K=0.070 
 

MAF = 0.2, H = 0.2, K=0.071 
 

MAF = 0.2, H = 0.2, K=0.209 
  AA Aa aa 

 
  AA Aa aa 

 
  AA Aa aa 

BB 0.609 0.249 0.424 
 

BB 0.602 0.922 0.743 
 

BB 0.311 0.028 0.033 
Bb 0.265 0.907 0.661 

 
Bb 0.918 0.295 0.71 

 
Bb 0.025 0.545 0.475 

bb 0.295 0.92 0.076 
 

bb 0.775 0.646 0.191 
 

bb 0.059 0.422 0.906 
Model 25 

 
Model 26 

 
Model 27 

MAF = 0.2, H = 0.2, K=0.174 
 

MAF = 0.2, H = 0.3, K=0.421 
 

MAF = 0.2, H = 0.3, K=0.658 
  AA Aa aa 

 
  AA Aa aa 

 
  AA Aa aa 

BB 0.264 0.003 0.117 
 

BB 0.541 0.161 0.587 
 

BB 0.513 0.916 0.926 
Bb 0.001 0.519 0.186 

 
Bb 0.156 0.994 0.077 

 
Bb 0.908 0.224 0.147 

bb 0.13 0.16 0.994 
 

bb 0.623 0.005 0.516 
 

bb 0.986 0.027 0.477 
Model 28 

 
Model 29 

 
Model 30 

MAF = 0.2, H = 0.3, K=0.662 
 

MAF = 0.2, H = 0.3, K=0.266 
 

MAF = 0.2, H = 0.3, K=0.752 
  AA Aa aa 

 
  AA Aa aa 

 
  AA Aa aa 

BB 0.528 0.928 0.696 
 

BB 0.396 0.006 0.273 
 

BB 0.623 0.999 0.844 
Bb 0.937 0.125 0.585 

 
Bb 0.04 0.734 0.164 

 
Bb 0.992 0.284 0.662 

bb 0.628 0.721 0.759 
 

bb 0.007 0.696 0.982 
 

bb 0.903 0.544 0.003 
Model 31 

 
Model 32 

 
Model 33 

MAF = 0.2, H = 0.4, K=0.604 
 

MAF = 0.2, H = 0.4, K=0.627 
 

MAF = 0.2, H = 0.4, K=0.656 
  AA Aa aa 

 
  AA Aa aa 

 
  AA Aa aa 

BB 0.448 0.88 0.902 
 

BB 0.473 0.96 0.447 
 

BB 0.505 0.946 0.761 
Bb 0.942 0.004 0.01 

 
Bb 0.913 0.012 0.993 

 
Bb 0.98 0.038 0.429 

bb 0.409 0.997 0.596 
 

bb 0.825 0.236 0.603 
 

bb 0.488 0.977 0.796 
Model 34 

 
Model 35 

 
Model 36 

MAF = 0.2, H = 0.4, K=0.664 
 

MAF = 0.2, H = 0.4, K=0.299 
 

MAF = 0.4, H = 0.009, K=0.670 
  AA Aa aa 

 
  AA Aa aa 

 
  AA Aa aa 

BB 0.509 0.972 0.696 
 

BB 0.449 5.43 0.301 
 

BB 0.648 0.653 0.777 
Bb 0.978 0.043 0.621 

 
Bb 0.003 0.905 0.209 

 
Bb 0.67 0.673 0.663 

bb 0.643 0.727 0.519 
 

bb 0.282 0.248 0.999 
 

bb 0.723 0.703 0.455 
Model 37 

 
Model 38 

 
Model 39 

MAF = 0.4, H = 0.009, K=0.429 
 

MAF = 0.4, H = 0.009, K=0.347 
 

MAF = 0.4, H = 0.009, K=0.398 
  AA Aa aa 

 
  AA Aa aa 

 
  AA Aa aa 

BB 0.4 0.456 0.416 
 

BB 0.423 0.315 0.276 
 

BB 0.352 0.449 0.351 
Bb 0.404 0.445 0.439 

 
Bb 0.312 0.371 0.356 

 
Bb 0.456 0.355 0.4 

bb 0.571 0.323 0.43 
 

bb 0.285 0.349 0.482 
 

bb 0.331 0.415 0.501 
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Model 40 
 

Model 41 
 

Model 42 
MAF = 0.4, H = 0.009, K=0.227 

 
MAF = 0.4, H = 0.025, K=0.343 

 
MAF = 0.4, H = 0.025, K=0.370 

  AA Aa aa 
 

  AA Aa aa 
 

  AA Aa aa 
BB 0.283 0.194 0.2 

 
BB 0.387 0.369 0.168 

 
BB 0.307 0.425 0.351 

Bb 0.189 0.263 0.205 
 

Bb 0.335 0.343 0.363 
 

Bb 0.344 0.374 0.421 
bb 0.215 0.193 0.357 

 
bb 0.269 0.287 0.679 

 
bb 0.593 0.24 0.263 

Model 43 
 

Model 44 
 

Model 45 
MAF = 0.4, H = 0.025, K=0.514 MAF = 0.4, H = 0.025, K=0.471 

 
MAF = 0.4, H = 0.025, K=0.780 

  AA Aa aa 
 

  AA Aa aa 
 

  AA Aa aa 
BB 0.633 0.472 0.378 

 
BB 0.356 0.574 0.423 

 
BB 0.698 0.832 0.808 

Bb 0.424 0.54 0.643 
 

Bb 0.55 0.415 0.464 
 

Bb 0.837 0.721 0.828 
bb 0.52 0.537 0.436 

 
bb 0.496 0.41 0.601 

 
bb 0.794 0.839 0.573 

Model 46 
 

Model 47 
 

Model 48 
MAF = 0.4, H = 0.05, K=0.307 

 
MAF = 0.4, H = 0.05, K=0.634 

 
MAF = 0.4, H = 0.05, K=0.395 

  AA Aa aa 
 

  AA Aa aa 
 

  AA Aa aa 
BB 0.358 0.34 0.092 

 
BB 0.726 0.541 0.711 

 
BB 0.41 0.29 0.678 

Bb 0.315 0.301 0.307 
 

Bb 0.607 0.633 0.703 
 

Bb 0.357 0.486 0.211 
bb 0.168 0.25 0.793 

 
bb 0.513 0.852 0.257 

 
bb 0.478 0.361 0.314 

Model 49 
 

Model 50 
 

Model 51 
MAF = 0.4, H = 0.05, K=0.746 

 
MAF = 0.4, H = 0.05, K=0.755 

 
MAF = 0.4, H = 0.1, K=0.675 

  AA Aa aa 
 

  AA Aa aa 
 

  AA Aa aa 
BB 0.616 0.831 0.783 

 
BB 0.615 0.844 0.807 

 
BB 0.583 0.637 0.999 

Bb 0.806 0.674 0.829 
 

Bb 0.839 0.675 0.808 
 

Bb 0.676 0.681 0.657 
bb 0.859 0.772 0.414 

 
bb 0.821 0.797 0.483 

 
bb 0.882 0.745 0.001 

Model 52 
 

Model 53 
 

Model 54 
MAF = 0.4, H = 0.1, K=0.566 

 
MAF = 0.4, H = 0.1, K=0.558 

 
MAF = 0.4, H = 0.1, K=0.585 

  AA Aa aa 
 

  AA Aa aa 
 

  AA Aa aa 
BB 0.718 0.597 0.135 

 
BB 0.527 0.704 0.191 

 
BB 0.319 0.722 0.774 

Bb 0.476 0.525 0.897 
 

Bb 0.617 0.417 0.849 
 

Bb 0.774 0.491 0.445 
bb 0.499 0.624 0.546 

 
bb 0.452 0.653 0.512 

 
bb 0.62 0.56 0.584 

Model 55 
 

Model 56 
 

Model 57 
MAF = 0.4, H = 0.1, K=0.757 

 
MAF = 0.4, H = 0.2, K=0.432 

 
MAF = 0.4, H = 0.2, K=0.403 

  AA Aa aa 
 

  AA Aa aa 
 

  AA Aa aa 
BB 0.573 0.876 0.817 

 
BB 0.192 0.438 0.956 

 
BB 0.108 0.543 0.653 

Bb 0.882 0.636 0.842 
 

Bb 0.46 0.498 0.172 
 

Bb 0.589 0.388 0.037 
bb 0.801 0.855 0.369 

 
bb 0.888 0.223 0.033 

 
bb 0.515 0.14 0.945 

Model 58 
 

Model 59 
 

Model 60 
MAF = 0.4, H = 0.2, K=0.484 

 
MAF = 0.4, H = 0.2, K=0.611 

 
MAF = 0.4, H = 0.2, K=0.828 

  AA Aa aa 
 

  AA Aa aa 
 

  AA Aa aa 
BB 0.645 0.321 0.616 

 
BB 0.88 0.39 0.674 

 
BB 0.622 0.944 0.945 

Bb 0.212 0.674 0.529 
 

Bb 0.332 0.79 0.706 
 

Bb 0.948 0.698 0.952 
bb 0.941 0.285 0.055 

 
bb 0.847 0.576 0.189 

 
bb 0.935 0.96 0.195 

Model 61 
 

Model 62 
 

Model 63 
MAF = 0.4, H = 0.3, K=0.434 

 
MAF = 0.4, H = 0.3, K=0.496 

 
MAF = 0.4, H = 0.3, K=0.460 

  AA Aa aa 
 

  AA Aa aa 
 

  AA Aa aa 
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BB 0.173 0.444 0.998 
 

BB 0.953 0.3 0.059 
 

BB 0.052 0.805 0.349 
Bb 0.457 0.563 0.002 

 
Bb 0.304 0.558 0.746 

 
Bb 0.608 0.309 0.587 

bb 0.958 0.032 0.468 
 

bb 0.046 0.756 0.733 
 

bb 0.939 0.144 0.337 
Model 64 

 
Model 65 

 
Model 66 

MAF = 0.4, H = 0.3, K=0.482 
 

MAF = 0.4, H = 0.3, K=0.743 
 

MAF = 0.4, H = 0.4, K=0.493 
  AA Aa aa 

 
  AA Aa aa 

 
  AA Aa aa 

BB 0.144 0.693 0.613 
 

BB 0.439 0.948 0.818 
 

BB 0.026 0.72 0.865 
Bb 0.846 0.227 0.434 

 
Bb 0.971 0.518 0.908 

 
Bb 0.709 0.478 0.054 

bb 0.156 0.777 0.336 
 

bb 0.748 0.961 0.083 
 

bb 0.899 0.029 0.974 
Model 67 

 
Model 68 

 
Model 69 

MAF = 0.4, H = 0.4, K=0.423 
 

MAF = 0.4, H = 0.4, K=0.438 
 

MAF = 0.4, H = 0.4, K=0.575 
  AA Aa aa 

 
  AA Aa aa 

 
  AA Aa aa 

BB 0.077 0.817 0.022 
 

BB 0.984 0.17 0.012 
 

BB 0.047 0.887 0.829 
Bb 0.5 0.244 0.787 

 
Bb 0.092 0.625 0.657 

 
Bb 0.965 0.347 0.384 

bb 0.971 0.075 0.235 
 

bb 0.247 0.481 0.739 
 

bb 0.595 0.56 0.58 
Model 70 

          MAF = 0.4, H = 0.4, K=0.729 
            AA Aa aa 
          BB 0.361 0.996 0.758 
          Bb 0.992 0.459 0.947 
          bb 0.767 0.94 0.012 
           

3.3 Real data 
Breast cancer is a complex disease that occurs due to various unknown etiological 

aberrations. It is classified as either hereditary or sporadic. Breast cancer caused by 

inheriting faulty or mutated genes is known as hereditary or familial breast cancer. The 

rest is categorized as sporadic breast cancer. More than 80% of breast cancers are 

sporadic whose risk factors may depend on various independent and interacting 

factors. The data comprise of 410 samples obtained according to the requirements of 

the Institutional Review Board of Vanderbilt University Medical School [17]. The study 

is based on 207 white women with sporadic primary invasive breast cancer patients 

and 204 controls were treated at Vanderbilt University Medical Centre. The DNA of all 

the samples was isolated by using a DNA extraction kit (Gentra) [17]. The samples were 

used to amplify the desired gene segments using polymerase chain reaction (PCR) and 

were then analysed. The study considers the genetic variants in five genes (COMT, 

CYP1A1, CYP1B1, GSTM1 and GSTT1),which may affect the metabolism of estrogens 

that could increase the risk of sporadic breast cancer [17]. Hence, the analysis focused 
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on the genes COMT (Catechol-O-methyl transferase) on chromosome 22q11.2, CYP1A1 

(Cytochrome P450 1 A1 enzyme) on chromosome 15q22-q24, CYP1B1 (Cytochrome 

P450 1 B1 enzyme) on chromosome 2p21-22, GSTM1 (Glutathione S-transferase Mu 1) 

on chromosome 1p13.3 and GSTT1 (Glutathione S-transferase theta 1) on chromosome 

22q11.2.The polymorphisms in these genes are summarized and reported in the 

research [17]. The dataset considered 10 SNPs (Cyp1A1m1, Cyp1A1m2, Cyp1A1m4, 

Cyp1B1-48, Cyp1B1-119, Cyp1B1-432, Cyp1B1-453, COMT, GSTM1, and GSTT1) in five 

genes for the analysis. Since DNA is duplicated in each cell, three genotypes (common 

homozygous, heterozygous and rare homozygous) are yield and are numerically 

represented as zero for AA, one for Aa, and two for aa. There are 19 missing values and 

these are represented numerically by three. Cases and controls are assigned 1 and 0 in 
the class attribute.  

3.4 Data Analysis 
Case-control based simulated datasets are generated for both balanced and imbalanced 

data. The number of cases and controls are equal in balanced data and are not equal in 

imbalanced data. Balanced datasets are analysed using threshold value (ratio of number 

of cases to controls) equal to one. Imbalanced datasets are analysed by adjusting 

threshold (T) values. That is, the T value for 1:2 ratio is 0.5 and 1:4 ratio is 0.25. In this 

chapter, several experiments are conducted over the proposed approach and compared 

the results with MDR. The datasets for both simulated scenarios are analysed using the 

latest MDR software tool available from www.epistasis.org. The data is exhaustively 

evaluated for single-locus model to six-locus models to identify all possible interactions 

between SNPs. Balanced accuracy of each model is estimated for both training and 

testing data. Finally, a best model with high testing accuracy and high cross validation 

consistency is selected. The power of MDR has been estimated by the number of times 

the functional SNPs are identified in 100 datasets of each model. The final results are 

statistically evaluated with a 1000 fold permutation test and whose p-values are 
compared with 0.05 in determining the significance of the findings. 

Further, the datasets for both simulated scenarios are analysed using the associative 

classifier. The configuration parameters of AC, the support, confidence, and length of 

antecedent of a rule, are set to 65%, 80%, and 9 respectively. The accuracy of AC 

http://www.epistasis.org/
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algorithm is analysed for single-locus to six-locus models using Weka tool. Weka tool is 

an open source machine learning software tool developed in Java [295]. Ten-fold cross 

validation is performed to reduce the possibility of biased estimation due to the division 

of data. This process is repeated for each combination of 𝑠 locus. Hence, for each 

combination of 𝑠 loci, the algorithm runs 𝑖 times. Finally, the hypothesis test has been 

performed over the best model chosen from both analyses to evaluate its statistical 

significance. Among the many methods and software implementations that have been 

used to investigate the interactions between SNPs, the other most prominent 

approaches for identifying genetic effects in the presence of interactions are RF, SVM 

and NN. Further, Naïve Bayes algorithm is also considered in this chapter, as it is a well-

established machine learning method and has been successfully applied in analysing 

GWAS data. Both simulated scenarios are analysed using RF, SVM, NN and Naïve Bayes 

algorithms in Weka tool, and the prediction accuracy is compared with AC. Further, the 

prediction accuracy of AC is compared with unsupervised learning algorithms, such as, 
KMeans, and principal component analysis (PCA). 

Once, the approach is analysed over two simulated scenarios, it is further evaluated on a 

real dataset. The sporadic breast cancer data [17] is analysed using a threshold of case / 

control ratio (207
204

=1.0147). An exhaustive search was performed for all possible two to 

nine-locus models. The ten-fold cross validation is performed to minimize the statistical 

variance. The final results are statistically evaluated with a 1000 fold permutation test 

and whose p-values are compared with 0.05 in determining the significance of the 
findings.  

3.5 Evaluation of the Approach 
Several experiments were performed over simulated datasets and sporadic breast 

cancer data to evaluate the accuracy of AC over MDR, RF, SVM, NN, Naïve Bayes, KMeans 

and PCA. The goal of this study is to determine whether AC is a better approach for 

identifying the higher order SNP interactions in the absence of main effect. The 

approach considers the ratio of cases and controls for each SNP combination at different 

loci. It generates statistically significant genotype combinatorial associations in terms of 

rules based on cases and controls. Predicting class labels of test objects from these rules 

retains higher accuracy in genetic combinations that contribute to a disease. Despite the 
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increase in the accuracy, the approach reduced the false positive error by permutation 

testing under the null hypothesis. The results have been obtained by applying the 

approach over two simulated scenarios. Further, they are applied over sporadic breast 
cancer data to identify complex interactions associated with the disease. 

3.5.1 Preliminary results for two-locus interactions on 

balanced and imbalanced simulated datasets 

The goal of this preliminary study is to determine whether AC is a better approach for 

identifying the higher order SNP interactions in the absence of main effect. The 

approach considers the ratio of cases and controls for each SNP combination at different 

locus. It generates statistically significant genotype combinatorial associations in terms 

of rules based on cases and controls. Predicting class labels of test objects from these 

rules retains higher accuracy in genetic combinations that contribute to a disease. 

Despite the increase in accuracy, the approach will still reduce the false positive error 

by using permutation testing under the null hypothesis. The results have been obtained 

on two simulated scenarios to identify complex associations between genotype and 
phenotype. 

3.5.1.1 Scenario I 

The accuracy of AC for all six models in Scenario-I is presented in Table 3.3 to Table 3.6. 

Table 3.3 represents the accuracy of AC along with other previous approaches with 400 

samples of 1:1 ratio of cases and controls. The accuracy of AC is higher for model 5 

when compared to other approaches. Table 3.4 represents the results of AC and other 

current approaches for 1:2 ratios of cases and controls. The accuracy of AC is high for 

model 3, models 5 and model 6. Table 3.5 and Table 3.6 represent accuracy of AC for 1:4 

and 1:6 ratios of cases and controls respectively. The results show that AC outperforms 

in all 6 models compared to the current approaches. The performance of AC is seen to 

be better with imbalanced data than with balanced data.  

Table 3.3: Accuracy of 6 models with 1:1 ratio of cases and controls 

Model MAF MDR RF AC-CPAR AC-CBA SVM NN Naïve Bayes 
1 0.5 76 57.75 59.5 70 48 59.5 47.75 
2 0.5 81.5 57.25 62.5 74 55.5 64.75 57 
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3 0.25 63 58.25 58.75 60 56 56.5 60.5 
4 0.25 74.5 66 69.25 65.75 62 61.5 62 
5 0.1 47.75 50.5 53.75 52 49.75 51.25 48.25 
6 0.1 57 52 55 54.5 57.75 53.25 56.25 

 

Table 3.4: Accuracy of 6 models with 1:2 ratio of cases and controls 

Model MAF MDR RF AC-CPAR AC-CBA SVM NN Naïve Bayes 
1 0.5 76.78 63.33 64.83 66.75 66.67 65.17 62.67 
2 0.5 81.46 62.5 68.5 69.75 66.75 65.5 62 
3 0.25 53.12 65.25 63 66.75 66.75 56.75 62.5 
4 0.25 76.75 70.25 73 65.5 71.25 73.75 72.5 
5 0.1 51.59 61.25 61.5 66.75 66.75 57 66 
6 0.1 56.88 62.5 62.5 66.75 66.75 62.75 62 

 

Table 3.5: Accuracy of 6 models with 1:4 ratio of cases and controls 

Model MAF MDR RF AC-CPAR AC-CBA SVM NN Naïve Bayes 
1 0.5 76.25 78.6 76.6 80 79.25 73.9 79.8 
2 0.5 82.66 79.75 79.5 80 79.5 72.75 79.25 
3 0.25 53.28 78.25 78.25 69.75 80 66.75 77.75 
4 0.25 76.09 79 78.25 80.25 72.25 78 79 
5 0.1 57.66 76.5 77.5 80 67.5 68.75 78.25 
6 0.1 54.84 75.5 78.5 80 68.5 75.5 79 

 

Table 3.6: Accuracy of 6 models with 1:6 ratio of cases and controls 

Model MAF MDR RF AC-CPAR AC-CBA SVM NN Naïve Bayes 
1 0.5 76.16 91.5 91.75 91.25 82.25 86.75 91.25 
2 0.5 82.7 91.25 91.75 91.75 85.25 84 90.25 
3 0.25 45.94 91.5 91.5 91.75 87 85.75 91.5 
4 0.25 71.8 91 91.25 91.25 87 85 90 
5 0.1 43.47 90.5 90 93.4 83 85.75 91.5 
6 0.1 44.02 91 91.25 91.75 86 87.75 90.25 

 

In the first scenario, as stated in the preliminary results, the approach is validated for 

both balanced and imbalanced datasets. Figure 3.3 shows the accuracy of AC over MDR, 

RF, SVM, NN and Naïve Bayes classifiers in 1:1 ratios of cases and controls for 400 

samples. On an average of 100 datasets for each model, MDR significantly performed 

well for 1 to 4 models. However, AC performed better than other algorithms when allele 
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frequencies are 0.1 and 0.9. SVM performed equally as MDR with difference of less than 

1% in accuracy for model 6. Figure 3.4 shows the accuracy of AC over other algorithms 

in 1:2 ratios of cases and controls in a sample size of 400. On average, AC achieves an 

improvement in accuracy of 13% compared to MDR for model 3, 5 0.1. It is observed 

that both for balanced and imbalanced data, AC is more accurate when the allele 

frequencies are 0.1 and 0.9. Figure 3.5 exhibits accuracy of samples with 1:4 ratios. On 

average, the accuracy of AC is about 12% higher than MDR. However, it is observed that 

the accuracy of AC is slightly reduced by about 2% in model 2 where allele frequencies 

are equal. Figure 3.6 shows that the accuracy of AC is much higher than MDR in 1:6 

ratios of all 6 models. Accuracy of AC is about 50% higher than MDR when MAF values 

are 0.1 and 0.25.   

 

Figure.3.3  Accuracy of 6 models with 1:1 ratio Figure.3.4 Accuracy of 6 models with 1:2 ratio 

 

Figure.3.5  Accuracy of 6 models with 1:4 ratio Figure.3.6 Accuracy of 6 models with 1:6 ratio 
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3.5.1.2 Scenario II 

In scenario II, the accuracy of AC for 70 models is presented in Table 3.7 to Table 3.9 

and compared with previous methods. Table 3.7 represents the results of AC and other 

current approaches for 1:1 ratio of 400 samples. The accuracy of AC is higher only in 

two cases (MAF=0.2, H=0.01 and MAF=0.4, H=0.025) when compared with existing 

approaches. Table 3.8 and Table 3.9 shows the results of 1:2 and 1:4 ratios of cases and 

controls respectively. The accuracy of AC is higher in majority of the models in 1:2 

ratios. AC performed well when the heritability is ≤ 0.1 for both cases of MAF = 0.2 and 

0.4. However, as shown in Table 3.9, AC outperformed other approaches in all 70 

models for the ratio of 1:4. The results of scenario II confirm that the accuracy of AC is 
higher over other current approaches in imbalanced datasets. 

Table 3.7: Accuracy of 70 models with 400 samples of 1:1 ratio of cases and controls 

Model MAF Heritability MDR RF 
AC-

CPAR 
AC-
CBA SVM NN 

Naïve 
Bayes 

1 0.2 0.01 47 53 57 54.75 50.25 50.5 50.75 
2 0.2 0.01 49.5 50.25 52.5 49.5 54 49 50.75 
3 0.2 0.01 52.25 54.25 54.5 53 53.75 49.25 50.5 
4 0.2 0.01 59.25 53.5 52.75 46.75 52.5 51.25 50.25 
5 0.2 0.01 49.25 48.25 53.25 55 49 48.5 49.5 
6 0.2 0.025 48.75 46.75 52.5 52.25 44 46.5 45.25 
7 0.2 0.025 52 48.5 54.25 53.5 49 51.75 52.25 
8 0.2 0.025 55.5 49.5 53.75 50.75 52.5 51.75 51.25 
9 0.2 0.025 63.25 51.75 55.25 55.75 54.75 51.25 52 

10 0.2 0.025 64.75 52.25 57 50.25 54.75 53.25 49.75 
11 0.2 0.05 46.5 46.5 49.25 49.5 44.25 47.25 44.5 
12 0.2 0.05 61.25 49 54 51.75 47.25 45.25 46.25 
13 0.2 0.05 62 50.25 54.75 51.5 51.25 51.75 49.25 
14 0.2 0.05 69 51.25 55 57.5 48.75 56 52.25 
15 0.2 0.05 67.25 53.5 58.5 60.25 43.5 57.5 43.25 
16 0.2 0.1 48.25 45.75 52 49 54 50.5 57.5 
17 0.2 0.1 65.75 56.25 55.75 53.5 49.75 56.25 52.5 
18 0.2 0.1 66 51 57.75 58 45 54 48.5 
19 0.2 0.1 68 57.5 60 56.25 53.25 56 51.75 
20 0.2 0.1 70.75 56.75 58.75 67.5 50.75 62.75 49.75 
21 0.2 0.2 72 52.75 59.25 58 51 58.5 49.75 
22 0.2 0.2 74 56 62 61 48.25 58.25 47.25 
23 0.2 0.2 76 52.5 60.25 69.75 52.25 58.75 48 
24 0.2 0.2 77.75 55.75 64.75 65.25 54.5 68 51 
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25 0.2 0.2 76.25 53.75 65.25 72.75 53 67 48.25 
26 0.2 0.3 76 56.5 63.5 67.5 49.25 60.75 47.5 
27 0.2 0.3 73 59.5 65 64.5 47.75 60.75 52.25 
28 0.2 0.3 79.75 58.25 66.75 74.25 53.25 67 49.25 
29 0.2 0.3 74.75 56.75 60.5 73.25 44.75 62 48.5 
30 0.2 0.3 76.25 56.25 62 75.25 52.25 67.75 51 
31 0.2 0.4 78.75 59 69.25 63 58 67 55.75 
32 0.2 0.4 76.25 57.5 61.5 65.25 51.25 64.75 50 
33 0.2 0.4 79.5 58 74.75 67.25 54 70.25 47.5 
34 0.2 0.4 76.75 58.25 66.75 70.75 56.25 67.25 52.75 
35 0.2 0.4 80.25 57 73.5 77.25 48.25 67 47.75 
36 0.4 0.01 51.25 52.25 51.5 47.25 45.25 46 45 
37 0.4 0.01 50.25 45.75 52.25 51.75 47.5 47.25 47.75 
38 0.4 0.01 51.25 49 55.5 48.25 54.75 51.25 51.5 
39 0.4 0.01 60.25 54.5 51.5 52.5 52.5 53.75 53.25 
40 0.4 0.01 53.5 53 53.5 51 55.75 55.5 53 
41 0.4 0.025 51.75 50.75 51.5 49.5 42.5 46.5 45.5 
42 0.4 0.025 46.5 51.5 49 49.5 46 50.5 48 
43 0.4 0.025 51.75 47 51.5 56 52.5 46 52.5 
44 0.4 0.025 56.5 51 52.5 52.25 50.5 53.5 48.5 
45 0.4 0.025 55.25 52.75 54.5 57.25 57.75 52 54.5 
46 0.4 0.05 47.25 50.5 54.25 48.75 50 52.25 51.25 
47 0.4 0.05 46.25 46.5 51 51 49.5 57.5 49.25 
48 0.4 0.05 62.25 49.5 54 53 50.75 48.75 44.25 
49 0.4 0.05 61.25 50.75 51.5 49.5 48.75 50.5 45.75 
50 0.4 0.05 57 50.25 56 49.25 55.75 50.25 52.75 
51 0.4 0.1 51.25 53 55.5 48.75 53.75 49.25 57.25 
52 0.4 0.1 58 47.25 56.5 56.25 44.25 48 44.5 
53 0.4 0.1 65.5 50.25 55.25 50.5 55.25 53.75 53 
54 0.4 0.1 61.75 47.75 52.5 49.25 48 48 45.5 
55 0.4 0.1 66.5 50.5 55.5 56.5 50.5 50.75 45.75 
56 0.4 0.2 63.75 56.75 56.25 60.75 56.75 54.5 52.75 
57 0.4 0.2 66.75 49.75 58.25 56.25 50.25 48.5 47.75 
58 0.4 0.2 70 52.75 61.5 63 56 59.75 55.5 
59 0.4 0.2 69.75 50.5 56 55.25 53 58.25 51.5 
60 0.4 0.2 76.25 53.5 57.25 64.75 51.75 60 51.25 
61 0.4 0.3 66.25 52.75 57.75 60 47 52 50 
62 0.4 0.3 75 53.5 58.5 60.5 51 63.5 46.5 
63 0.4 0.3 77.25 55 64.5 64.5 50.5 64 51.75 
64 0.4 0.3 76.75 52.75 56 72.75 47.25 63.5 44.25 
65 0.4 0.3 83.5 58.25 72.75 67.25 51 67 51.25 
66 0.4 0.4 73.75 52.75 66 61 51.25 64 54.25 
67 0.4 0.4 81.5 57 72 69.75 50.5 65.25 49.75 
68 0.4 0.4 79 56 71 70.25 46.5 68.25 50.5 



71 
 

69 0.4 0.4 79.25 59.25 66.25 74.5 56.25 72.25 51.5 
70 0.4 0.4 79.5 64 69 70 52 70 53 

 

Table 3.8: Accuracy of 70 models with 400 samples of 1:2 ratio of cases and controls 

Model MAF Heritability MDR RF 
AC-

CPAR 
AC-
CBA SVM NN 

Naïve 
Bayes 

1 0.2 0.01 54.63 61.75 59.5 65 54 56.25 62.75 
2 0.2 0.01 47.09 62.75 59.75 66.75 55.75 57.75 62.25 
3 0.2 0.01 50.84 61.75 59.75 66.75 52 54.25 59.25 
4 0.2 0.01 51.05 62.25 59.75 65 60.25 57.75 63 
5 0.2 0.01 49.71 61.75 61.25 62 56 53.75 63.75 
6 0.2 0.025 49.14 60 58.75 64 55.25 52.25 62.5 
7 0.2 0.025 58.9 60.25 61.5 66.75 59.25 61 65.25 
8 0.2 0.025 61.37 60.25 57 62 58.75 61.5 62.75 
9 0.2 0.025 60.62 61.5 65 59.25 58 65 63.55 

10 0.2 0.025 65.45 70 69.5 66.75 57.5 70 63.25 
11 0.2 0.05 54.98 62 58.5 66.75 62 56.5 65 
12 0.2 0.05 59.1 59.5 61 66.75 54.25 55.25 62.75 
13 0.2 0.05 60.63 64 58.5 61 58.75 58.75 62.75 
14 0.2 0.05 64.33 63 63.75 66.75 57.75 58.25 63.25 
15 0.2 0.05 68.7 59.25 58.75 66.75 51.5 57 61 
16 0.2 0.1 61.74 60 58.75 66.75 50.5 52.25 62.5 
17 0.2 0.1 62.31 60.25 61.5 66.75 55.25 61 62.25 
18 0.2 0.1 64.33 62.5 61.25 65 57 61.5 62.75 
19 0.2 0.1 71.89 67.25 67.25 66.75 62.5 63.75 64 
20 0.2 0.1 72 67.25 71.5 66.75 66.25 68.75 62.25 
21 0.2 0.2 69.59 65.5 67.75 59.25 57.75 62 63.75 
22 0.2 0.2 69.43 63.75 64 66.75 58.75 63 62 
23 0.2 0.2 69.94 61.25 62.25 63.75 54.75 61 60 
24 0.2 0.2 77.46 69.75 71 64.75 66.5 69.25 62 
25 0.2 0.2 71.25 65.5 67.75 66.75 63.5 63.5 62.75 
26 0.2 0.3 77.88 62.75 65.75 66.75 65.75 66.25 62 
27 0.2 0.3 76.53 66 73 67.75 58.5 71 65 
28 0.2 0.3 75.44 64.5 74.5 66.75 57.5 71.25 61.5 
29 0.2 0.3 78.08 62.25 68.75 65 56.25 67 66.75 
30 0.2 0.3 78.83 61.25 70.5 64.75 56.5 66.25 63.5 
31 0.2 0.4 79.01 65 71.5 67.5 65.5 71 62 
32 0.2 0.4 78.07 67.5 75 67.75 61.5 69.75 61 
33 0.2 0.4 77.7 67.25 76.25 66.75 70 73.75 62.5 
34 0.2 0.4 80.32 68.5 72.5 67 61 75 61.75 
35 0.2 0.4 73.32 63 67 66.75 67.25 68 58.25 
36 0.4 0.01 49.54 61.5 56 61.5 55 54.75 58.5 
37 0.4 0.01 53.45 61.5 59.5 66.75 49.5 54.25 63.5 
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38 0.4 0.01 48.59 61.5 59 66.75 65 59 62.25 
39 0.4 0.01 54.42 63.25 56 66.75 58.5 54.5 62.5 
40 0.4 0.01 47.85 62.25 59.5 66.5 55.5 55 63.5 
41 0.4 0.025 56.47 63 60 64 54.75 54.5 61.5 
42 0.4 0.025 49.34 63.5 62.5 63.25 60.75 56.75 62.75 
43 0.4 0.025 49.15 65.25 60 66.75 61 57.25 62.75 
44 0.4 0.025 62.65 63.75 62.25 66.25 54.25 59.75 60.75 
45 0.4 0.025 51.02 62.75 62.5 65.75 62.5 59.5 59.5 
46 0.4 0.05 44.27 61.25 59.25 66.75 59.25 56 61.75 
47 0.4 0.05 52.7 61.25 58.75 66.5 60.75 57.25 58.5 
48 0.4 0.05 55.34 62.75 63.25 66.75 57.75 54.5 61.75 
49 0.4 0.05 60.97 62.75 59 66.75 60 55.5 61.5 
50 0.4 0.05 65.3 62.25 62.75 64.25 56.5 56.75 60.5 
51 0.4 0.1 48.42 61 59 66.5 66.75 57.25 58.75 
52 0.4 0.1 43.53 61.25 60 66.75 66.75 61.25 61 
53 0.4 0.1 64.92 61.5 63 66.75 67.75 59 62.25 
54 0.4 0.1 60.98 60.75 60.25 66.75 49.75 53.25 60.25 
55 0.4 0.1 67.16 63.5 63.75 66.75 55.5 57.75 64 
56 0.4 0.2 66.96 63.5 63 66.5 61 57.25 60.5 
57 0.4 0.2 66.06 63.25 63.75 66.75 57.5 60.5 61.25 
58 0.4 0.2 71.48 65.5 66.5 66.5 61.25 63.25 63.5 
59 0.4 0.2 76.54 61 63.25 65.75 54 64.25 60.5 
60 0.4 0.2 74.69 62.5 67.25 66.75 55.25 63.5 62.25 
61 0.4 0.3 73.7 63.5 64.25 73 62.25 59.75 59.25 
62 0.4 0.3 73.21 60 64.75 66.25 57.25 61.25 61.5 
63 0.4 0.3 72.81 62 61.25 66.25 60.75 59.75 60.25 
64 0.4 0.3 72.04 62.75 67.5 66.75 62.5 63.75 65.25 
65 0.4 0.3 81.6 62.75 67.5 66.75 62.5 63.75 65.25 
66 0.4 0.4 76.59 63.75 66 66.75 63.75 64.75 60.25 
67 0.4 0.4 79.56 64.25 69 66.5 63.25 65.25 65.25 
68 0.4 0.4 83.32 60.25 67.5 65.75 54.5 69.5 63.75 
69 0.4 0.4 84.8 67 84.75 65 63.25 73.25 63 
70 0.4 0.4 85.72 68.25 68.5 65.25 57 78.5 60.5 

 

Table 3.9: Accuracy of 70 models with 400 samples of 1:4 ratio of cases and controls 

Model MAF Heritability MDR RF 
AC-

CPAR 
AC-
CBA SVM NN 

Naïve 
Bayes 

1 0.2 0.01 44.69 77 72.5 80 64 69 77.75 
2 0.2 0.01 52.81 76.25 71 80 66 70.25 77.5 
3 0.2 0.01 40 77 75.25 80 68.25 69.75 79.5 
4 0.2 0.01 50.78 77.5 71.5 80 68.5 68.5 78.5 
5 0.2 0.01 50 78.25 72.5 80 66.25 67.25 78.5 
6 0.2 0.025 48.59 80.25 79 74.5 71.5 70.5 78.5 
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7 0.2 0.025 63.13 78.25 80 80 68.25 69.75 76.75 
8 0.2 0.025 56.09 77.25 79.25 79.5 64.75 72 78.5 
9 0.2 0.025 62.5 78.5 78.75 80 64.5 70 79.5 

10 0.2 0.025 52.5 77 80 80 67.25 72.25 78.5 
11 0.2 0.05 56.09 78 79.5 80 69.75 69.75 77.5 
12 0.2 0.05 48.29 78.75 79.25 80 67.75 71.25 78.75 
13 0.2 0.05 60.16 78 77.5 80 68.5 76.25 79.75 
14 0.2 0.05 65.78 79 79.75 76.75 71.25 70.5 78 
15 0.2 0.05 62.81 78.25 79.75 79.25 71 71.75 79 
16 0.2 0.1 51.56 76.5 72 80 67 68.5 78 
17 0.2 0.1 64.22 78 77.25 80 72 68 78 
18 0.2 0.1 70.16 78.75 77.5 80 71 74.75 78.5 
19 0.2 0.1 68.59 79 77.25 80 71.5 75 77.5 
20 0.2 0.1 70.94 78 79 78.75 67 74.5 77.75 
21 0.2 0.2 70.16 79.25 78 80 67.5 72 78.5 
22 0.2 0.2 75.63 79.5 77.25 80 72.25 74 78.75 
23 0.2 0.2 73.75 77.25 80 80 71.5 76 77.5 
24 0.2 0.2 74.06 78 79.75 78 71.75 78 77.5 
25 0.2 0.2 75.47 79.75 81.75 78.25 72 78.25 78.5 
26 0.2 0.3 74.37 79 80 80 68.5 76 77.5 
27 0.2 0.3 75 78.75 78 79.5 70.5 80 78.25 
28 0.2 0.3 76.72 80.25 84 80 71 79 77.5 
29 0.2 0.3 73.75 78.75 78.25 78.75 72.25 75 77.75 
30 0.2 0.3 75.63 79 78 80 68.5 70.75 78.5 
31 0.2 0.4 81.09 79.5 80.25 80 72.25 78 79.25 
32 0.2 0.4 80 78.25 80.25 80 67.5 81.75 77.5 
33 0.2 0.4 78.12 78.5 79.25 77.25 75.5 82 78.25 
34 0.2 0.4 83.28 79.5 86.75 80 70.25 78 79 
35 0.2 0.4 84.22 79.5 89.25 80 75.5 86 79.25 
36 0.4 0.01 45.63 76.75 79.25 79.75 68.75 72.75 78.25 
37 0.4 0.01 56.25 77.5 80.25 79.75 69 69.25 79.75 
38 0.4 0.01 47.66 78 79 80 66.75 68 78 
39 0.4 0.01 53.28 77.5 79.75 80 63.5 66 76.75 
40 0.4 0.01 50.47 77.5 80 80 66.25 68.75 78 
41 0.4 0.025 54.06 77 79.25 80 71.5 71.5 78.75 
42 0.4 0.025 44.84 78 79.5 80 68.25 69 77.75 
43 0.4 0.025 57.03 79.25 78.75 80 64.75 71.25 75.75 
44 0.4 0.025 46.88 76.75 79.75 80 64.5 68.75 79.25 
45 0.4 0.025 44.37 78.5 80 80 67.25 68.5 78.75 
46 0.4 0.05 59.69 78.25 78.75 80 69 69.25 78.25 
47 0.4 0.05 45.78 78.5 79 79.5 69 74 79.25 
48 0.4 0.05 49.38 78.25 78.5 80 65.5 70.75 79.25 
49 0.4 0.05 43.28 78.75 79.5 80 65 67 79.5 
50 0.4 0.05 57.34 77.5 78.75 72.5 64.75 70.5 78.75 
51 0.4 0.1 62.34 77.75 79.75 72.25 70 69.25 77 
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52 0.4 0.1 50.94 77.5 80.25 71.25 67 69.25 79.75 
53 0.4 0.1 61.87 78.25 79.5 79.5 67.25 72.25 78.75 
54 0.4 0.1 64.06 78.5 79.25 80 67.25 70.75 79 
55 0.4 0.1 62.66 76.75 79 80 64.5 70.5 79.25 
56 0.4 0.2 67.81 78 80 74.25 73 73.25 78.5 
57 0.4 0.2 67.66 77.25 79.5 79.75 64.5 72.25 77.75 
58 0.4 0.2 77.81 79.75 79.5 80 65 71.75 79.75 
59 0.4 0.2 72.97 80 77.75 80.25 72.5 73.25 78 
60 0.4 0.2 69.69 78.5 78.25 80 70.25 71.5 77.5 
61 0.4 0.3 69.06 77.75 79 80 70.5 74.25 79 
62 0.4 0.3 70 78 79 80 68.25 72.25 78.25 
63 0.4 0.3 70.94 76.5 78.5 73.5 73 75.25 79 
64 0.4 0.3 75.78 78.25 83 79.25 72.5 73.5 78.5 
65 0.4 0.3 80.94 78 80 79.5 68.75 72.75 79.75 
66 0.4 0.4 75.31 78.5 78 80 67.75 70.5 79 
67 0.4 0.4 78.12 79.5 80 80.25 68.75 74.5 78.5 
68 0.4 0.4 81.09 79.25 79.75 79.75 68.5 72.75 79.5 
69 0.4 0.4 82.5 79 83.25 79.5 71.25 80.75 79.5 
70 0.4 0.4 76.09 78.75 79.25 80.25 74 76.25 77.25 

 

 

Figure.3.7 Accuracy of 70 models with ratio 1:1 for MAF 0.2 

 

The results of second scenario of simulations, demonstrated that the AC performed well 

across a wide range of SNP-SNP interaction models. Figure 3.7 illustrates accuracy of AC 

over other approaches in balanced data of 400 samples. MDR predominantly 

outperformed AC and other approaches. However, AC is more accurate than other 
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approaches up to 10% for allele frequencies 0.2 and 0.8 with heritability of 0.01. 

Further experiments were performed to observe the performance of AC when there is 

no genetic influence over the phenotype. It performed significantly better than all other 

approaches including MDR. Figure 3.8 illustrates the accuracy along y-axis and 

heritability along x-axis for 1:1 ratio with MAF equal to 0.4. MDR performed 

significantly better in balanced data compared to other methods. However, accuracy of 

AC improved up to 4% when heritability is 0.025. It also significantly performed better 

than other approaches when there is no genetic influence over the phenotype.  

 

Figure.3.8 Accuracy of 70 models with ratio 1:1 for MAF 0.4 

 

 

Figure.3.9 Accuracy of 70 models with ratio 1:2 for MAF 0.2 
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Figure 3.9 and Figure 3.10 graphically represents accuracy of AC for 1:2 ratio of sample 

size 400 with MAF 0.2 and 0.4 respectively. For average of MAF 0.2 and 0.4, the 

accuracy of AC is higher by up to 14% and 16% respectively compared to MDR for 

heritability values of 0.01, 0.025, 0.05 and 0.1. It is also been observed that, Naive Bayes’ 

algorithm significantly performed better than MDR.  However, on average AC was more 

accurate than Naive Bayes’ algorithm for MAF 0.2 and 0.4 by upto 3% and 5% 

respectively. AC had the same accuracy as MDR for heritability 0.2, 0.3 and 0.4 for both 

MAF values (0.2 and 0.4).   
 

 

Figure.3.10 Accuracy of 70 models with ratio 1:2 for MAF 0.4 

 

 

Figure.3.11 Accuracy of 70 models with ratio 1:4 for MAF 0.2 
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Figure.3.12 Accuracy of 70 models with ratio 1:4 for MAF 0.4 

Figure 3.11 and 3.12 illustrates accuracy of AC for 1:4 ratios with MAF 0.2 and 0.4 

respectively. AC predominantly outperformed in all 70 models compared with other 

existing approaches. These results demonstrate that the power of AC increases in 
imbalanced data with higher proportions of controls than cases.  

3.5.2 Evaluation for main effect and higher-order 

interactions  

The rule based method is evaluated to detect the prediction accuracy of interactions 

between SNPs that contributes to the disease. Series of datasets with samples consisting 

of 400, 800 and 1600 were simulated for 70 models with cases and controls of 1:1, 1:2 

and 1:4 ratios for SNPs of one locus to six loci. From the preliminary evaluations, it was 

observed that the accuracy of AC was consistently higher in imbalanced datasets, 

though it showed only small improvements in balanced datasets over previous 

approaches. On an average of 100 datasets for each model, MDR performed well for all 6 

models in balanced datasets. In this study, findings of the performance of AC are 

extended over single-locus to six-locus models. Further experiments are conducted to 

evaluate the performance of AC over some of the unsupervised algorithms, such as, 

KMeans and PCA, and are represented in Table 3.10 to Table 3.16.  

Table 3.10 summarizes the prediction accuracy of 70 models with single functional SNP 

that contributes to the disease. The average prediction accuracy across 100 datasets for 

each of these models is evaluated to validate the method over the MDR, KMeans, and 

PCA. Threshold level is equal to 1 for the balanced datasets and it is 0.5 and 0.25 for 
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case-control ratios of 1:2 and 1:4 respectively. Figure 3.13 illustrates the accuracy of AC 

over MDR, KMeans, and PCA for single-locus models. Overall, the results show that AC 

performed better than MDR both in balanced and imbalanced datasets. In a 1:1 ratio, AC 

and MDR performed almost equally across all models. In 1:2 ratio, the accuracy of AC is 

slightly better than MDR by about 5%. In ratio 1:4, AC represents a 16% increase in 
accuracy over MDR.  

 

Figure.3.13 Single-locus analysis  

Table 3.11 summarizes the accuracy of 70 models with two-locus SNP interactions that 

contribute to the disease. The results are plotted in Figure 3.14. MDR performed better 

than AC in 1:1 case-control ratio. MDR and AC performed almost equally in 1:2 ratio. 

However, in a few models, AC showed slightly higher accuracy (1% to 4%) over MDR. In 
1:4 ratio, AC performed well (11% to 16%) compared to MDR.  

Table 3.12 summarizes the accuracy of 12 models with three-locus SNP interactions 

that contribute to the disease. There are three functional SNPs and seven non-functional 

SNPs among ten SNPs. The results demonstrated maximum accuracies for the proposed 

method in all 12 models. Figure 3.15 visually illustrates the accuracy of models against 

heritability. It represents the prediction accuracy of two algorithms against the case-  
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Figure.3.14 Two-locus analysis  

 

Figure.3.15 Three-locus analysis  
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Figure.3.16 Four-locus analysis  

control ratio, sample size and MAF. As in two-way interaction models, MDR perform 

better than AC in 1:1 case-control ratios, and performed equally well with AC in 1:2 

case-control ratios. However, AC predominantly performed well compared to MDR with 
an approximately 30% rise in prediction accuracy.  

Table 3.13 summarizes the prediction accuracy of four-way interaction models. Ten 

models are generated with four functional SNPs and six non-functional SNPs which 

contribute the phenotype. In Figure 3.16, as expected AC performed poorly in balanced 

datasets and performed well in imbalanced datasets compared to MDR. Table 3.14 

summarizes the accuracy of five loci interactions. Four models were generated with 

MAF = 0.4 and they are analysed by the proposed approach. Figure 3.17 illustrates the 
prediction accuracy of AC.  

Similarly, Table 3.15 summarizes the accuracy of six way interactions. Seven models 

were generated with six functional SNPs and four non-functional SNPs.  Figure 3.18 
visualizes six-locus analysis of AC over previous approach.  
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Figure.3.17 Five-locus analysis  

 

Figure.3.18 Six-locus analysis  



82 
 

 

Figure.3.19 Multi-locus analysis  

Table 3.16 summarizes the evaluation results from single-locus to six-locus interactions. 

Figure 3.19 graphically represents the multi-locus analysis of AC. The accuracy of 

KMeans and PCA are relatively less than MDR and AC in almost all the simulated 

scenarios. It is concluded that the AC approach consistently had higher prediction 

accuracy for imbalanced datasets. Hence, the rules generated from the model had better 

ability to identify the correct interaction model.  
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Table 3.10: Accuracy of single-locus models 

 

Table 3.11: Accuracy of two-locus models 

 

MAF H

MDR AC KMeans PCA MDR AC KMeans PCA MDR AC KMeans PCA MDR AC KMeans PCA MDR AC KMeans PCA MDR AC KMeans PCA MDR AC KMeans PCA MDR AC KMeans PCA MDR AC KMeans PCA
0.2 0.01 52 49.8 54 53 55.5 64 54.25 64 48.91 79.3 59.75 51 53 52.13 51.5 50.5 55.38 58.4 58.75 52.88 50.31 78 66.875 52.5 53.5 54.6 50.813 50.63 53.99 62.25 53.938 50.75 55.86 77.56 65.1875 55.813
0.2 0.05 59.5 59 50.75 51.5 59.2 62 60 55 58.91 78.3 55 53 57.88 53.5 51.125 51.1 58.65 61.3 54.375 51.25 59.53 76.13 59.5 54.88 62.12 55.4 51.438 50.06 58.97 61.13 50.875 52.56 61.05 73.88 59.125 53.563
0.2 0.03 53 53.8 54.75 50.5 58.3 68.5 54.5 57.8 58.59 80.8 61 55 55.62 53.13 53 51.4 59.04 62.1 52.25 51.5 56.17 74.75 59.25 79.63 57.19 54.1 51.125 57.13 57.53 60.19 58 54.81 54.8 74.25 58.8125 52
0.2 0.1 66 62.3 59.5 60.8 62.9 66.5 57.5 55.8 66.56 78.8 59.25 60 63.37 59.25 50.25 50 64.6 69.3 54.625 54.88 60.47 78.75 63.625 51 63.75 59.8 50.438 62.19 64.68 69.25 55.438 50.56 64.69 81.5 51.875 52.188
0.2 0.2 71.3 71.3 55.5 51 71.8 80.8 56.25 52.5 65.94 86 53.5 54 70.62 66.63 51.625 51.1 69.35 71.8 61.625 55.25 72.66 81.88 50.75 56.25 68.56 62 51.125 51.06 69.9 74.74 57.313 56.69 68.63 83.69 64.5 66
0.2 0.3 77.5 76.5 59 57.8 75.4 83.3 61.5 53.3 74.53 88.5 65.75 58 74.25 69.75 58.125 50.8 74.25 79.3 60.875 53.75 74.77 88.63 63 68 74.5 70.1 60.188 69.25 73.36 78.75 57.688 53.25 73.24 87.63 60.375 72.563
0.2 0.4 81.3 80.8 59.75 51.5 76.7 83 60 52 80.31 91.8 60 71 77.88 75.25 58.25 53 80.97 77.5 52.125 51 77.97 85.75 52.5 51.5 80.12 77.1 61.188 50.13 78.77 80.69 61.813 62 78.95 87.94 67.375 61.375
0.4 0.01 53.3 49.5 50.5 52.8 57.5 66.3 58.25 55.3 54.53 75.3 51 55 51.38 50.25 51.5 52.8 56.07 57.5 59 56.5 55.08 75 52.625 58 53.25 48.6 50.5 51.31 54.93 60.75 56.818 50.75 53.28 75.69 58 52.5
0.4 0.05 57.3 53 50.75 51.8 64.7 66.5 58.75 61 60.78 75.5 61.75 58 61.5 53.38 53.375 53.5 59.32 60.8 60.375 57.88 58.13 74.25 73.75 64.38 59.87 56.1 54.188 55.06 60.62 60.63 55.563 51.19 61.05 75.44 62.875 61.813
0.4 0.03 58.5 59.8 55.75 50 58.4 68.5 52 57.5 51.72 79.3 61.75 73 57.38 53.13 54.125 52.3 57.83 59 52.25 51.5 56.72 73.88 60 53.5 57.75 55.4 54.5 52.13 55.18 58.44 55.75 57.63 58.2 77 60.3125 60.313
0.4 0.1 64.3 59.3 54.75 56.5 67.7 67.3 61.5 52.8 61.87 78.3 56.25 80 64.25 61.38 52 51.6 64.65 63.4 54.625 54.88 63.44 77.38 53.375 51.25 65.38 59.5 57.438 60.25 63.48 64.56 60.75 50.13 62.73 77.38 50.25 53.125
0.4 0.2 71.8 69.8 59.75 51 70.2 72.8 63 54.3 75.63 77.5 58.25 60 73.25 66.75 51 73.4 68.44 67.5 65.25 58.38 69.69 80.13 57.75 56.63 71 66.3 53.188 64.31 70.27 72.31 50.875 51.75 71.13 80.88 58.5 63.188
0.4 0.3 74 75.8 59.75 74 77.5 71.5 55.25 55.5 77.5 78.3 68.5 58 76.88 71.75 60.875 50.3 73.58 74 62.875 52.75 73.67 76.5 53.25 50.5 76.5 70.4 54.688 50.82 75.52 73.63 61.563 54.75 76.09 80.38 50.8125 51.188
0.4 0.4 82.5 82.3 56.75 50 80.1 82.5 56.75 53.5 77.34 83.8 60.25 56 81.38 76.88 57.375 51.6 79.65 69.8 56.375 54 79.3 79.88 60.875 59.25 78.19 73.4 60.625 51.19 78.77 73.75 56.375 52.31 80.74 79.81 67.6875 51.188

1:4 ratio
400 Samples

1:1 ratio  1:1 ratio  1:4 ratio 1:1 ratio  1:2 ratio 1:4 ratio
800 Samples 1600 Samples

1:2 ratio 1:2 ratio

MAF H

MDR AC KMeans PCA MDR AC KMeans PCA MDR AC KMeans PCA MDR AC KMeans PCA MDR AC KMeans PCA MDR AC KMeans PCA MDR AC KMeans PCA MDR AC KMeans PCA MDR AC KMeans PCA
0.2 0.01 54 51 54 52.3 48.8 60.5 60.5 51.8 49.69 79 59 58 54.5 51.5 50 52.9 55.39 61.4 59.75 57.25 55.94 75.13 59.5 70.88 55.69 52 51.1875 53.19 53.68 60.13 55.6875 52 55.74 75.81 64.6875 55.313
0.2 0.05 63.3 60 50.75 51 62.3 62.8 57.75 57.3 54.38 80 50.5 63 61 52.5 51.25 51.6 62.05 63.1 54.875 53.25 56.25 72.25 65 53.25 65.62 58.9 51.875 55.88 62.77 65.19 53.8125 55.19 60.43 76.38 52.625 55.813
0.2 0.03 60.5 54 53.5 53.8 56.9 66.3 64.75 67.8 51.41 79.3 55.5 52 60.5 52.88 50.75 50.5 60.63 63.5 63.375 53.25 60.08 78.5 69.5 77.75 58.19 51.5 50.1875 51.13 57.3 63 57.3125 55.31 55.51 77.13 59.875 50.938
0.2 0.1 73.4 78 57.75 57.8 69.2 68.8 61 64 67.5 80.3 64.5 60 67.75 60.38 50.75 51.6 69.34 65.3 58 51.5 67.03 75.25 53.125 58.13 68.56 61.9 51.5625 51.75 68.97 66.25 52.3125 50.44 69.88 76.25 59.625 62.063
0.2 0.2 70.3 67 50.25 52 68.3 72.3 51.5 53.3 75 81.5 68.75 63 70.75 67.63 56.625 50.3 68.99 67.6 56.75 59 71.72 76.27 60.375 57.38 71.56 63.9 50.25 50.31 70.93 70.75 52.75 61.13 71.91 78.69 59.0625 60.375
0.2 0.3 72 64 50 50.5 73.2 70.5 54.25 62.5 77.97 80 66 53 73.87 68.75 52.5 51.4 78.92 79.8 56.75 66.13 75.31 80.63 57 60.75 76.63 73.5 51.5 51.13 73.79 75.69 55.8125 62.06 74.77 82.25 53.1875 61.313
0.2 0.4 77 72 50.25 53.5 79.3 80.5 52.5 56.8 80.31 80.5 59.5 62 79.87 73.63 50.875 50.5 80.96 75.4 56.375 51.63 80.08 80.25 61.75 59.38 81.94 78.9 52.125 65.81 81.58 76.63 56 56.19 81.8 82.75 60.5 58.5
0.4 0.01 51.3 53 50.25 50.5 47.3 63.8 57 57.8 49.84 76.8 60.25 53 51.25 50.38 50.625 50.8 53.61 61.4 53.125 62.13 50.55 73.25 60 52.25 56.25 48.4 50.0625 51.44 54.94 60.19 51.125 51.13 53.09 79.06 56.8125 72.188
0.4 0.05 57.8 53 50 50.5 60.4 64.3 52.25 51 61.72 78.5 64.25 51 60.62 54.25 50.125 51 60.82 58.5 51 50.13 57.27 72.88 59.375 61.75 61.5 55.9 52.5625 51.19 62.12 61.44 56.1875 54.81 56.88 74.69 60.1875 50.125
0.4 0.03 49.8 54 50.5 51 56.7 66 60 52.3 47.81 77 57.25 62 58.75 51.38 51.5 52.6 60.64 61.1 54 54.88 56.33 74.25 50.25 55.13 58.94 56.3 51.375 50.19 55.93 60.19 51.9375 64.25 54.45 75.31 57 53.438
0.4 0.1 57.5 52 52.25 50 58.9 63 56 50.8 57.34 79.8 68.25 66 62.88 56.5 50.125 50.9 61.58 61.1 52.75 53.38 60.86 74.38 57.625 59.63 63.25 57.1 50.0625 50.81 58.31 64.38 53.1875 50.69 58.95 76.44 63.875 51.5
0.4 0.2 70.5 61 51.25 56.3 69.4 69 51.5 52.3 62.97 81 59.25 51 73.12 59 53.125 54.5 73.28 65.6 51 50.38 65.08 75.38 56.125 54.5 69.94 64.9 50.1875 50.63 69.25 65.25 58.5 60.56 67.66 76.19 55.375 55.313
0.4 0.3 73.8 71 50.25 50.5 74.7 73 51.25 54 72.19 77.8 57 58 77.75 71.5 51.375 52 72.45 69.8 50.75 54.88 77.81 80.75 61.625 54.63 77.63 71.7 52 50.75 74.77 75.75 55.1875 54.94 74.57 82.94 51.25 53.125
0.4 0.4 78.8 74 52 51.5 84.1 82.8 50.5 52.3 76.72 80.3 51.25 59 82.75 75.5 52.125 51.5 78.35 70.8 53.5 59.88 82.27 82.38 62.75 53.5 78.44 73 50.25 52.94 79.89 74.81 52.4375 52.06 77.66 77.25 57.3125 50.938

1:1 ratio  1:4 ratio
400 Samples 800 Samples 1600 Samples

1:2 ratio 1:2 ratio 1:4 ratio 1:1 ratio  1:2 ratio 1:4 ratio1:1 ratio  
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Table 3.12: Accuracy of three-locus models 

 

Table 3.13: Accuracy of four-locus models 

 

 

MAF H

MDR AC KMeans PCA MDR AC KMeans PCA MDR AC KMeans PCA MDR AC KMeans PCA MDR AC KMeans PCA MDR AC KMeans PCA MDR AC KMeans PCA MDR AC KMeans PCA MDR AC KMeans PCA
0.2 0.01 49.5 50 52.25 50.8 52.7 62 55.75 56.5 52.5 79 53.25 55 55.25 48.5 50.625 50.8 53.43 58.1 58.5 53.75 53.67 76.88 52.625 52.63 51.31 49.2 51.0625 50.25 56.17 60.06 57.313 52.5 54.88 76.06 50.688 64.94
0.2 0.05 51.8 54 50.5 52.3 59.8 64 58.75 52 64.53 79.8 60.25 58 52.25 54.8 50.5 50.6 56.05 58.4 50.375 53.13 59.69 74.25 61.375 58.75 60.69 54.8 50.875 50.44 60.01 61.63 53.875 54.06 61.72 74.75 56.563 59.13
0.2 0.03 58.5 53 50 52 56.3 64 59.5 54.5 52.5 79.3 51 55 57.63 54 51.5 52.4 55.1 58.5 58 51.5 57.34 74.13 59.375 57.63 59.19 52.6 50.25 51 59.82 60.69 55.125 50.69 59.65 77.88 50.75 51.63
0.2 0.1 67.3 55 55.5 54 61.9 62.8 57.25 53 61.25 80 62.75 56 65.62 56.5 53.375 52.6 61.57 63.5 57.75 51.5 66.87 75.88 59.875 56.88 62.7 57.8 51.6875 53.44 65.12 64.81 58.688 61 58.52 75.63 51.938 53.25
0.2 0.2 70.8 61 53.5 55.3 66.6 66.8 56.5 54 65.31 77.8 66.25 64 65.13 58.8 51.25 52.1 65.43 64.9 62.625 58.25 69.61 75.5 62.5 51.5 68.12 60.9 50.8125 50.44 67.37 70.13 60 51.13 66.84 78.5 54 50.25
0.4 0.01 58 55 52 51.5 51.8 63.3 53.5 53.5 47.5 80 61 71 52.63 48.6 50.75 31.1 56.24 60 53.625 55.13 49.3 75.38 61.75 53 51.75 50.3 50.875 51.25 52.32 59.44 50.75 50.31 53.87 75.31 61.625 52.06
0.4 0.05 56.5 54 50.75 50.3 56.3 61.5 58.75 54.5 48.75 79.8 59.5 61 58.75 47.9 50.125 51.6 59.51 61.8 51.625 52.75 63.44 73 58 50.88 58.25 50.8 50.9375 50.56 60.25 60.94 60.563 59.38 59.45 74.25 53.688 59.31
0.4 0.03 50.5 53 51.25 50.3 48.8 64.3 50.25 55.3 52.34 78.5 54.5 53 56.12 48.9 51 52 55.86 58.3 52 56.75 51.64 77 58.25 74.25 55.06 50.8 52.0625 51.25 57.52 60.56 54.188 52.44 54.18 74.81 62 52.38
0.4 0.1 58.5 57 50.75 52.8 69.4 63 54.5 51.3 63.28 79.5 66.25 60 62.63 54.3 50.25 50.8 64.95 61.3 59 54.13 62.81 73.13 65.25 60 63.13 52.3 50 50.56 63.67 59.13 51.5 53.25 58.4 74.63 59.375 50.81
0.4 0.2 73 57 51 51.8 69 64.3 62 52.3 61.72 79 63 67 69.25 53.3 52.625 51.4 69.82 59.8 56 61.5 65.62 74.25 54.5 61.63 68.56 56.9 50.3125 50.88 70.37 64.56 57 50.75 69.45 77.56 50.063 61.56
0.4 0.3 72.3 58 50.5 50.8 64.7 64.8 50.75 55 71.09 79.3 61.5 59 75.37 54.4 53.125 52 73.01 61.4 53.875 53.88 75.78 76.25 55 55.5 74.75 61.1 50.4375 50.06 74.92 67.19 56.75 50.44 73.75 77.19 50.813 57.44
0.4 0.4 80.3 66 51.75 50.3 83.1 69.3 52.5 53.3 69.69 79.8 59.75 60 83.38 61.9 51.75 50.5 80.51 66.1 53 50.63 76.48 77.63 55.375 50.63 78.37 68.1 50.3125 50.31 80.69 69.25 52.563 50.94 80.55 79.13 56.813 55.19

1:1 ratio  1:4 ratio
400 Samples 800 Samples 1600 Samples

1:2 ratio 1:2 ratio 1:4 ratio 1:1 ratio  1:2 ratio 1:4 ratio1:1 ratio  

MAF H

MDR AC KMeans PCA MDR AC KMeans PCA MDR AC KMeans PCA MDR AC KMeans PCA MDR AC KMeans PCA MDR AC KMeans PCA MDR AC KMeans PCA MDR AC KMeans PCA MDR AC KMeans PCA
0.2 0.01 55.3 56 51.75 50.8 49.7 58.8 57.5 51.3 48 78 60.25 77 54 48.1 52.625 52.6 52.58 58.8 52.625 50.5 50.47 73.88 65 51 52.75 51.8 50.3125 51.44 49.04 58.56 61.875 50 51.21 77.13 51.75 58.75
0.2 0.05 54.5 51 50.25 50.3 56.1 61.5 56 67 50.6 79 57.75 58 59 51.8 51 50.9 54.84 58.1 56.625 66 56.33 75.13 50.875 61.13 56.12 51.2 51.9375 51.19 56.92 59.75 50.125 52.5 60.43 74.31 61.75 50.75
0.2 0.03 55 53 51.5 50.5 52.2 62.3 62.75 53.3 52.2 78.3 64 55 52.25 49.6 52.875 51.8 56.62 60.6 50 53.38 51.8 74.63 63 59.38 54.19 52 51.375 50.94 57.71 60.63 57.6875 50.38 54.57 75.63 54.0625 51.375
0.2 0.1 60.5 50 53 52.8 56.5 62.3 57.25 54 63.4 79.8 69.5 70 63 50.8 50.75 50.6 61.76 58 55.5 54.25 60.55 73.38 61 50.38 61.19 52.5 50.8125 50.44 60.71 61.94 55 55 60.51 75.81 57.1875 57.188
0.4 0.01 51.8 49 50.5 52 49.5 63 58 54.3 43.6 78.3 54 54 53.37 50.1 50 51 51.08 60.1 50.875 58.13 55.31 75 65.125 73.13 55.44 51 50.6875 52.06 50.02 60.81 55.375 51.5 52.93 74.31 50.4375 52.375
0.4 0.05 54.8 56 50.5 51.8 56.1 64.8 53.75 60.3 59.1 79.5 52.25 68 57.38 53.4 51 51.3 56.24 61.9 59.75 59.5 52.03 74.5 55.375 51.5 60 50.6 50.25 50.88 54.1 55.88 53.75 50.81 52.19 76.06 52.5625 51.438
0.4 0.03 50 53 55.75 51.5 53.7 61.8 58.75 57.8 47.2 78 70.5 65 51.88 48.1 53.5 50.1 49.58 58.6 52.25 59.75 55.7 74.13 54.875 50 54.81 52.7 52 51.13 56.16 58.13 54.3125 50.13 50.59 75.25 62.625 50.125
0.4 0.1 57 49 51 53.3 60 61 52.25 50 55.9 78.3 63.75 63 56.75 52 50.25 51.6 60.54 61 54.125 53.25 58.91 74.63 56.125 51 62.19 50.4 51.75 50.38 61.74 59.25 51.8125 50.13 61.95 73.69 56.75 54.375
0.4 0.2 57.3 53 50.25 50.3 60.8 61.3 57.25 50.8 65.8 78 53.75 64 67.12 49.4 51.25 53.6 64.39 58.1 52 50.38 69.3 74.63 65.875 58.75 67.37 52.1 50.875 50.06 68.54 58.5 57.0625 62.31 68.87 74.25 61.5 59.813
0.4 0.3 76.3 53 50.25 50.8 71.1 63.8 50.75 52.5 65.6 75.5 65.25 77 72.75 51 50.625 52.3 70.58 60.4 55.375 61 69.61 75.13 63.625 68 73.75 55.3 52.3125 51.06 72.81 62.75 59 50.5 71.09 74.44 56.875 53.188

1:1 ratio  1:4 ratio
400 Samples 800 Samples 1600 Samples

1:2 ratio 1:2 ratio 1:4 ratio 1:1 ratio  1:2 ratio 1:4 ratio1:1 ratio  
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Table 3.14: Accuracy of five-locus models 

 

Table 3.15: Accuracy of Six-locus models 

 

Table 3.16: Average balanced accuracy of single-locus to six-locus models 

 

MAF H

MDR AC KMeans PCA MDR AC KMeans PCA MDR AC KMeans PCA MDR AC KMeans PCA MDR AC KMeans PCA MDR AC KMeans PCA MDR AC KMeans PCA MDR AC KMeans PCA MDR AC KMeans PCA
0.4 0.01 47 56 51.75 52 50.7 64.5 57.25 51.5 55.62 79.3 58.25 58 54 48.75 52.625 51.6 50.71 54.4 50.375 51.75 56.95 72.88 65.25 52.25 50.31 51.4 50.6875 52.25 46.79 58.31 60.813 53 53.2 73.31 52.125 69.25
0.4 0.05 54 52 51.75 51 48.4 61.5 54.5 51.5 48.59 77.8 55.25 51 53.87 50.63 50.5 51.1 56.42 57.8 54.625 60.63 53.83 76 53.125 50.13 54.62 50.4 50.125 51.44 59.31 59.94 53.625 50.06 48.55 74.69 60.125 51.75
0.4 0.03 50.5 54 51.25 52 48.2 63.5 57.75 50.8 57.19 79.8 52.5 51 50.37 49.25 50.5 51.4 56.51 57.3 54.75 51.38 54.69 73.13 57.875 69.63 52.13 49.1 51.3125 50.69 51.01 59.5 50.688 53.38 55.12 74.19 59.625 67.188
0.4 0.1 60.5 58 51 52.5 58.4 61.8 50.75 54.3 58.44 75.5 57 66 57 48.88 51.125 54.8 56.14 58.6 56.5 51.13 53.12 73.38 52.375 52.5 57.06 50.4 50.3125 50.56 60.43 57.63 57.563 51.81 58.4 74.06 55.25 51

1:1 ratio  
400 Samples

1:4 ratio
800 Samples 1600 Samples

1:2 ratio 1:2 ratio 1:4 ratio 1:1 ratio  1:2 ratio 1:4 ratio1:1 ratio  

MAF H

MDR AC KMeans PCA MDR AC KMeans PCA MDR AC KMeans PCA MDR AC KMeans PCA MDR AC KMeans PCA MDR AC KMeans PCA MDR AC KMeans PCA MDR AC KMeans PCA MDR AC KMeans PCA
0.2 0.01 48.5 50 50.5 52.3 46.2 55.8 55.25 55 47.66 75 64.25 60 44.37 48.75 51.625 51.5 52.48 57.5 63.5 55 51.8 75.88 64.75 64 52.31 48.1 50.5 50.81 52.7 61.75 61.5 51.25 53.4 78 68.9375 64
0.2 0.03 47.8 50 51.25 51 55.9 56.3 61.5 65.5 55.16 74.5 69 61 49.88 49.5 50.125 50.6 49.49 58.9 51.25 50 48.05 73.5 61.625 61.38 51.19 50.6 50.375 50.31 49.37 60.5 50.25 56.5 54.77 76.18 64.0625 59.875
0.4 0.01 49.3 52 50.75 53.8 47.5 56.3 55.5 56.5 50.63 78.5 64.5 76 56.25 51.25 50.125 51 52.01 59.1 56.875 50.25 52.58 74 53.875 59.13 50.94 48.6 50.8125 50.38 51.67 57.38 55.125 54.56 54.8 74.31 52.6875 53.813
0.4 0.05 50 53 55.5 51.5 56 56.5 54.25 54 56.41 77.5 61.25 61 53.87 53.13 50.375 53 53.6 56.6 55.25 52.25 57.89 73.25 54.375 54.38 53.19 51.8 51.125 52.63 54.2 56.63 55.25 53.19 52.97 73.31 58.0625 54
0.4 0.03 53.3 56 53.5 54 55.9 60.5 51.75 50.3 48.91 75.3 56.75 51 52.88 51.63 52.125 51.1 50.98 60.3 53.875 50.25 47.03 74.75 62.125 61 53.25 50.7 50.5625 51 50.03 60 53.0625 50.38 51.48 74.31 52.5 56.063
0.4 0.1 49.8 48 51.25 51.8 54.3 58.5 56.5 54.3 55.62 75.3 64.5 76 55.75 52.5 52.25 51.5 56.69 55.4 56.375 52 56.72 72 58.625 52 56 47.6 50.3125 50.56 55.98 55.94 55.125 56.06 55.55 73.06 50.6875 69.438
0.4 0.2 56.5 54 50.25 50.5 53.9 56.8 54 54 51.72 76 51.75 62 58.38 51 51.5 50.9 61.48 59.5 54.375 50.13 54.84 74.13 60.875 50.38 61.12 49.9 50.6875 50.5 63.2 57.38 56.5 51.56 60.08 72.56 51.0625 59.438

1:1 ratio  
400 Samples

1:4 ratio
800 Samples 1600 Samples

1:2 ratio 1:1 ratio  1:2 ratio 1:4 ratio 1:1 ratio  1:2 ratio 1:4 ratio

MDR AC KMeans PCA MDR AC KMeans PCA MDR AC KMeans PCA MDR AC KMeans PCA MDR AC KMeans PCA MDR AC KMeans PCA
1:1 65.9 64.46 55.804 54.4 65 61.48 51.643 52.2 62.2 55.9 51.646 51.8 57.23 52.15 51.475 51.4 53 54.7 51.438 51.9 50.71 51.9 51.857 52.1
1:2 66.85 71.66 57.82 55.70 65 68.8 55.768 56 61.7 64.15 55.833 53.8 56.57 62.03 56.425 55.1 51.4 62.8 55.063 52 52.81 57.2 55.536 55.6
1:4 65.22 80.79 59.43 60.00 63.2 79.39 60.09 58 59.2 79.29 59.92 60 55.14 78.25 61.1 65 55 78.1 55.75 56 52.3 76 61.71 64
1:1 65.62 61.65 53.87 53.10 66.8 60.41 51.55 51.6 62.8 53.47 51.41 49.8 58.75 50.43 51.39 51.6 53.8 49.4 51.19 52.2 53.05 51.1 51.16 51.4
1:2 65.84 66.53 57.53 54.03 66.9 66.02 55.14 55.54 62.6 60.99 55.53 54.41 57.82 59.56 53.91 56.6 54.9 57 54.06 53.72 53.82 58.2 55.93 51.41
1:4 64.85 78.63 59.08 57.66 65.5 76.54 59.571 59.21 62.7 75.27 58.656 56.94 58 74.5 60.088 57.4 54.6 73.8 57.156 56.13 52.7 73.9 59.464 57.46
1:1 65.83 61.64 54.39 55.39 67.4 62 51.085 52.65 62.7 55.45 50.802 50.87 59.78 51.94 51.231 51 53.5 50.4 50.609 51.23 54 49.6 50.625 50.88
1:2 65.43 67.93 56.63 53.51 66 67.12 54.446 55.77 64 63.2 55.693 53.07 58.78 59.62 55.6 52.3 54.4 58.8 55.672 52.06 53.88 58.5 55.259 53.36
1:4 65.75 79.50 59.69 57.63 65.2 77.94 57.955 56.5 62.6 76.31 54.859 55.66 58.43 75.09 56.55 53.9 53.8 74.1 56.781 59.8 54.72 74.5 56.857 59.52

Balanced Accuracy
Single Locus Two Locus Three Locus Four Locus Five Locus Six Locus

400

800

1600

Sample Size Ratio



3.5.3 Evaluation on Real data 

The approach is further applied to sporadic breast cancer data to confirm the success rate 

of identifying the interactions between SNPs. AC and MDR methods are evaluated for each 

number of loci from one to nine. The five-locus model is identified by MDR as the best 

model with the highest prediction accuracy, and highest cross validation consistency (CVC). 

The best prediction model identified by MDR analysis includes the interaction between 

polymorphisms of COMT, GSTM1, CYP1A1m1, CYP1B1-codon 48, and CYP1B1-codon 432. 

The model had a maximum prediction accuracy of 53.41 and had a maximum CVC of ten. 

Statistical significance is determined by permutation testing under the null hypothesis of 

no association with the disease. The χ2 value of the model is 95.4553, whose p value is less 
than 0.05 (𝑠 < 0.05). Hence, the identified five-locus model is statistically significant. It is 

suggested that the interactions between five SNPs that occurs in four genes contributes to 

the association of the disease. The breast cancer data is also analysed using KMeans and 

PCA. The accuracy of the predicted models by KMeans and PCA are 52.1951 and 50.7371 

respectively. However, the classification accuracy of both KMeans and PCA are relatively 
less than MDR. 

AC identified six-locus model as the best model with the highest prediction accuracy, and 

highest CVC. The best prediction model identified by AC analysis includes the interaction 

between polymorphisms of Cyp1B1-119, Cyp1B1-432, Cyp1A1m1, GSTM1, COMT, and 

GSTT1. The identified model had highest prediction accuracy of 55.8537 with the highest 

CVC of ten. The accuracy of the predicted model by the implemented method is about 3% 

higher than the model identified by MDR analysis. Statistical significance of the model is 
evaluated by chi square test and whose 𝑠 𝑣𝑎𝑙𝑟𝑖 is less than 0.05.  

Table 3.17: Evaluation of sporadic breast cancer 

Algorithms Best Model Number 

of Loci 

Prediction 

Accuracy 

CVC 

MDR Cyp1A1m1, Cyp1B1-48, Cyp1B1-432, COMT, 

GSTM1 

5 53.41 10/10 

AC Cyp1B1-119, Cyp1B1-432, Cyp1A1m1, GSTM1, 6 55.8537 10/10 
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COMT, GSTT1 

 

Table 3.17 illustrates the evaluation results of sporadic breast cancer data over MDR and 

implemented AC method. Hence, it is evident that the interactions between these six SNPs 

that occurred in five genes contributed to manifestation of sporadic breast cancer. The 

implemented method had better prediction ability compared to the previous approach 

MDR on real data.   

3.6 Chapter Summary 

In this chapter, an associative classifier was implemented for detecting SNP interactions in 

balanced and unbalanced data. Initial studies were performed to study the performance of 

the method on two-locus simulated datasets. The approach performed significantly better 

than the existing approaches in imbalanced datasets. However, the experimental results 

showed only small improvement in classification accuracy for balanced datasets. Further 

studies investigated the performance of the method over single-locus to six-locus 

interactions. The method was further successfully applied over sporadic breast cancer data. 

The results showed that the six-locus interaction model was responsible for the disease. 

These results were reported in terms of rules hence their interpretation was 

straightforward. In the next chapter, a MDR based AC is proposed by improving the 

performance of the method in high-dimensional genomic data.   
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Chapter 4 

Multifactor Dimensionality Reduction 

based Associative classification  
In the previous chapter, association rule mining and classification were integrated to 

extract all possible rules including hidden rules extracted to detect interactions between 

SNPs at different loci. AC builds an accurate and efficient classifier during the training 

phase of the model generation, by improving the ability of discovering true casual 

interactions responsible for a disease. A number of experimental results were 

demonstrated over balanced and imbalanced simulated datasets. AC performed 

significantly better than the previous traditional approaches in imbalanced datasets. 

However, the performance of the MDR was encouraging for all balanced datasets compared 

with other approaches. This motivated the research to be progressed by combining MDR 

and AC (MDRAC) in this chapter.  

 

This chapter is based on following publications: 

• S. Uppu, A. Krishna, and R. P. Gopalan, "A Multifactor Dimensionality Reduction Based Associative 

Classification for Detecting SNP Interactions," in Neural Information Processing, pp. 328-336, 2015: © 

2015 Springer, “The original publication is available at https://link.springer.com/chapter/10.1007/978-

3-319-26532-2_36 “. 

• S. Uppu and A. Krishna, "Evaluation of associative classification-based multifactor dimensionality 
reduction in the presence of noise," Network Modeling Analysis in Health Informatics and Bioinformatics, 

vol. 5, pp. 1-9, 2016: © 2016 Springer, “The original publication is available 

at https://link.springer.com/article/10.1007/s13721-016-0114-9 ”. 

• S. Uppu, A. Krishna, and R. P. Gopalan, "Combining associative classification with multifactor 

dimensionality reduction for predicting higher-order SNP interactions in case-control studies,” in 

International Journal of Computational Intelligence in Bioinformatics and Systems Biology, Inderscience 

publications, accepted on 22/10/2017 (accepted - Under production).  

https://link.springer.com/chapter/10.1007/978-3-319-26532-2_36
https://link.springer.com/chapter/10.1007/978-3-319-26532-2_36
https://link.springer.com/article/10.1007/s13721-016-0114-9
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The proposed hybrid MDRAC improves the performance of the method for both balanced 

and imbalanced datasets. The proposed method is evaluated for various simulated 

scenarios, and analyzed over one-locus to six-locus SNP interaction models. The 

performance of the method is studied in depth by adjusting threshold levels, and varying 

model parameters. The experimental results demonstrated improved accuracy over 

previous approaches by reducing classification errors. The proposed approach identified 

some of the interesting interacting SNPs at various locations that are not exposed by 

traditional approaches. However, the performance of MDRAC in the presence of noise due 
to genotyping error, missing data, phenocopy, and genetic heterogeneity is unknown.  

In this chapter, MDRAC is further evaluated to determine the power of the method in the 

presence of noise. Several experiments were conducted on simulated datasets to 

demonstrate the performance of MDRAC in the presence of noise. On average, the results 

showed improved performance of MDRAC over other approaches. Further, the approach 

was successfully demonstrated over real world data application. A five-locus, and a three-

locus interaction models were identified for the manifestation of sporadic breast cancer, 
and hypertension in humans.  

This chapter is organized by presenting the overview of the proposed method in Section 

4.1. Section 4.2 presents simulated datasets and real datasets used in this chapter to 

evaluate the method. Section 4.3 includes the data analysis implemented in the method. 

Section 4.4 discusses the evaluation of the method over simulated and real datasets. 

Finally, performance of the method in the presence of noise is evaluated and discussed in 
Section 4.5. 
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4.1 Integrating AC into MDR (MDRAC) 
MDR is a non-parametric model used to detect interactions between multi-locus genes by 

reducing high-dimensional data to a single dimension using the constructive induction 

method [17]. The detailed study of MDR is reviewed in Chapter 2, Section 2.3.1. MDR 

exhaustively searches for all possible interactions associated with a complex human 

disease. AC combines associative rule-mining and traditional rule-based classification to 

build models [283], and was implemented in previous chapter. AC is integrated into MDR by 

proposing a hybrid approach MDRAC. That is, the method introduces the associative 

classification into MDR framework to formulate the proposed method. MDRAC is a model-

free, non-parametric method that exhaustively searches all the possible 𝑠-locus SNP 

interactions associated to a disease. Figure 4.1 illustrates the workflow representation of 
the proposed method to detect higher-order SNP interactions (based on [17, 283]). 

Preprocessing

Case-control 
Data

1
6

Training (9/10) Testing (1/10)

Cross Validation

Rule discovery using FOIL gain 
method

Rule Pruning using Laplace expected 
error estimate

Select all the rules generated for 
each class of cases and controls, 
which satisfies test data object 

  The best k rules of each case and 
control class are selected

The case or control class with the 
highest Laplace accuracy is chosen 
as the predicted class for test data 

object

Building Associative 
Classifier

Classification for 
Test data object 

Rule Ranking using Support, 
Confidence, and Rule cardinality

SNP1
SNP2
SNP3

.

.

.
SNPn

Contingency tables are generated 
for all possible combination of SNPs

Case-control ratio is computed for 
each cell of contingency table

Multifactor 
Dimensionality Reduction

Cells are classified as either high risk 
(HR) or low risk (LR)

Training Data

 
Figure.4.1 Workflow representation of the proposed MDRAC method. 
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MDRAC implements a series of seven steps to identify SNP-SNP interactions responsible for 

a complex disease. The steps (adopted from [17]) involved in implementing MDRAC 

method for a two-locus model is illustrated in Figure 4.2: 

 

Figure.4.2 Summary of general steps involved in MDRAC. 

The steps are summarized as follows: 

Step 1: Ten-fold cross validation is performed on SNP data with sample size 𝑆. The data is 

divided into ten equal parts, in which nine parts are used for training, and remaining tenth 

part is used for testing.  The cases and the controls of the class variables are represented 

numerically as 1 and 0 respectively. 

Step 2: All possible combinations of SNPs in 𝑖-loci are enumerated. Due to duplication of 

DNA, a SNP is bi-allelic in nature with alleles A and a. The three possible genotypes of an 

SNP are common homozygous (AA), heterozygous (Aa/aA), and variant homozygous (aa). 

Numerically, AA, Aa/aA, and aa are represented by 0, 1, and 2 respectively.  



92 
 

In step 3, the number of cases and controls are counted for 3n genotype combinations for 𝑠 

loci in 𝑠 dimensional space. For example, there will be 32 = 9 genotypes for two-locus 

interactions. Similarly, there will be 33 = 27 genotypes for three-locus interactions. That is, a 

3 × 3 contingency table is generated with 9 multifactor cells for two-locus interactions. 

Number of cases and controls of the subjects are placed in their corresponding cells in the 
contingency table. 

Step 4: In each cell, the ratio of the number of cases 𝑐1 to the number of controls 𝑐0 is 

computed 𝑟 =  𝐶1
𝑠0

.  Their corresponding values are compared with the threshold value 𝑇 for 

classifying the cells in the 𝑠 dimensional space. The cells are classified as high risk if the 

value of the ratio is higher than 𝑇, and low risk if the value of the ratio is lower than 𝑇 . The 

cells that are left blank represent the absence of genotype combinations in the datasets. 

The number of cases and controls are equal in balanced datasets, such that 𝑇 = 1. The 

number of cases and controls are not equal in imbalanced datasets, such that 𝑇 ≠ 1. Hence, 

the threshold value is adjusted in imbalanced datasets for segregating the cells either as 

high risk (case-control ratio is higher than threshold value) or low risk (case-control ratio is 

lower than threshold value). The genotype combinations that are not represented in the 

dataset are left blank is termed as empty cells.  

Step 5 uses AC to test for association with a disease by generating rules, implemented in the 

previous chapter for the classification. The rules are generated by using predictive rule 

mining (PRM) in which a weighted first order inductive learner (FOIL) gain method is used 

to improve the prediction [283]. The rules are generated in a greedy fashion by measuring 
FOIL gain 𝐹𝐺  for each attribute 𝐴 given by: 

𝐹𝐺 = 𝐺1′ �log 𝐺1′

𝐺1′+𝐺0′
−  log 𝐺1

𝐺1+𝐺0
�                                                                                                       (4.1)   

Where 𝐺1 , and  𝐺0 are high risk and low risk levels of a rule 𝑟 in training dataset. 𝐺1′  and 

𝐺0′are high risk and low risk levels after best attribute gain 𝑠 is added to the new rule 𝑟. 

The association rule 𝑟 is represented as S → Y, where 𝑆, and 𝑌 are the antecedent, and the 
consequent respectively. In the weighted version of FOIL, weights of 𝐺1 and 𝐺0are 

decreased by multiplying a factor for producing more number of rules to improve the 
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accuracy, and efficiency of the algorithm. Further, the accuracy of the rules are evaluated 
using the Laplace expected error estimation. The Laplace expected accuracy 𝐿𝐴 of a rule is 

obtained as: 

𝐿𝐴 =  
𝐺𝑠 + 1
𝐺𝑠 + 𝑘                                                                                                                                               (4.2) 

where 𝐺𝑠  is the number of cases belonging to class 𝑐, 𝐺𝑠  is the total number of cases 

satisfying rule 𝑟, and 𝑘 is the number of classes in the dataset. 𝐿𝐴 is estimated for each rule. 

The best rules for the groups 𝐺0 and 𝐺1 are selected based on the highest Laplace expected 

accuracy.  

Step 6: For each possible combination of SNPs, steps 2 to 4 are repeated. The rules are 

ranked further on the basis of support, confidence, and cardinality [278]. Confidence is the 

conditional probability of 𝑌 for a given 𝑋, and support is the percentage of transactions that 

contain both 𝑋 and 𝑌. Initially, the rules are sorted based on confidence. If the rules have 

identical confidence, they are sorted based on support. If the rules have the same support, 

they are sorted based on the least number of SNPs as antecedent. The rules are ranked 

randomly if the cardinality is the same. Finally, the classifier is built using generated rules, 

and the overall classification accuracy is calculated. The best model with the highest 

classification accuracy is chosen to predict the rules on the test data.  

Step 7: steps 1 to 5 are repeated to avoid over fitting of the data in all the ten cross 

validation intervals. In all ten cross validations, the classification accuracy is averaged for 

each 𝑠-locus models. The overall best 𝑠-locus model with the highest CVC and the highest 

prediction accuracy is chosen. CVC is the number of times the 𝑠-locus model is chosen as 

the best model during the 10-fold cross validation. The balanced accuracy (the mean of 
sensitivity and specificity) 𝐵𝑎 is calculated when cases and controls are not equal [108]. 

𝐵𝑎 =
𝑆𝑒 + 𝑆𝑠

2                                                                                                                                              (4.3) 

where 𝑆𝑒, 𝑆𝑠 are the sensitivity and specificity respectively.  
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𝑆𝑒 =
𝑇𝑆

𝑇𝑆 + 𝐹𝑆                                                                                                                                            (4.4) 

𝑆𝑠 =  
𝑇𝑆

𝑇𝑆+ 𝑇𝑆                                                                                                                                           (4.5) 

Where, 𝑇𝑆, 𝑇𝑆, and 𝐹𝑆  are the true-positive, true-negative, and false-negative rates 

respectively. The 𝑇𝑆 rate is the proportion of positive cases that are classified correctly. The 

𝑇𝑆 rate is the proportion of negative cases that are classified correctly. The 𝐹𝑆  rate is the 

proportion of positive cases that are classified incorrectly. The model with the least number 
of SNPs is selected if more than one model has the same prediction accuracy, and CVC [109].  

4.2 Datasets 
4.2.1  Simulated Datasets in the absence of noise 

The datasets generated in Section 3.2.2 of the previous chapter are used to evaluate the 

proposed method (MDRAC) in the absence of noise. Datasets are simulated for 70 two-

locus epistasis models with different heritability (H), and minor allele frequency (MAF). For 

each model, 100 datasets are simulated with different case-control ratios (such as, 1:1, 1:2, 

and 1:4), and sample size (such as, 400, 800, and 1600). In total, in this chapter, MRDAC is 

evaluated on 54,900 simulated datasets in absence of noise for one-locus to six-locus 

interactions.  

4.2.2  Simulated Datasets in the presence of noise 

The common sources of noise in genetic epidemiology studies is due to genotyping error, 

missing data, phenocopy, and genetic heterogeneity [36]. The datasets are generated in the 

presence of noise for six two-locus epistasis models that are explained in Section 3.2.1 of 

previous chapter [36] using GAMETES tool [221]. Genotyping error (GE) is generated by 

biasing 5% of genotypes towards one allele using directed-error model [296]. Missing data 

(MS) is generated by randomly removing 5% of genotypes. Phenocopy (PC) is generated 

such that 50% of cases had consistent low-risk genotypes corresponding to the penetrance 

function of the epistasis model. Genetic heterogeneity (GH) is generated such that 50% of 



95 
 

cases had one high-risk genotype combination (SNP5, SNP10) and other 50% of cases had 

other high-risk genotype combination (SNP3, SNP4). Six two-locus epistasis models with 

different penetrance values are simulated for ten SNPs with two functional SNPs (SNP5 and 

SNP10), and eight independent non-functional SNPs. Case-control datasets are simulated 

with 200 cases and 200 controls in accordance to Hardy-Weinberg proportions. Ten 

datasets are simulated in the absence of noise, and ten datasets are simulated for each type 

of noise (5% genotyping error, 5% missing data, 50% phenocopy, and 50% genetic 

heterogeneity). Further, ten datasets are simulated for each combinations of noise type to 

evaluate their combined effect on MDRAC. In total, 960 datasets are generated for six two-
locus epistasis models.  

4.2.3  Real Datasets 

MDRAC is evaluated on three real datasets. The first dataset is obtained from the whole 

genome association studies published in SNPassoc package [297, 298]. The data comprise 

of 157 samples with 110 cases and 47 controls. There are 134 missing values. The data 

frame contains identifier, case or control status, sex, arterial blood pressure, protein levels, 

and 35 SNPs observations for each sample. The second dataset is obtained from Vanderbilt 

University Medical School [17]. The sporadic breast cancer data is explained in Section 3.3 
of the previous chapter. It is also used to evaluate the proposed MDRAC in this study. 

Hypertension is a complex disease, which is caused by the interplay of different factors 

acting together and/or independently. The data comprises of 443 outpatient samples, 313 

hypertensives and 130 normotensives, collected from the National Taiwan University 

Hospital during July 1995 to June 2002 among the Taiwanese [299]. DNA extraction and 

genotyping were performed by a dye-terminator cycle, and an automatic sequencing 

method. The eight SNPs in four genes, rs4762, and rs699 at AGT, rs5050, rs5051, 

rs11568020, and rs5049 at AGT 5', rs4646994 at ACE, and rs5186 at AT1-R, that could 

increase the risk of hypertension is analysed in the study [300].  

4.3 Data Analysis 
The structure and the size of datasets play an important role in designing complex genetic 
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models. Balanced and imbalanced datasets are simulated based on cases and controls. The 

number of cases and controls are equal in balanced datasets, whereas they are not equal for 

imbalanced datasets. That is, the balanced datasets are analysed by considering the 

threshold value to be equal to one, and as not equal to one for the imbalanced datasets. The 

threshold value is defined as the ratio of number of cases to controls, which determines the 

disease risk of a multi-locus genotype combination. Imbalanced datasets can be analysed 

using oversampling or under-sampling or by adjusting the threshold value of MDR. 

Oversampling randomly re-samples the underrepresented class of samples by equalizing 

the number of cases and controls. Under-sampling randomly removes samples from an 

overrepresented class by equalizing the number of cases and controls in the datasets. Even 

though this technique is used in the literature [108], there can be false associations due to 

the samples that are oversampled or under sampled. This could also provide a false sense 

of high classification power. Hence, the imbalanced datasets are analysed by adjusting 

threshold values 𝑇. In this paper, the 𝑇 value for 1:2, and 1:4 case-control ratios are set to 

0.5 and 0.25 respectively. The simulated datasets include a small amount of missing data 

which may not have an impact on the power of MDR [301]. However, data imputation 

techniques (for large amount of missing data) are included in the data manipulation 
module of MDR software, publicly available from www.epistasis.org to download.  

Once datasets are analysed, configuration parameters are established for both MDR and AC. 

The configuration parameters for MDR are random seed, number of loci and 𝑖 fold cross 

validation. The random seed is a random number used for shuffling randomly, which 

reduces the bias due to cross validation. The number of loci is selected from one to nine 

factors. That is, it selects the best models of one to nine factors and their association with a 

disease. The ten-locus model was not analysed due to the existence of only one form of this 

model, whose consistency is always ten. The configuration parameters of AC, the support, 

confidence, and length of antecedent of a rule, are set to 65%, 80%, and 9 respectively. The 

best 30 rules are used for the prediction, such that interactions between weaker SNPs are 

not neglected.  

Once the configuration parameters are determined, the datasets (in the presence and in the 

absence of noise) are analysed using MDR, and the proposed MDRAC method with ten-fold 

http://www.epistasis.org/
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cross validation (CV). Ten-fold or five-fold CVs are the most successful internal model 

validation methods used for detecting SNP-SNP interaction models [118]. The data is 

equally split into 𝑖 subsets without losing any data. One subset is considered as testing 

data and 𝑖− 1 splits are used as training data. The algorithm runs on training data for 

each split by excluding different splits for testing data. That is, models are built ten times 

excluding one 10th of the data each time. The model is assessed by the remaining one tenth 

of the data. The best model is selected for each subset of the data. Finally, the overall best 

model is selected with the highest CVC, and lowest prediction error. It is repeated for each 

combination of 𝑠 locus, such that the algorithm runs 𝑖 times. Finally, the hypothesis test is 
performed over the best models of each locus to evaluate its statistical significance. 

Prior to the analysis of sporadic breast cancer and hyper tension data, MDR and the 

proposed approach were evaluated using simulated datasets. The findings are confirmed 

over breast cancer and hypertension datasets with the same set of configuration 

parameters for MDR, and AC. However, the threshold values for breast cancer, and 

hypertension are set to 1.0147 (207/204), and 2.4077 (313/130). An exhaustive search 

was performed for all possible one to nine-locus models for the breast cancer data, and one 

to seven-locus models for the hypertension data. The final results are statistically evaluated 

with a 1,000 fold permutation test, whose p-values are compared with 0.05 in determining 
the statistical significance of the findings.  

4.4 Evaluation on the proposed method 

A number of experiments are carried out over several simulated scenarios, and the real 

datasets by evaluating the accuracy of MDRAC over some of the existing approaches. The 

experiments are conducted using weka [126], and wekacg [302] tools. The approach 

generates association rules based on cases, and controls that are statistically significant. 

Class label for the test example is predicted by using the best rules obtained from training. 

The accuracy of the proposed approach is improved by reducing the false positive errors. 

Hence, the results obtained from the proposed approach identified the higher-order 

interactions in the absence of main effects better than the existing approaches. The 
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preliminary results are illustrated on all the simulated scenarios, and the findings are 

confirmed on real datasets in the following sections by revealing the genotype-phenotype 

relationships. 

4.4.1 Analysis of simulated data 

The proposed method is evaluated for one to six loci interaction models on a series of 

simulated datasets consisting of 70 different models with 1:1, 1:2, and 1:4 case-control 

ratios along with 400, 800, and 1600 samples [108]. The accuracy of MDRAC is evaluated 

for each simulated scenario, as illustrated from Table 4.1 to Table 4.6. For each simulated 

scenario, 100 datasets are generated, and validated on MDR, AC, and MDRAC. The method 

is further evaluated in this study by adjusting threshold levels to improve the power of 

MDRAC for detecting associated SNPs. Table 4.1 illustrated the prediction accuracy of 

single-locus models that may have high risk of contributing to a disease. The MDRAC is 

evaluated for single-locus models by adjusting the threshold values. The threshold value is 

set to 1 for balanced datasets, and 0.5, and 0.25 for 1:2, and 1:4 case-control ratios 

(imbalanced datasets) respectively. The method is also evaluated by adding noise to the 
dataset in the preprocessing.  

 

Figure.4.3  Single-locus analysis for ratios 1:1, 1:2, and 1:4, sample size 400, 800, and 1600, and MAF 

0.2, and 0.4. 
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Figure 4.3 exhibits the accuracy of MDRAC for single-locus analysis by adjusting the 

threshold values in the presence and absence of noise, and compared with MDR and AC. On 

average, the MDRAC performed better than the previous algorithms (such as, MDR and AC) 

for balanced and imbalanced simulated datasets. In general, AC and MDR performed 

equally well across all simulated models for all balanced datasets. The accuracy of AC is 

slightly higher than MDR (5% and 16%) for imbalanced datasets (1:2, and 1:4 case-control 

ratios). The accuracy of MDRAC is improved by 23% to 31% for 1:1, 1:2, and 1:4 case-

control ratios, when compared with the original MDR. The performance of MDRAC is also 

observed by adjusting the threshold values, and adding noise to the datasets. The accuracy 

of MDRAC by adjusting threshold values is almost equal for both balanced and imbalanced 

datasets. Further, the performance of the models are also not much affected by introducing 

10% noise to the simulated datasets. The accuracy of the models are reduced by less than 

1% for all the samples of 1:1, 1:2, and 1:4 case-control ratios.  

 

Figure.4.4  Two-locus analysis for ratios 1:1, 1:2, and 1:4, sample size 400, 800, and 1600, and MAF 0.2, 

and 0.4. 
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Table 4.2 visually illustrates the accuracy of two-locus models for both balanced and 

imbalanced datasets. The experimental results of all two-locus simulated models are 

represented in Figure 4.4. MDR performed slightly better than AC for 1:1 ratio, and equally 

well for 1:2 ratios with the variation of 1% to 4% in accuracy values. However, AC 

performed 11% to 16% better than MDR for 1:4 ratios. It is also observed that MDRAC 

performed better than MDR and AC (maximum of 27% increase in accuracy) in all 

simulated models with the threshold value of 1. As expected, the accuracy of 1:2, and 1:4 

ratio models are almost equal, when threshold values are adjusted to 0.5, and 0.25. The 

performances of the models are affected by less than 1% fall in accuracy by adding noise to 
the datasets.  

 

Figure.4.5  Three-locus analysis for ratios 1:1, 1:2, and 1:4, sample size 400, 800, and 1600, and MAF 

0.2, and 0.4. 

Table 4.3 summarizes the accuracy of three-locus interaction models that may contribute to 

a disease. Figure 4.5 plots the accuracy of both balanced and imbalanced models in the 

presence of noise, and by adjusting threshold values. MDRAC performed well against MDR 

and AC with 30% rise in accuracy. However, MDRAC performed equally well by adjusting 
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threshold values, and adding noise to the datasets (with less than 2% of fall in accuracy for 
1:4 ratios).  

Table 4.4 summarizes the accuracy of four-locus SNP-SNP interaction models for balanced 

and imbalanced simulated datasets. Figure 4.6 visually illustrates the performance of 

MDRAC in the presence and absence of noise. Further, it illustrates the performance of 

MDRAC by adjusting threshold values, and comparing with MDR and AC. The results 

demonstrate an improved prediction accuracy of 89% to 96% by reducing prediction 

errors. As expected, all the four-locus models are consistently stable after adjusting 

threshold values and adding noise to the datasets.  

 

Figure.4.6  Four-locus analysis for ratios 1:1, 1:2, and 1:4, sample size 400, 800, and 1600, and MAF 0.2, 

and 0.4. 

Similarly, Table 4.5 and Table 4.6 summarize the accuracy of five-locus, and six-locus 

interaction models. Figure 4.7 and Figure 4.8 visually illustrate the performance of MDRAC 
for five and six loci models.  
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Figure.4.7  Five-locus analysis for ratios 1:1, 1:2, and 1:4, sample size 400, 800, and 1600, and MAF 0.2, 

and 0.4. 

 

Figure.4.8  Six-locus analysis for ratios 1:1, 1:2, and 1:4, sample size 400, 800, and 1600, and MAF 0.2, 

and 0.4. 
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The average balanced accuracy of MDRAC on simulated datasets for one-locus to six-locus 

models are summarized, and illustrated below in Table 4.7 and Figure 4.9 respectively. 

From the observations, it is concluded that the MDRAC performed consistently better than 

MDR and AC, with improved prediction accuracy for all simulated scenarios by reducing 
prediction errors.  

  

Figure.4.8  Summary of multi-locus analysis for ratios 1:1, 1:2, and 1:4, sample size 400, 800, and 1600. 

 

 

 

 

 

 

 

 



Table 4.1: Evaluation for single-locus models 

 

 

Table 4.2: Evaluation for two-locus models 

 

MAF H MDR AC MDRAC
MDRAC 

Noise MDR AC MDRAC

MDRAC 
Adjusted 

Threshold
MDRAC 

Noise MDR AC MDRAC

MDRAC 
Adjusted 

Threshold
MDRAC 

Noise MDR AC MDRAC
MDRAC 

Noise MDR AC MDRAC

MDRAC 
Adjusted 

Threshold
MDRAC 

Noise MDR AC MDRAC

MDRAC 
Adjusted 

Threshold
MDRAC 

Noise MDR AC MDRAC
MDRAC 

Noise MDR AC MDRAC

MDRAC 
Adjusted 

Threshold
MDRAC 

Noise MDR AC MDRAC

MDRAC 
Adjusted 

Threshold
MDRAC 

Noise
0.2 0.01 52 49.75 92.5 91.75 55.51 64 89 88.25 87.25 48.91 79.25 97.75 97.75 97 53 52.125 87.75 86.375 55.38 58.375 86.5 85.375 86.25 50.31 78 87 82.25 83.125 53.5 54.625 90.375 90.375 53.99 62.25 89.6875 86.5625 88.75 55.86 77.563 88.375 86.9375 75.1875
0.2 0.05 59.5 59 92.25 92 59.16 62 98.25 98.25 97.5 58.91 78.25 97.5 97.5 96 57.88 53.5 78.125 77.75 58.65 61.25 85.75 84.75 84.625 59.53 76.13 93.125 92.5 89.375 62.12 55.375 86.8125 86.6875 58.97 61.125 86 82.125 85.3125 61.05 73.875 94.3125 94 91.9375
0.2 0.025 53 53.75 97 97 58.28 68.5 95.75 95.75 95 58.59 80.75 97.25 97 96.25 55.62 53.125 89.75 88.5 59.04 62.125 90.375 89.625 89.375 56.17 74.75 92.875 92.75 91.7 57.19 54.125 73.5625 73.6875 57.53 60.188 82.9375 79.1875 81.6875 54.8 74.25 92.375 91.8125 87.9375
0.2 0.1 66 62.25 95 95 62.9 66.5 93.75 92.25 93.75 66.56 78.75 98.25 98.25 96.75 63.37 59.25 88.5 87.5 64.6 69.25 94.625 94.625 94 60.47 78.75 95.75 95.75 94 63.75 59.813 86.0625 86.3125 64.68 69.25 91.375 89.875 90.9375 64.69 81.5 93.3125 92.3125 87.1875
0.2 0.2 71.25 71.25 91.25 89 71.81 80.75 98 98 98 65.94 86 97.25 97.25 97.5 70.62 66.625 87.625 86.625 69.35 71.75 92.25 92.125 88.75 72.66 81.88 96.75 95.75 96 68.56 62 90.75 90.375 69.9 74.738 86.0625 84.625 83.4375 68.63 83.688 90.125 88.625 77.875
0.2 0.3 77.5 76.5 98 98 75.38 83.25 97.75 97.75 97.75 74.53 88.5 98.5 98.5 98.5 74.25 69.75 93.375 93.125 74.25 79.25 93.5 93.5 91.625 74.77 88.63 95.5 94.625 91.75 74.5 70.125 91.4375 89.625 73.36 78.75 89.3125 88.375 86.5 73.24 87.625 92.25 91.75 86.875
0.2 0.4 81.25 80.75 99 99.25 76.69 83 81.25 91.75 91.75 80.31 91.75 98.25 98.25 95.25 77.88 75.25 94.625 92.625 80.97 77.5 98.25 98.25 97.25 77.97 85.75 93.75 93.75 90.5 80.12 77.125 88.125 85.5 78.77 80.688 86.625 84.875 82.0625 78.95 87.938 91.625 90.6875 83.5625
0.4 0.01 53.25 49.5 95 93.75 57.47 66.25 93.5 92.25 93.25 54.53 75.25 94.5 94.5 95.25 51.38 50.25 95.75 95 56.07 57.5 86.375 85.75 85.375 55.08 75 92.625 91.875 89.75 53.25 48.625 87.125 88 54.93 60.75 86.5 84.75 85.3125 53.28 75.688 94.0625 93.3125 93.1875
0.4 0.05 57.25 53 94.25 94.75 64.73 66.5 91 88 87.75 60.78 75.5 96.25 95.5 95.5 61.5 53.375 96.625 96.625 59.32 60.75 89.375 88.75 87.875 58.13 74.25 95.25 95 93.5 59.87 56.063 88.625 87.875 60.62 60.625 91.0625 88.75 89.625 61.05 75.438 92.4375 92 91.3125
0.4 0.025 58.5 59.75 89.5 89 58.37 68.5 91.25 90.25 89.75 51.72 79.25 93.25 91.25 93 57.38 53.125 93 93 57.83 59 88.375 87.125 87.625 56.72 73.88 94.75 93.375 93.25 57.75 55.438 86.5625 85.0625 55.18 58.438 92 90.9375 92.1875 58.2 77 85.9375 85 82.375
0.4 0.1 64.25 59.25 96.5 96.5 67.74 67.25 92.75 91.5 93.5 61.87 78.25 95 94.25 93.5 64.25 61.375 87.625 85.875 64.65 63.375 97.125 97.125 96.625 63.44 77.38 91.5 89.75 89.625 65.38 59.5 79.3125 77.9375 63.48 64.563 91.25 80.0625 89.9375 62.73 77.375 93.625 93.1875 91.125
0.4 0.2 71.75 69.75 92.25 92.25 70.19 72.75 99.25 99.25 99.5 75.63 77.5 97.25 97.25 95.75 73.25 66.75 94.5 93.375 68.44 67.5 95.375 95.375 94.75 69.69 80.13 94.25 93.625 92.375 71 66.313 91.0625 89.9375 70.27 72.313 89.6875 88.625 88.4375 71.13 80.875 94.625 94.0625 92.375
0.4 0.3 74 75.75 94.25 93.25 77.5 71.5 95.5 94.5 95 77.5 78.25 99 99 98.25 76.88 71.75 89.625 88.125 73.58 74 89.375 89.25 88.125 73.67 76.5 96.5 95.875 96 76.5 70.438 97.625 97.4375 75.52 73.625 93.4375 92.75 92.125 76.09 80.375 96 94.875 94
0.4 0.4 82.5 82.25 94.25 93.5 80.14 82.5 98.25 98.25 98 77.34 83.75 92 90 86.5 81.38 76.875 89.125 84.75 79.65 69.75 97.875 97.875 97.375 79.3 79.88 95.375 94.25 92 78.19 73.375 93.8125 92.9375 78.77 73.75 94.875 94.875 94 80.74 79.813 96.5 95.6875 93.9375

400 Samples 800 Samples 1600 Samples
1:1 ratio  1:2 ratio 1:4 ratio  1:1 ratio 1:2 ratio 1:4 ratio 1:1 ratio 1:2 ratio 1:4 ratio

MAF H MDR AC MDRAC
MDRAC 

Noise MDR AC MDRAC

MDRAC 
Adjusted 

Threshold
MDRAC 

Noise MDR AC MDRAC

MDRAC 
Adjusted 

Threshold
MDRAC 

Noise MDR AC MDRAC
MDRAC 

Noise MDR AC MDRAC

MDRAC 
Adjusted 

Threshold
MDRAC 

Noise MDR AC MDRAC

MDRAC 
Adjusted 

Threshold
MDRAC 

Noise MDR AC MDRAC
MDRAC 

Noise MDR AC MDRAC

MDRAC 
Adjusted 

Threshold
MDRAC 

Noise MDR AC MDRAC

MDRAC 
Adjusted 

Threshold
MDRAC 

Noise
0.2 0.01 54 51 92.5 92.75 48.81 60.5 97 97 96.75 49.69 79 91.75 91.75 89.5 54.5 51.5 96.25 96.5 55.39 61.375 90.625 90.625 89.875 55.94 75.13 90.25 90 88.625 55.69 52 90.5 90.5 53.68 60.125 88.1875 84.6875 87.5 55.74 75.813 90.5 89 87.9375
0.2 0.05 63.25 59.5 95.25 95.25 62.31 62.75 92.75 92.25 94.5 54.38 80 96 95.75 94 61 52.5 96.25 95.375 62.05 63.125 93.625 92.875 91.875 56.25 72.25 96.5 96.375 95.5 65.62 58.938 79.5625 80.6875 62.77 65.188 87.4375 85.5 85.5625 60.43 76.375 91 88.625 88.625
0.2 0.025 60.5 54.25 94 95 56.9 66.25 86.25 83 84 51.41 79.25 93.25 93 93.25 60.5 52.875 90.125 90.625 60.63 63.5 91.75 91.5 91 60.08 78.5 86 84.625 82.125 58.19 51.5 88.0625 88.125 57.3 63 81.375 77 79.3125 55.51 77.125 94.5 94.5 93.5625
0.2 0.1 73.44 77.5 97.75 96 69.2 68.75 96.5 96.5 96.25 67.5 80.25 94 93.25 92.25 67.75 60.375 90.625 91.25 69.34 65.25 90.25 90.125 89 67.03 75.25 93.625 93.5 92.75 68.56 61.938 87.0625 85.125 68.97 66.25 91.375 89.625 91.3125 69.88 76.25 93.25 92.125 92.5625
0.2 0.2 70.25 66.5 95.75 95.25 68.26 72.25 94 94 94.25 75 81.5 94.5 94.25 92 70.75 67.625 92.125 91.875 68.99 67.625 94.5 94.5 93.625 71.72 76.27 96 95.75 94.5 71.56 63.938 88.5625 88.6875 70.93 70.75 89.25 87.5 87.9375 71.91 78.688 92 91.25 88.8125
0.2 0.3 72 63.75 86.75 87 73.2 70.5 95.25 93.5 93.5 77.97 80 95.75 93.75 94.75 73.87 68.75 89 87.875 78.92 79.75 93.125 93.125 90.25 75.31 80.63 96.875 96.5 95.25 76.63 73.5 89.4375 87 73.79 75.688 93.3125 91.8125 91.8125 74.77 82.25 92.8125 90.875 88.75
0.2 0.4 77 72.25 88.75 88.25 79.34 80.5 95.5 95.25 93.25 80.31 80.5 97.75 97.5 95.25 79.87 73.625 91.5 91 80.96 75.375 93.625 93.625 92.875 80.08 80.25 97.625 97.625 96.625 81.94 78.875 90.9375 88.8125 81.58 76.625 93.5 92.6875 92.3125 81.8 82.75 95.5 94.5 93.625
0.4 0.01 51.25 52.5 98 98 47.29 63.75 96.5 96.25 96.5 49.84 76.75 97.25 97.25 96.5 51.25 50.375 94.625 94 53.61 61.375 92.875 92.875 91.75 50.55 73.25 94.75 92.75 94 56.25 48.438 80.8125 80.6875 54.94 60.188 91.125 90.375 91 53.09 79.063 84.4375 83.9375 80.3125
0.4 0.05 57.75 52.75 93.25 93.75 60.38 64.25 95.25 95.25 94.5 61.72 78.5 94 92.75 91.25 60.62 54.25 91.625 92.25 60.82 58.5 94.5 94.5 94.125 57.27 72.88 93.875 93.375 92 61.5 55.938 90.9375 89.5625 62.12 61.438 91.8125 90.5 91.5625 56.88 74.688 94.8125 94.6875 93.5625
0.4 0.025 49.75 53.5 97.5 97.25 56.68 66 97.75 97.75 97.5 47.81 77 97.75 97.75 96.25 58.75 51.375 94.625 90.625 60.64 61.125 93.25 93.25 92.875 56.33 74.25 96 95.875 94.5 58.94 56.313 86.625 85.6875 55.93 60.188 89.8125 87.875 88.75 54.45 75.313 95.375 94.9375 95
0.4 0.1 57.5 51.75 95 95.5 58.9 63 95.75 95 96.5 57.34 79.75 97.5 97.5 97 62.88 56.5 90.625 89.625 61.58 61.125 93.125 93.125 91.875 60.86 74.38 95.375 94.5 92.375 63.25 57.063 94.875 95.125 58.31 64.375 89.125 87.125 89.125 58.95 76.438 88.9375 87.6875 84.625
0.4 0.2 70.5 60.75 100 99.75 69.42 69 96 94.75 96 62.97 81 96.25 96 93.75 73.12 59 94.125 92.625 73.28 65.625 94.25 94.25 93.875 65.08 75.38 96.125 96.125 94.625 69.94 64.938 87.6875 87 69.25 65.25 96.5 96.4375 95.875 67.66 76.188 93 92.125 91.375
0.4 0.3 73.75 70.5 91.5 91.5 74.66 73 96.5 95.5 97 72.19 77.75 95.75 95.5 94 77.75 71.5 96.125 95.25 72.45 69.75 93.375 93.375 90.875 77.81 80.75 97 96.5 94.375 77.63 71.688 93.625 92.1825 74.77 75.75 91.5 88.9375 89.125 74.57 82.938 97.6875 97.4375 96.3125
0.4 0.4 78.75 74.25 98 97.75 84.07 82.75 98.5 98.5 97.5 76.72 80.25 98.5 98.5 98 82.75 75.5 98.25 98.125 78.35 70.75 93.75 93.75 92.875 82.27 82.38 97.875 96.5 97 78.44 73 87.5 85.5 79.89 74.813 96.75 96.125 95.875 77.66 77.25 96.8125 96.875 95.25

400 Samples 800 Samples 1600 Samples
1:4 ratio 1:1 ratio 1:2 ratio 1:4 ratio1:1 ratio  1:2 ratio 1:4 ratio  1:1 ratio 1:2 ratio
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Table 4.3: Evaluation for three-locus models 

 

 

Table 4.4: Evaluation for four-locus models 

 

 

 

MAF H MDR AC MDRAC
MDRAC 

Noise MDR AC MDRAC

MDRAC 
Adjusted 

Threshold
MDRAC 

Noise MDR AC MDRAC

MDRAC 
Adjusted 

Threshold
MDRAC 

Noise MDR AC MDRAC
MDRAC 

Noise MDR AC MDRAC

MDRAC 
Adjusted 

Threshold
MDRAC 

Noise MDR AC MDRAC

MDRAC 
Adjusted 

Threshold
MDRAC 

Noise MDR AC MDRAC
MDRAC 

Noise MDR AC MDRAC

MDRAC 
Adjusted 

Threshold
MDRAC 

Noise MDR AC MDRAC

MDRAC 
Adjusted 

Threshold
MDRAC 

Noise
0.2 0.01 49.5 49.5 90.75 90.5 52.71 62 95.75 95.75 95.5 52.5 79 97.5 97.5 97.25 55.25 48.5 91.75 92.625 53.43 58.125 90.375 90.75 90.75 53.67 76.88 88.375 87 85.75 51.31 49.188 85.4375 85.875 56.17 60.063 90.1875 86.9375 89.1875 54.88 76.063 91.6875 90.75 89.8125
0.2 0.05 51.75 54.25 94.75 94.5 59.84 64 94.5 94.5 95 64.53 79.75 92.75 92.5 90 52.25 54.75 90.625 88.875 56.05 58.375 86.75 85.625 87.75 59.69 74.25 95.25 94.875 93 60.69 54.75 77.125 77.3125 60.01 61.625 84.1875 80.8125 83.875 61.72 74.75 93.9375 92.875 92.5
0.2 0.025 58.5 52.5 85.5 86.5 56.28 64 84 83.5 81 52.5 79.25 93 93 90.5 57.63 54 92.125 92.375 55.1 58.5 95.25 95.25 95.375 57.34 74.13 95.25 94.625 94.5 59.19 52.625 86.9375 86.9375 59.82 60.688 87.875 85.1875 86.875 59.65 77.875 85.8125 83.625 81.8125
0.2 0.1 67.25 55.25 94.75 94.5 61.9 62.75 95 95 93.5 61.25 80 91.75 91.75 91.25 65.62 56.5 89.375 89.875 61.57 63.5 93 93 92.375 66.87 75.88 96.875 96.75 96.625 62.7 57.75 85.4375 86.1875 65.12 64.813 88.125 84.8125 87.0625 58.52 75.625 91.75 90.6875 90
0.2 0.2 70.75 61.25 94.25 93.25 66.61 66.75 85.75 81.75 83.5 65.31 77.75 96.75 96.75 97 65.13 58.75 85.75 85.5 65.43 64.875 88 87.625 88.5 69.61 75.5 94.375 94.125 93.125 68.12 60.938 86.125 83.375 67.37 70.125 93.5625 93.0625 92.3125 66.84 78.5 89.875 88.75 86.3125
0.4 0.01 58 54.5 96.5 95.75 51.8 63.25 98.25 98.25 97.75 47.5 80 96.5 96.5 94.75 52.63 48.625 93 92.625 56.24 60 94.5 94 94.625 49.3 75.38 92.5 91.5 89.625 51.75 50.25 83.5 84.3125 52.32 59.438 92.125 90.6875 91.3125 53.87 75.313 94.375 94.125 93.0625
0.4 0.05 56.5 53.5 93.75 94.25 56.28 61.5 98.25 98.25 97.75 48.75 79.75 99 99 97.75 58.75 47.875 91.375 92 59.51 61.75 97.375 97.375 96.75 63.44 73 97.75 97.75 95.625 58.25 50.813 94.375 93.8125 60.25 60.938 89.125 86.0625 88.6875 59.45 74.25 94.75 94.1875 93.5625
0.4 0.025 50.5 52.5 96 95.75 48.78 64.25 92.5 90.25 92.75 52.34 78.5 97.75 97.75 97.5 56.12 48.875 93.125 93.375 55.86 58.25 91.375 91.375 90.75 51.64 77 91.875 91.5 91 55.06 50.813 90.25 89.5 57.52 60.563 92 89.5625 90.3125 54.18 74.813 92.25 91.0625 90.8125
0.4 0.1 58.5 56.75 98 97.75 69.43 63 98.25 98.25 97.5 63.28 79.5 96.75 96.75 96.25 62.63 54.25 96.375 95.5 64.95 61.25 93.875 93.875 94 62.81 73.13 98.75 98.75 98.125 63.13 52.25 89 88.5625 63.67 59.125 91.25 88.875 91.3125 58.4 74.625 95.875 95.75 95.125
0.4 0.2 73 57 98 98 69.04 64.25 97.25 97.25 97.25 61.72 79 98 98 97 69.25 53.25 94.25 94.5 69.82 59.75 95.75 95.75 96 65.62 74.25 96.875 96.75 95.875 68.56 56.875 83.6875 82.375 70.37 64.563 92.625 91.9375 92 69.45 77.563 93.5625 92.8125 91.375
0.4 0.3 72.25 58 97.5 96.5 64.72 64.75 98 98 97 71.09 79.25 96.75 96.25 93.75 75.37 54.375 97.875 97.875 73.01 61.375 96.375 96.375 95.375 75.78 76.25 98.375 98.125 97.75 74.75 61.063 93.1875 92.4375 74.92 67.188 93.875 92.8125 93.375 73.75 77.188 95.9375 95.125 94.5625
0.4 0.4 80.25 65.75 98.75 98 83.11 69.25 98.25 98.25 98 69.69 79.75 95.5 94.75 93 83.38 61.875 96.5 95 80.51 66.125 96.625 96.625 96 76.48 77.63 97.75 97.75 96.75 78.37 68.063 94.5 93.3125 80.69 69.25 95.25 94.125 93.25 80.55 79.125 92.75 89.9375 89.6875

400 Samples 800 Samples 1600 Samples
1:1 ratio 1:2 ratio 1:4 ratio1:1 ratio  1:2 ratio 1:4 ratio  1:1 ratio 1:2 ratio 1:4 ratio

MAF H MDR AC MDRAC
MDRAC 

Noise MDR AC MDRAC

MDRAC 
Adjusted 

Threshold
MDRAC 

Noise MDR AC MDRAC

MDRAC 
Adjusted 

Threshold
MDRAC 

Noise MDR AC MDRAC
MDRAC 

Noise MDR AC MDRAC

MDRAC 
Adjusted 

Threshold
MDRAC 

Noise MDR AC MDRAC

MDRAC 
Adjusted 

Threshold
MDRAC 

Noise MDR AC MDRAC
MDRAC 

Noise MDR AC MDRAC

MDRAC 
Adjusted 

Threshold
MDRAC 

Noise MDR AC MDRAC

MDRAC 
Adjusted 

Threshold
MDRAC 

Noise
0.2 0.01 55.25 55.5 93.25 93.25 49.73 58.75 97 97 96.75 47.97 78 96.75 95.5 96 54 48.125 85.875 85.875 52.58 58.75 91.125 90.75 90.75 50.47 73.88 93.5 93 91.375 52.75 51.75 78 77 49.04 58.563 90.1875 87.9375 89.125 51.21 77.125 88.75 87.875 85.0625
0.2 0.05 54.5 51.25 92.75 92.25 56.1 61.5 95.75 94.5 95.5 50.63 79 95.25 95 94.5 59 51.75 84.625 83.375 54.84 58.125 95.375 95.375 95 56.33 75.13 90.875 89.5 89 56.12 51.188 83 82.1875 56.92 59.75 90.6875 88.375 90.375 60.43 74.313 91.1875 89.4375 89
0.2 0.025 55 52.5 96.5 96.25 52.15 62.25 89.75 89.75 88 52.19 78.25 98 98 96.75 52.25 49.625 90.25 90 56.62 60.625 94.625 94.625 93.625 51.8 74.63 96 95.5 94.625 54.19 52 83 82.6875 57.71 60.625 82.125 79.6875 80.6875 54.57 75.625 92.3125 92.25 91.375
0.2 0.1 60.5 49.75 96 96.5 56.46 62.25 93.5 93.75 93.5 63.44 79.75 92.25 92 90 63 50.75 92.75 93 61.76 58 92 92 92.125 60.55 73.38 95.5 95.5 95.125 61.19 52.5 87.125 86.8125 60.71 61.938 90.375 88.5 89.4375 60.51 75.813 90.1875 88.25 87.125
0.4 0.01 51.75 48.5 94.75 95.75 49.53 63 95.75 95.5 95 43.59 78.25 95.5 95.25 94.25 53.37 50.125 98 97.875 51.08 60.125 93 93 92.875 55.31 75 98 98 97.75 55.44 51 87.625 87.625 50.02 60.813 95.6875 95.3125 95.9375 52.93 74.313 95.1875 95.0625 94
0.4 0.05 54.75 55.5 95.25 95 56.1 64.75 97.75 97.75 98 59.06 79.5 99 99 98.75 57.38 53.375 95.25 94.875 56.24 61.875 97 97 96.25 52.03 74.5 96.625 96.5 96.375 60 50.563 93.75 93.5625 54.1 55.875 90.0625 93.6875 94 52.19 76.063 93.375 93.1875 92.25
0.4 0.025 50 53.25 97.5 97.25 53.66 61.75 93 91.75 92.5 47.19 78 95.75 95 95.75 51.88 48.125 96.625 96.125 49.58 58.625 94 94 94.625 55.7 74.13 98.375 98.375 97.875 54.81 52.688 94.1875 94.1875 56.16 58.125 89.6875 87.5 89.0625 50.59 75.25 92.5 92.5 89.5
0.4 0.1 57 49.25 93 93.5 60.04 61 97.75 97.75 98 55.94 78.25 96.5 96.5 97 56.75 52 95.75 95.25 60.54 61 92.625 92.625 93 58.91 74.63 98.625 98.625 98.75 62.19 50.375 91 90.9375 61.74 59.25 97.4375 97.3125 97.1875 61.95 73.688 94.25 93.5 93.625
0.4 0.2 57.25 52.75 98 98 60.79 61.25 98.75 98.75 99 65.78 78 97.25 96.75 95.25 67.12 49.375 97.25 96.875 64.39 58.125 95 95 94.75 69.3 74.63 93.875 93.5 92.5 67.37 52.063 97.0625 96.3125 68.54 58.5 91.9375 90.75 91.125 68.87 74.25 95.375 93.6875 93.25
0.4 0.3 76.25 53.25 99.5 99.25 71.11 63.75 98 97.75 97.5 65.62 75.5 99.25 99.25 99 72.75 51 98.75 98.5 70.58 60.375 98.375 98.375 97.5 69.61 75.13 99.125 99.125 98.5 73.75 55.313 95.5 94.9375 72.81 62.75 93.8125 92.625 92.8125 71.09 74.438 97.3125 96.8125 96.3125

400 Samples 1600 Samples 1600 Samples
1:1 ratio 1:2 ratio 1:4 ratio1:1 ratio  1:2 ratio 1:4 ratio  1:1 ratio 1:2 ratio 1:4 ratio
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Table 4.5: Evaluation for five-locus models 

 

Table 4.6: Evaluation for six-locus models 

 

Table 4.7: Average balanced accuracy of one-locus to six-locus models 

MAF H MDR AC MDRAC
MDRAC 
Noise MDR AC MDRAC

MDRAC 
Adjusted 
Threshold

MDRAC 
Noise MDR AC MDRAC

MDRAC 
Adjusted 
Threshold

MDRAC 
Noise MDR AC MDRAC

MDRAC 
Noise MDR AC MDRAC

MDRAC 
Adjusted 
Threshold

MDRAC 
Noise MDR AC MDRAC

MDRAC 
Adjusted 
Threshold

MDRAC 
Noise MDR AC MDRAC

MDRAC 
Noise MDR AC MDRAC

MDRAC 
Adjusted 
Threshold

MDRAC 
Noise MDR AC MDRAC

MDRAC 
Adjusted 
Threshold

MDRAC 
Noise

0.4 0.01 47 55.75 96.25 96.5 50.67 64.5 96.25 96.25 95.75 55.62 79.25 97.75 97.5 97.5 54 48.75 97.75 98.125 50.71 54.375 98.375 98.375 97.75 56.95 72.88 98.125 98.125 97 50.31 51.438 87.375 86 46.79 58.313 93.375 92 93.375 53.2 73.313 96 95.625 95.25
0.4 0.05 54 51.75 98.5 98 48.42 61.5 99 99 99 48.59 77.75 98.5 98.25 98.5 53.87 50.625 94.75 94.625 56.42 57.75 96.5 96.5 95.25 53.83 76 97.5 97.5 96.125 54.62 50.438 92.125 91.5 59.31 59.938 94.8125 94.3125 94.25 48.55 74.688 96.6875 96.4375 96
0.4 0.025 50.5 53.5 97.25 95.75 48.23 63.5 96 97 97.5 57.19 79.75 99.25 99.25 99 50.37 49.25 96.125 95.875 56.51 57.25 99 99 98.75 54.69 73.13 94 92.5 91.75 52.13 49.125 91.25 91.6875 51.01 59.5 93.625 92.8125 93.375 55.12 74.188 94.5 93.75 93.3125
0.4 0.1 60.5 57.75 96.75 95.75 58.37 61.75 98 97.75 97.5 58.44 75.5 98.75 98.75 99 57 48.875 98.5 98.25 56.14 58.625 89.625 88.125 88.625 53.12 73.38 99 98.75 98.375 57.06 50.438 95.5 94.8125 60.43 57.625 93 91.875 92.25 58.4 74.063 96.1875 95.5625 94.9375

400 Samples 800 Samples 1600 Samples
1:1 ratio 1:2 ratio 1:4 ratio1:1 ratio  1:2 ratio 1:4 ratio  1:1 ratio 1:2 ratio 1:4 ratio

MAF H MDR AC MDRAC
MDRAC 

Noise MDR AC MDRAC

MDRAC 
Adjusted 

Threshold
MDRAC 

Noise MDR AC MDRAC

MDRAC 
Adjusted 

Threshold
MDRAC 

Noise MDR AC MDRAC
MDRAC 

Noise MDR AC MDRAC

MDRAC 
Adjusted 

Threshold
MDRAC 

Noise MDR AC MDRAC

MDRAC 
Adjusted 

Threshold
MDRAC 

Noise MDR AC MDRAC
MDRAC 

Noise MDR AC MDRAC

MDRAC 
Adjusted 

Threshold
MDRAC 

Noise MDR AC MDRAC

MDRAC 
Adjusted 

Threshold
MDRAC 

Noise
0.2 0.01 48.5 50.25 91 90 46.17 55.75 88.5 85.75 88.75 47.66 75 95.5 95.25 95.25 44.37 48.75 85.375 85.25 52.48 57.5 84.375 83.625 84.125 51.8 75.88 92.875 91.75 91.75 52.31 48.063 83 83 52.7 61.75 81.125 77.5 79 53.4 78 87.0625 86.75 83.3125
0.2 0.025 47.75 49.75 89.75 90.75 55.93 56.25 91.75 91.25 91.25 55.16 74.5 93.25 93 90.75 49.88 49.5 86.375 86.5 49.49 58.875 88.5 88.5 88.75 48.05 73.5 95.5 95 95.375 51.19 50.563 86.5625 86.6875 49.37 60.5 80.25 76.4375 78.1875 54.77 76.183 89.3125 88.375 86.25
0.4 0.01 49.25 51.75 99 99.25 47.51 56.25 96.75 95.5 96 50.63 78.5 99.5 99.5 99.25 56.25 51.25 96.75 96.125 52.01 59.125 94.5 94.5 94.625 52.58 74 98 97.625 97.625 50.94 48.625 95.375 91.8125 51.67 57.375 94.5625 94.125 94.5625 54.8 74.313 96.875 96.875 95.8125
0.4 0.05 50 53 98 98 55.95 56.5 98.75 98.75 98.5 56.41 77.5 98.75 98.75 98.25 53.87 53.125 97.5 97.5 53.6 56.625 96.875 96.875 96 57.89 73.25 97.5 97.75 97.25 53.19 51.75 91.125 90.9375 54.2 56.625 97.125 96.75 97.125 52.97 73.313 96.75 96.25 96.125
0.4 0.025 53.25 56.25 98 96.75 55.94 60.5 99 99 98.75 48.91 75.25 96.75 96.75 95.5 52.88 51.625 97.5 96.625 50.98 60.25 98 98 97.75 47.03 74.75 98.75 98.75 98.125 53.25 50.688 92 91.75 50.03 60 91 89.5625 90.3125 51.48 74.313 97.3125 97.125 96.125
0.4 0.1 49.75 48.25 98.5 98.75 54.25 58.5 99.75 99.75 99.75 55.62 75.25 98.5 98.5 98.5 55.75 52.5 96.625 96.375 56.69 55.375 96.125 96.125 95.25 56.72 72 98.625 98.625 97.875 56 47.563 93.0625 92.625 55.98 55.938 93.5625 92.5 94.125 55.55 73.063 97.1875 97.1875 96
0.4 0.2 56.5 54.25 98.25 98.25 53.89 56.75 99 99 99 51.72 76 100 100 99.75 58.38 51 97 96.5 61.48 59.5 97.625 97.625 96.625 54.84 74.13 98.75 98.75 98.875 61.12 49.938 98.125 97.5 63.2 57.375 96.75 96.375 95.875 60.08 72.563 98.3125 98 97.5

400 Samples 800 Samples 1600 Samples
1:1 ratio 1:2 ratio 1:4 ratio1:1 ratio  1:2 ratio 1:4 ratio  1:1 ratio 1:2 ratio 1:4 ratio

MDR AC KMeans PCA MDR AC KMeans PCA MDR AC KMeans PCA MDR AC KMeans PCA MDR AC KMeans PCA MDR AC KMeans PCA
1:1 65.9 64.46 55.804 54.4 65 61.48 51.643 52.2 62.2 55.9 51.646 51.8 57.23 52.15 51.475 51.4 53 54.7 51.438 51.9 50.71 51.9 51.857 52.1
1:2 66.85 71.66 57.82 55.70 65 68.8 55.768 56 61.7 64.15 55.833 53.8 56.57 62.03 56.425 55.1 51.4 62.8 55.063 52 52.81 57.2 55.536 55.6
1:4 65.22 80.79 59.43 60.00 63.2 79.39 60.09 58 59.2 79.29 59.92 60 55.14 78.25 61.1 65 55 78.1 55.75 56 52.3 76 61.71 64
1:1 65.62 61.65 53.87 53.10 66.8 60.41 51.55 51.6 62.8 53.47 51.41 49.8 58.75 50.43 51.39 51.6 53.8 49.4 51.19 52.2 53.05 51.1 51.16 51.4
1:2 65.84 66.53 57.53 54.03 66.9 66.02 55.14 55.54 62.6 60.99 55.53 54.41 57.82 59.56 53.91 56.6 54.9 57 54.06 53.72 53.82 58.2 55.93 51.41
1:4 64.85 78.63 59.08 57.66 65.5 76.54 59.571 59.21 62.7 75.27 58.656 56.94 58 74.5 60.088 57.4 54.6 73.8 57.156 56.13 52.7 73.9 59.464 57.46
1:1 65.83 61.64 54.39 55.39 67.4 62 51.085 52.65 62.7 55.45 50.802 50.87 59.78 51.94 51.231 51 53.5 50.4 50.609 51.23 54 49.6 50.625 50.88
1:2 65.43 67.93 56.63 53.51 66 67.12 54.446 55.77 64 63.2 55.693 53.07 58.78 59.62 55.6 52.3 54.4 58.8 55.672 52.06 53.88 58.5 55.259 53.36
1:4 65.75 79.50 59.69 57.63 65.2 77.94 57.955 56.5 62.6 76.31 54.859 55.66 58.43 75.09 56.55 53.9 53.8 74.1 56.781 59.8 54.72 74.5 56.857 59.52

400

800

1600

Sample Size Ratio

Balanced Accuracy
Single Locus Two Locus Three Locus Four Locus Five Locus Six Locus
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4.4.2 Analysis of real data 

The performance of the proposed method is further evaluated over sporadic breast 

cancer, and hypertension datasets. Table 4.8 and Table 4.9 show the accuracy of MDRAC 

over cross validation.  The threshold values of sporadic breast cancer and hypertension 

datasets are set to one, and adjusted to 1.0147 and 2.4077 respectively. The proposed 

method is evaluated for one-locus to nine-locus models on sporadic breast cancer data, 

and one-locus to seven-locus models for hypertension data. The five-locus interaction 

model (Cyp1B1-119, Cyp1B1-432, COMT, Cyp1A1m1, and Cyp1B1-453) is identified as 

the best model for breast cancer with a prediction accuracy of 75.6098%. The three-

locus interaction model (rs5051, rs699, and rs5049) with a prediction accuracy of 

72.912% is identified as the best model for hypertension. The observations confirmed 

that the performance of MDRAC is equally well performed by adjusting threshold values 

as that on simulated datasets.  

Further, the performance of MDRAC is evaluated by adding 10%, 20%, and 30% of noise 

into the datasets. It is observed that the accuracy of MDRAC slightly dropped as the 

percentage of noise is increased. The accuracy dropped ranging from 1% to 3% on 

adding up to 30% of noise into breast cancer data. Similarly, the accuracy dropped by 

3%, 5%, and 10% by adding 10%, 20%, and 30% of noise respectively in hypertension 

data. The method is further evaluated by splitting the data with 80% for training to 

identify the best model, and 20% for validation to evaluate the accuracy. This is 

performed to identify the more accurate models. The results are tabulated in Table 4.10 

and Table 4.11 respectively for breast cancer and hypertension data. The accuracy for 

MDRAC is improved by 3%. However, the accuracy dropped by 3%, and 7% for models 

with the adjusted threshold values, and the addition of noise into breast cancer data. 

Further, the accuracy dropped by 2%, 1%, and 5% for the models with and without 
adjusting the threshold values, and the addition of noise into hypertension data.   

Figures from 4.9 to 4.17 are illustrated using MDR tool [17, 109]. Figure 4.9 and Figure 

4.10 shows the graphical representation of cell values of best model obtained from MDR 

analysis over sporadic breast cancer, and hypertension data respectively. MDR analysis 

identifies the five-locus genotype combinations associated for manifestation of both 

breast cancer and hypertension. 
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Table 4.8: Experimental results of sporadic breast cancer data on cross-validation 

Algorithms Best Model No. of Loci Accuracy CVC 

MDRAC Cyp1B1-119, Cyp1B1-432, COMT, Cyp1A1m1, Cyp1B1-453 5 75.6098 10/10 

MDRAC with adjusted threshold  Cyp1B1-119,CypIBI-453,CypIBI-432,Cyp1B1-

48,CypIAIm2,CypIA1m1,COMT,GSTT1 

8 75.122 10/10 

MDRAC in presence of noise (10%) COMT, CypIBI-453, CypIA1m1,CypIBI-432,CypIAIm4 5 74.3902 10/10 

MDRAC with adjusted threshold in presence of 
noise (10%) 

Cyp1B1-119,Cyp1B1-48,CypIAIm4,CypIBI-432,CypIA1m1,COMT,CypIBI-
453,GSTM1,GSTT1 

9 75.3659 10/10 

MDRAC in presence of noise (20%) CypIAIm4,COMT,CypIBI-453,CypIA1m1,Cyp1B1-48,CypIBI-432 6 72.6829 10/10 

MDRAC with adjusted threshold in presence of 

noise (20%) 

CypIBI-453,CypIAIm4,COMT,GSTM1,GSTT1 5 76.8293 10/10 

MDRAC in presence of noise (30%) CypIAIm4,Cyp1B1-119,GSTT1,COMT,CypIBI-453,CypIBI-432 6 75.8537 10/10 

MDRAC with adjusted threshold in presence of 

noise (30%) 

CypIA1m1,CypIAIm4,CypIBI-432,Cyp1B1-119,COMT,GSTT1 6 73.9024 10/10 

 

Table 4.9: Experimental results of hypertension data on cross-validation 

Algorithms Best Model No. of Loci Accuracy CVC 

MDRAC rs5051,rs699,rs5049 3 72.912 10/10 

MDRAC with adjusted threshold rs699,rs5186 2 73.1377 10/10 

MDRAC  in presence of noise (10%) rs5050,rs5186,rs4646994,rs5051 4 69.9774 10/10 

MDRAC  in presence of noise with adjusted threshold (10%) rs5050,rs4646994,rs5186 3 70.2032 10/10 

MDRAC  in presence of noise (20%) rs4646994,rs5186,rs11568020,rs5051 4 67.9458 10/10 

MDRAC  in presence of noise with adjusted threshold (20%) rs4762 ,rs5050,rs11568020,rs5049,rs5051 5 68.3979 10/10 
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MDRAC in presence of noise (30%) rs4762,rs4646994,rs5186,rs11568020,rs5051 5 63.4312 10/10 

MDRAC with adjusted threshold in presence of noise (30%) rs4646994,rs4762,rs5051,rs11568020 4 64.1084 10/10 

 

Table 4.10: Experimental results of sporadic breast cancer data  

Algorithms Best Model No. of Loci Accuracy 

MDRAC Cyp1B1-119,CypIBI-432,COMT,CypIA1m1,CypIBI-453 5 78.0488 

MDRAC with adjusted threshold  

Cyp1B1-119,CypIBI-453,CypIBI-432,Cyp1B1-

48,CypIAIm2,CypIA1m1,COMT,GSTT1 8 71.9512 

MDRAC in presence of noise COMT, CypIBI-453, CypIA1m1,CypIBI-432,CypIAIm4 5 67.0732 

MDRAC with adjusted threshold in presence of noise 

Cyp1B1-119,Cyp1B1-48,CypIAIm4,CypIBI-

432,CypIA1m1,COMT,CypIBI-453,GSTM1,GSTT1 9 74.3902 

 

Table 4.11: Experimental results of hypertension data  

Algorithms Best Model   No. of Loci Accuracy 

MDRAC rs5051,rs699,rs5049 3 70.7865 

MDRAC with adjusted threshold rs699,rs5186 2 71.9101 

MDRAC  in presence of noise rs5050,rs5186,rs4646994,rs5051 4 65.1685 

MDRAC  in presence of noise with adjusted threshold rs5050,rs4646994,rs5186 3 64.0449 
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Figure.4.9  Graphical representation of cell values of five-locus genotype combinations of MDR analysis over sporadic breast cancer data. 
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Figure.4.10  Graphical representation of cell values of five-locus genotype combinations of MDR analysis over hypertension data. 
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The best five-locus model identified for sporadic breast cancer disease is Cyp1A1m1, 

Cyp1B1-48, Cyp1B1-432, COMT, and GSTM1. Similarly, the best model identified by MDR 

analysis for hypertension in human is rs4762, rs5051, rs11568020, rs5049, and 

rs4646994. High risk cells are represented in dark gray colour, low risk cells in light gray 

colour, and empty cells in white colour for each genotype combination. The patterns of 

each cell differ in each different multi-locus dimension. This provides evidence of 

interactions between polymorphisms of different genes. That is, a SNP at a locus may 

influence the association of a disease by depending on the genotypes at the other four 
loci. 

 

Figure.4.11  Entropy circular graph of five-locus genotype combinations of MDR analysis over 

sporadic breast cancer data and hypertension data. 

The circle graphical representation of interactions between five SNPs, and seven SNPs 

for MDR analysis on breast cancer, and hypertension data is illustrated in Figure 4.11 

with an entropy graph. These graphical representations are described in percentage of 

entropy in case-control based samples. The interactions between SNPs are represented 

by a line with a positive percentage of entropy. Redundancy is represented with a 

negative percentage of entropy. The positive values on the nodes represent the 

independent main effects of SNPs. Tan lines indicate independence, blue lines 

represents a strong correlation, and green lines represents a weak correlation between 
the SNPs.  
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Figure.4.12  Graphical representation of cell values of five-locus genotype combinations of MDRAC analysis over sporadic breast cancer data.
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Figure.4.13  Graphical representation of cell values of three-locus genotype combinations of MDRAC 

analysis over hypertension data. 

Figure 4.12 and Figure 4.13 illustrates the graphical representation of cell values of the 

best models (based on [17]) identified by MDRAC over sporadic breast cancer, and 

hypertension data. The five-locus genotype combinations of MDRAC analysis shows the 

high risk (dark gray shaded), low risk (light gray shaded), and empty cells (white) with 

the corresponding distribution of cases (left bars), and controls (right bars). It is 

observed that each SNP at a locus interacts with other two SNPs at different loci. The 

circular graphical entropy illustration of five-locus and three-locus interaction models 

obtained from MDRAC analysis on sporadic breast cancer, and hypertension data are 
visualized in Figure 4.14. The red line represents weak epistasis between SNPs.  

 

Figure.4.14  Entropy graph of MDRAC analysis over sporadic breast cancer and hypertension data. 



115 
 

Figure 4.15 is the visual representation of MDRAC analysis by adding noise into breast 

cancer, and hypertension datasets. Orange lines denote a positive moderate information 

gain in the presence of main effect. Similarly, Figure 4.16 and Figure 4.17 are the entropy 

graphical representations of the MDRAC analysis by adjusting threshold values in the 

absence, and the presence of noise on sporadic breast cancer and hypertension data 
respectively.  

 

Figure.4.15  Entropy graph of MDRAC analysis in the presence of noise over breast cancer and 

hypertension data. 

 

Figure.4.16  Entropy graph of MDRAC analysis by adjusting threshold value over breast cancer and 

hypertension data. 
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Figure.4.17  Entropy graph of MDRAC analysis by adjusting threshold value in the presence of noise 

over breast cancer and hypertension data. 

Table 4.12 summarizes the accuracy of MDRAC over the existing approaches, such as, 

logistic, MDR, Naı̈ve Bayes, RF, LAC, SVM, and NN, in the absence and the presence of 

noise. It is observed that the best model identified by MDRAC analysis for both sporadic 

breast cancer, and hypertension datasets has the highest accuracy over other 

approaches. Compared to the other approaches, MDRAC also performed well with the 
highest accuracy of 73%, and 70% in the presence of noise.  

Table 4.12: Accuracy of MDRAC over previous algorithms  

Algorithms Breast cancer Hypertension 

MDR 73.55 66.71 

MDRAC 75.6098 72.912 

RF 67.561 64.7856 

NN 67.317 65.4628 

SVM 51.7073 70.6546 

logistic  53.1707 69.9774 

Naı̈ve Bayes 48.5366 69.9774 

LAC 49.5122 70.6546 

MDR with noise 59.5 64.09 

MDRAC with noise 74.3902 69.9774 

RF with noise 53.1707 60.9481 
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NN with noise 52.439 59.8194 

SVM with noise 48.2927 66.5914 

logistic with noise 50.2439 63.4312 

Naı̈ve Bayes with noise 51.7073 65.0113 

LAC with noise 50.9756 66.5914 

 

The corresponding bar charts are illustrated in Figure 4.18 and Figure 4.19 in the 

absence and the presence of noise for breast cancer, and hypertension data analyses 

respectively. The statistical significance of the best models is evaluated by 1,000 fold 

permutation test, whose p-value is less than 0.05 (𝑠 < 0.05). Hence, it is evident that the 

interactions between SNPs identified by MDRAC analysis have better prediction ability 
than other existing approaches.  

 

Figure.4.18  Accuracy of MDRAC compared with other approaches over sporadic breast cancer data. 
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Figure.4.19  Accuracy of MDRAC compared with other approaches over hypertension data. 

4.4.3 Discussion 

Studies for identifying SNP interactions associated with the complex diseases in humans 

have become increasingly significant. However, restricted regions in human genome 

with less number of SNPs are focused in these studies due to the computational 

limitations, and biomolecular complexities [114]. Flexible approaches, and software 

tools for detecting and interpreting epistasis play an important role in exposing the 

architecture behind the disease manifestation [19]. Currently, MDR is the most popular 

method that reduces multi-factor dimensionality to a single dimension. It combines 

attribute selection and a constructive method to form an iterative process, so that MDR 

can also be used for interleaving or preprocessing [108]. Interleaving is a process in 

which, the newly constructed attributes are updated to the existing dataset. It is more 

useful in the studies that involves more than  300,000 SNPs [302]. Traditionally, it is 

proven that AC generates more relevant rules that are associated with a disease by 

improving the classification accuracy [276]. Since AC uses 𝑘 rules to determine a test 

example, it has much higher accuracy than the Naı̈ve Bayes classifier that is traditionally 

used in MDR [280]. This motivated the proposed hybrid MDRAC to detect the highly 

associated interactions between SNPs for the detection and characterization of various 

factors involved in the interaction effects responsible for diseases. The approach 



119 
 

generates a single dimensional attribute with high or low risk factors using MDR, and 

CPAR is used for the classification. The experimental results of the proposed hybrid 

approach show the improved accuracy of the method by bridging the gap between 
statistical, and biological epistasis.  

The applicability of the proposed approach was first demonstrated by using simulated 

datasets. GAMETES is a fast and flexible tool used to generate complex 𝑠-locus simulated 

models with random architecture [221]. One-locus to six-locus models were generated 

for different penetrance values with various heritability, and minor allele frequencies. 

However, it has a limited ability for simulating models with higher heritability values. 

For certain values of prevalence and heritability, penetrance tables with low 

probabilities are generated [221]. In instances such as, when heritability 𝐻 ≥ 0.1, the 

models in five and six loci models are not able to generate for more than 100,000 
iterations. The models are also not able to simulate for 𝐻 = 1, and prevalence 𝑠 = 0.25. 

In contrast, 𝑠- locus models are generated for all values of 𝐻 ≤ 1, and MAF = 0.5.  

Hence, only 12, 10, 5, and 7 models are generated for three, four, five, six, and seven loci 

models. In spite of the above mentioned limitations, the GAMETES tool is still used in 

this research to simulate one to six loci models for its ability to generate pure, and 

strictly epistasis models [108, 221]. Moreover, it considers complex interacting multi-

locus effects in generating the epistasis model. The simulated results significantly 

improved the prediction accuracy by reducing the classification errors both in balanced 

and imbalanced case-control data. On successful implementation of the approach over 
simulated data, it is applied over sporadic breast cancer, and hypertension data. 

As reported by Ritchie in his research [17], the major known risk factor of breast cancer 

is associated with cumulative exposure to estrogen. Enhanced cell proliferation 

increases cell division and may cause mutation. The mutated polymorphisms interact in 

enzymatic pathways responsible for the metabolism of estrogen in breast tissues that 

confer a high risk of breast cancer. A single gene in the pathway of estrogen metabolism 

is responsible for the cause of familial breast cancer. Familial genes such as BRCA1 and 

BRCA2 cause less than 20% susceptibility of the disease [17]. These results have been 

inconsistent with and in contradiction to some of the studies, which have found 

interactions between SNPs of estrogen metabolism that can increase the risk of sporadic 

breast cancer [303]. MDR and the proposed approach were applied to ten SNPs that 
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occurred in five genes COMT, CYP1A1, CYP1B1, GSTM1, and GSTT1 [17]. The ability of 

these enzymes is to detoxify intracellular products of oxidative reactions. These 

enzymes metabolize estrogen while metabolizing xenobiotic (harmful exogenous 

compounds found in food and environmental pollutants) [303]. The reduced ability of 

detoxifying xenobiotic and the burden of toxic estrogen metabolites increases the risk of 

breast cancer in women.  None of these five estrogen metabolism genes contribute to 

breast cancer risk on their own. However, the interactions between these genes increase 

the risk of breast cancer from a 2.7 to 13 fold indicator of risk, which is remarkably 
strong [17, 303]. 

In MDR analysis, the five-locus interaction model between Cyp1A1m1, Cyp1B1-48, 

Cyp1B1-432, COMT and GSTM1 has been identified for the association of sporadic 

breast cancer. The analysis of MDR based AC method on breast cancer data identified 

the five-locus interaction model Cyp1A1m1, Cyp1B1-119, Cyp1B1-432, Cyp1B1-453, 

and COMT as associated with the disease. The model detected two novel SNPs (Cyp1B1-

119 and Cyp1B1-432) susceptible to higher order gene-gene interactions in sporadic 

breast cancer. These SNPs have not been reported in previous studies such as MDR. The 

results of MDR exhibit a strong association between GSTM1 and Cyp1B1-48. However, 

the results of the proposed approach showed that the SNP Cyp1B1-119 was strongly 
associated with COMT, Cyp1A1m1, and Cyp1B1-453.  

The proposed approach provided stronger information regarding the likely SNP-SNP 

interactions responsible for the disease. The results also demonstrated that the SNPs at 

a locus with weak main effects also showed strong interaction effects with other SNPs at 

different loci. For example, in the breast cancer data analysis over MDRAC, Cyp1B1-453 

has a strong association with Cyp1B1-119 and a weak association with Cyp1A1m1 and 

Cyp1B1-432 [41]. Cyp1B1-119 has a strong association with Cyp1B1-453, COMT, 

Cy1A1m1 and a weak association with Cyp1B1-119. COMT is strongly associated with 

Cyp1B1-119 and weakly associated with Cyp1B1-432 and Cyp1A1m1. Cyp1A1m1 is 

strongly associated with Cyp1B1-119 and weakly associated with Cyp1B1-453, COMT, 

and Cyp1B1-432. Cyp1B1-432 has weak interactions with Cyp1B1-453 and Cyp1B1-

119, which leads to a strong interaction between Cyp1B1-453 and Cyp1B1-119. The 

rules generated from the proposed method demonstrate various interesting, and non-

linear relationships between SNPs. Hence, the results obtained from these studies are 
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shown to be more accurate than previous approaches. The high-dimensional 

computational problem remains the same with the new approach. The proposed 

approach exhaustively searches all the combinations and can be computationally 

intensive when more than ten SNPs have to be evaluated. The major problem of this 

approach is to calculate the prediction errors of the empty cells. The empty cells 

generated during training data were more than the cells produced by MDR. These cells 

were left out during the estimation of prediction errors. Hence, the proposed approach 

has no clear prediction ability for the empty cells.  

4.5 Evaluation and discussion of MDRAC in the 
presence of genotyping error, missing data, 
phenocopy, and genetic heterogeneity.  
The performance of MDRAC in the presence genotyping error (GE), missing data (MS), 

phenocopy (PC), and genetic heterogeneity (GH) is unknown. Hence, several 

experiments are further evaluated over simulated datasets, and a real dataset to 

evaluate the power of MDRAC over MDR. This study in this section is based on the 

previous study performed over MDR in the presence of noise [36]. Table 4.13 

summarises the accuracy of both methods in the presence of GE, MS, PC, GH, and their 

combinations respectively. The average prediction accuracy across 160 datasets for each 

epistasis models is evaluated to validate MDRAC over the original MDR method. The 

results are also evaluated for both methods in absence of noise. Overall, the results show 

that MDRAC performed better than MDR in all simulated datasets. The classification 

accuracy of MDRAC is about 33% to 40% higher than MDR in first four epistasis models 

(Model 1 to Model 4), and about 22% higher than MDR in last two epistasis models 

(Model 5 and Model 6). This indicates that MDRAC effectively eliminates the prediction 

errors by improving the prediction accuracy.  

The power of both models are summarised in Table 4.14. The power of MDRAC is the 

estimation of number of times the method correctly identifies the functional SNPs. The 

power across 160 datasets for each epistasis models is validated on MDRAC, and 

compared with MDR method. The power is also determined for both methods without 
noise. The power of both the methods is high (almost 90 to 100%) in the presence of 5% 
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Table 4.13: Accuracy of MDRAC to detect two-locus SNP interactions  

Sources of 
Noise 

Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 
MDR MDRAC MDR MDRAC MDR MDRAC MDR MDRAC MDR MDRAC MDR MDRAC 

No Error 75.95 99.475 82.325 99.65 64.8 96.625 63.3 96.55 57.875 75.25 59.375 75.5 
GE 76.477 99.6 82.875 99.5 63.9 96.475 64.325 95.4 57.2 76.35 60.2 76.35 
GE-GH 62.188 99.449 63.7 99.225 54.225 96.475 56.175 95.975 53.85 74.525 51.5 75.25 
GE-GH-MS 62.619 99.654 65.447 99.28931 55.106 96.73684 56.262 96.31579 54.028 74.68422 52.078 75.36842 
GE-GH-PC 51.6 99.55 53.8 99.475 52.05 95.525 50.25 96.4 49.825 74.625 49.3 74.175 
GE-GH-PC-MS 50.289 99.57857 54.157 99.52631 51.973 96.60523 50.947 96.02631 51.052 74.42105 49.975 74.84211 
GE-MS 76.764 99.57893 82.843 99.57892 63.553 96.55265 64.158 95.60528 57.501 76.23686 58.185 77.26314 
GE-PC 62.05 99.725 65.35 99.5 52.825 96.375 52.375 96.15 52.6 75.225 52.725 75.7 
GE-PC-MS 61.868 99.55262 63.184 99.55263 52.421 96.42782 51.079 96.89473 51.158 75.63158 51.159 76.07893 
GH 61.3 99.625 63.7 99.225 55.158 96.375 56.175 95.975 53.85 74.525 51.8 75.725 
GH-MS 60.79 99.63157 64.447 99.21052 54.947 96.60524 57.501 96.15789 53.028 74.57895 52.027 75.15789 
GH-PC 52.925 99.475 53.95 99.525 48.35 95.85 49.675 96.875 51.225 75.725 51.8 75.975 
GH-PC-MS 52.765 99.3421 51.919 99.55261 50.527 96.28947 49.92 96.44738 50.342 75.65788 50 75.81579 
MS 76.211 99.55264 82.921 99.57893 63.657 96.42105 64.21 95.78946 56.634 76.18421 60.579 76.28947 
PC 61.275 99.575 66.275 99.425 54.125 96.55 50.575 95.675 49.475 74.325 48.8 74.725 
PC-MS 62.05 99.60524 64.658 99.55262 51.896 96.44736 51.185 96.42105 48.606 75.55263 50.869 75.28946 
 

Table 4.14: Power of MDRAC to detect two-locus SNP interactions  

Sources of 
Noise 

Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 
MDR MDRAC MDR MDRAC MDR MDRAC MDR MDRAC MDR MDRAC MDR MDRAC 

No Error 10 10 10 10 10 10 9 10 10 10 10 10 
GE 10 10 10 10 10 10 10 10 9 9 10 10 
GE-GH 5 8 7 9 5 6 6 6 1 3 4 5 
GE-GH-MS 2 6 7 9 4 8 7 7 1 1 4 6 
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GE-GH-PC 4 7 4 7 0 0 0 1 0 1 0 0 
GE-GH-PC-MS 2 6 1 5 0 1 2 3 0 0 0 0 
GE-MS 10 10 10 10 10 10 10 10 8 9 9 9 
GE-PC 10 10 10 10 8 8 6 6 6 7 5 5 
GE-PC-MS 10 10 10 10 4 5 5 5 3 4 5 5 
GH 3 8 7 9 5 6 6 6 1 3 2 4 
GH-MS 2 8 7 10 3 4 5 7 0 2 5 5 
GH-PC 3 4 3 4 2 3 1 3 1 2 0 0 
GH-PC-MS 2 4 3 3 1 2 1 4 1 3 1 2 
MS 10 10 10 10 10 10 10 10 9 9 9 9 
PC 10 10 10 10 5 7 6 6 1 3 3 5 
PC-MS 10 10 10 10 5 7 7 8 0 1 1 5 
 

 

Figure.4.20  Graphical representation of cell values of four-locus genotype combinations of MDRAC analysis over whole genome association data. 
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missing data, and 5% genotyping error. The accuracy of MDRAC in detecting the correct 

functional SNPs is almost 100% in all six epistasis models in absence of noise. The 

performance of combination of genotyping error and missing data varies between 80% 

to 100%. The power is 100% for model 1 and model 2 in the presence of 50% 

phenocopy in the datasets. The power decreases by 30%, 40%, 70%, and 50% for 

models 3 – 6 respectively. In the presence of 50% genetic heterogeneity, power falls to 

80%, 90%, 60%, 60%, 30%, and 40% for models 1 – 6 respectively. The greatest impact 

of power in all the models is due to the presence of combined effect of phenocopy and 

genetic heterogeneity. The power fell to 0% in model 6. The combined effect of 

phenocopy with other sources of noise (missing data and genotyping) is 100% for 

model 1 and model 2. However, power is affected for other models.  The combined effect 

of genetic heterogeneity with other sources of noise (missing data and genotyping) has 

less impact on power, except in model 2. The combination of all four sources of noise has 

greatest impact on power. None of the datasets of model 5 and model 6 identified 

functional SNPs. Overall results suggested that genetic heterogeneity, and their 

combined effects with other sources of noise has greatest impact on power. However, 

MDRAC performed comparatively better than MDR for all six epistasis models in the 
presence of noise.  

Table 4.15: Best model predicted for the data obtained from the whole genome association study. 

Methods Best Model Accuracy CVC 

MDR snp10001, snp10005, snp100033 57.53 8/10 

MDRAC snp100011, snp100015, snp10001, 

snp10005 

75.1592 10/10 

 

The prediction accuracy of MDR and MDRAC methods are summarised in Table 4.15. 

Both the methods are evaluated for two-locus to nine-locus interaction models on a real 

dataset, obtained from the whole genome association study [298]. Three-locus model is 

identified by MDR with highest accuracy of 57.53% and highest CVC of 8/10. MDRAC 

identified four-locus model as the best model with highest prediction accuracy 

(75.16%) and CVC (10/10). The accuracy of the model is about 18% higher than the 

model identified by MDR method. The identified four-locus model is statistically 

significant, whose p value is less than 0.05 (p<0.05). Hence, it is suggested that the 
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interaction between four SNPs contribute to the association of the disease. That is, SNP 

at a particular locus may depend on the genotype of the other three loci to influence the 

disease. Figure 4.20 and Figure 4.21 illustrates the graphical cell value representation 

(using MDR tool [17, 109]) of MDRAC and MDR analysis over data obtained from whole 

genome association study published in SNPassoc [297, 298]. 

 

Figure.4.21  Graphical representation of cell values of three-locus genotype combinations of MDR 

analysis over whole genome association data. 

 

Figure.4.22  Dendogram diagram of three-locus interaction model of MDR analysis over whole 

genome association data. 

The dendogram representation of interactions between SNPs is illustrated (using MDR 

tool [17, 109]) in Figure 4.22, and Figure 4.23. Figure 4.22 illustrates the dendogram 

diagram of MDR analysis and Figure 4.23 illustrates the dendogram diagram of MDRAC 

analysis. The SNPs with smaller distance have stronger interaction effect [17, 302]. Red 

and Orange coloured lines represent synergistic relationship between SNPs. Yellow 
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indicates independent effect. Green represents redundancy or correlations between 
SNPs.  

 

Figure.4.23  Dendogram diagram of three-locus interaction model of MDRAC analysis over whole 

genome association data 

This study demonstrated the improved accuracy and excellent power to detect SNP 

interactions in the presence of common sources of noise due to GE, MS, PC, and GH. The 

results showed the power of MDRAC is 90% – 100% in the presence of 5% genotyping 

error and 5% missing data, or their combinations. The power of MDRAC is affected in 

the presence of 50% phenocopy for models 3 – 6, but remains 100% for models 1 and 2. 

This is due to the simplest nature of these epistasis models (model 1 and 2) that do not 

exhibit independent main effects [36]. Model 1 is an example of XOR function, which has 

four high-risk cells [304]. Each single genotype is related to high-risk in the presence of 

two genotypes from the other locus.  Model 2 has three high-risk cells diagonally. Each 

single genotype is related to high risk in the presence of single genotype from the other 

locus [293]. The power of MDRAC is greatly affected (70% fall for model 5) in the 

presence of 50% genetic heterogeneity for all epistasis models. It is also observed that 

the power of MDRAC is reduced for model 5 and 6 due to low minor allele frequency 

(p=0.1) compared to the other epistasis models.  

The power of MDRAC is hampered by phenocopy, a well know issue in the investigation 

of complex diseases. It is a variation of a phenotype that resembles as a genetic factor, 

but it is due to an environmental cause rather than a genetic inheritance [305]. Any 

methodological changes in the method cannot have the impact on power of MDRAC in 

the presence of phenocopy. The power of MDRAC can be improved by identifying 

appropriate environmental factors responsible for the phenocopy [36]. These 
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environmental factors are included in the analysis. Identifying the appropriate 

environmental factors to include in the analysis is challenging in genetics. However, a 

previous study evaluated the performance of five methods (TEAM [21], BOOST [22], 

SNPRuler [191], AntEpiSeeker [92], and epiMODE [183]) by detecting power 

with/without noise. The experimental results showed that AntEpiseeker, BOOST, and 
SNPRuler are robust to phenocopy.  

Genetic heterogeneity is a phenomenon in which several genes are associated with the 

same phenotype [306]. It can be either allelic or locus. Allelic heterogeneity of the 

disease is caused due to the various mutants within the same locus. Locus heterogeneity 

of the disease is caused due to the various mutants in different loci. The power of 

MDRAC in the presence of genetic heterogeneity is relatively low compared with other 

sources of noise. However, model 1 and model 2 relatively exhibited greater power than 

the other models due to the simplicity of the models [36]. That is, Model 1 and model 2 

have four and three high-risk genotype combinations respectively. Hence, the 

experimental results demonstrated that the power of MDRAC in the presence of genetic 

heterogeneity is reduced, when the number of high-risk genotype combinations cells 

increased in the models. Additionally, the power of MDRAC in the presence of genetic 

heterogeneity is reduced as the rare allele frequency is decreased [36].  Model 5 and 

model 6 with a rare allele frequency 0.1 has the largest drop of the power. Some of the 

previous studies explored clustering analysis [307], recursive partitioning [308], and 

incorporating odds ratio (OR) function [113] to deal with genetic heterogeneity [36]. 

Many complex diseases such as Alzheimer disease, type 2 diabetes, coronary artery 

disease, breast cancer, and asthma have been demonstrated to exhibit genetic 

heterogeneity [309]. Hence, methods that will deal with genetic heterogeneity will play 

a vital role in understanding the genetic bases of complex disease. 

4.6 Chapter Summary 

In this chapter, a MDRAC method was implemented for detecting higher-order SNP 

interactions. The proposed method was evaluated on various balanced and imbalanced 

simulated datasets for two-locus to six-locus models. These simulated studies 

demonstrated improved accuracy for both balanced and imbalanced datasets by 

predicting the known interactions between SNPs at different loci. Further, MDRAC was 
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successfully evaluated over real datasets to identify disease causing interactions. The 

studies were further conducted to evaluate the power of MDRAC in the presence of GE, 

MS, PC, and GH. The results demonstrated improved power over the previous MDR 

method in all the epistasis models. However, the power of MDRAC was reduced in the 

presence of phenocopy and genetic heterogeneity or their combination with other 

sources of noise. Hence, in the next chapter, deep learning strategies are investigated to 
address this research problem.  
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Chapter 5 

Towards Deep Learning Models for 
SNP Interaction studies 
In the previous chapter, MDRAC was proposed for detecting higher-order SNP 

interactions in both balanced and imbalanced datasets. The study discovered important 

SNP interactions for better understanding of underlying biological mechanisms of 

sporadic breast cancer and hypertension data. Further, the performance of the 

proposed method was evaluated in the presence of noise due to GE, MS, PC, and GH. The 

experimental studies improved the prediction accuracy compared over the previous 

methods in the presence of MS, and GE. However, the power of MDRAC was reduced in 

the presence of GH and PC, and their combinations with other sources of noise. These 

new clues show that yet there is no breakthrough in producing replicable results. 

Hence, the research has been progressed by exploring the application of deep learning 

neural networks to address the current research problem in this chapter.  

The chapter is organised as follows: Section 5.1 establishes the basics of deep neural 

networks with an example. The section further estimates the loss function. The 

proposed deep learning method is trained and presented in Section 5.2. The method is 

evaluated and discussed in Section 5.3 and Section 5.4. Once the results have been 

achieved, the sections further investigate the scoring metrics of the best models and 
compares with the previous methods.  

 

This chapter is based on the following publications: 

• S. Uppu, A. Krishna, and R. P. Gopalan, "Towards Deep Learning in genome-wide Association 
Interaction studies", The 20th Pacific Asia Conference on Information Systems (PACIS), page. 20, 

2016. 

• S. Uppu, A. Krishna, and R. P. Gopalan, "A Deep Learning Approach to Detect SNP Interactions," 

Journal of Software (JSW), volume. 11, pp. 965-975, 2016. 
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5.1 Deep Neural Networks 
In the current era of genetic epidemiology, conventional machine learning techniques 

are increasingly used to reveal underlying architecture behind complex diseases. 

However, none of the models have truly solved the problem of detecting or classifying 

the patterns in the genomic data. Deep learning is an emerging field that allows systems 

to learn the data by portraying in hierarchical abstractions. They allow the 

computational models to identify the representations required for the classification 

using general-purpose learning procedures [310]. These deep structured learning 

models provides stability, generalization, and scalability to big data by providing high 

prediction accuracy in a number of diverse problems [311]. Among these, deep learning 

has been a breakthrough in image recognition [312, 313], and speech recognition [314]. 

It has also produced promising results in language translation [315], reconstructing 

brain circuits [316], question answering [317], and natural language understanding 

[318]. Many researchers believe that these methods will have tremendous success in 

many other domains such as bioinformatics [310, 319]. This motivated the new 

exploration of training a deep learning method to detect two-locus interactions between 

SNPs.  

 
Figure.5.1 Biological structure of a neuron (adopted from [320]). 
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The basic unit of the deep neural networks (DNNs) are neurons. The neurons are 

biologically inspired from human brain. Figure 5.1 shows the communication between 

two neurons in a human brain.  

�𝒘𝒊𝒙𝒊 + 𝒃
𝒊

 

𝑚 

Axon of previous 
neurons/

Input to a neuron
Dendrites of 

a neuron

y = 𝟏
𝟏+𝒆∑ 𝒘𝒊𝒙𝒊+𝒃𝒊

 

𝑤1𝑥1 

Axon of next 
neuron/

Output of a neuron

Neuron Cell Body

𝑤2𝑥2 

𝑤3𝑥3 

𝑤𝑠𝑥𝑠  

𝑤1 𝑥1 

Synaptic 
weights

𝑤2 𝑥2 

𝑤3 𝑥3 

𝑤𝑠  𝑥𝑠  

Bias

𝑏 

Activation 
function

.

.

.

.

.

.

 
Figure.5.2 Structure of a neuron in a deep neural networks (adopted from [320]). 

Input Layer Hidden Layer 1 Hidden Layer N Output Layer  
Figure.5.3 An example of a deep neural network: ©2018 IEEE. 



132 
 

The basic unit of a DNN is a neuron/computational unit. Figure 5.2 is an illustration of 

modelling biological neuron to a computational unit of a DNN. Neurons are 

interconnected in multiple layers. That is, NNs are stacked together in several layers for 

deep learning. Figure 5.3 is an illustrative example of DNN with an input layer 𝑠, hidden 
layers 𝑆, and an output layer 𝑦 (adopted from [321]).  

Example: Multilayered feed forward neural network 

Consider Figure 5.4 is an example of a four layered feed forward neural network 

adopted from [310] [321]. It comprises of single input and output layers along with 

three hidden layers. The output of the input layer forms the input to the hidden layers, 

and the output of third hidden layer is fed into the output layer as an input. The 

feedforward and backward propagation of the illustrated network is explained in detail 
in the following sections (Section 5.1.1- Section 5.1.4) based on [321-323]. 
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Figure.5.4 Basic structure of a four-layer feedforward network. 

5.1.1 Forward propagation 
The sum of the weighted inputs to a neuron is transformed using a non-linear activation 

function as a forward propagation. Figure 5.5 represents an example of feedforward 

propagation of Figure 5.4. The example is computed using logistic activation function.  
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Figure.5.5 Example of a feedforward propagation of a four-layer feedforward network. 

In general, the logistic or sigmoidal activation function or transformation function is 

given by: 

𝑦 = 𝑚(𝑎) =  1
1+𝑒−𝑎

=  1
1+𝑒−(∑ 𝑠𝑛𝑤𝑛+𝑏) 𝑛

                                                                                            (5.6)  

For Figure 5.5, weighted sum and logistic activation functions of each neuron in the 
corresponding layer is computed below: 

𝑎11 =  𝑠1𝑤1 +  𝑏1 

𝑦11 = 𝑚(𝑎11) =
1

1 + 𝑖−�𝑎11�
 

Where 𝑎11 and 𝑦11are the weighted sum and transformation function of neuron ℎ11in the 

first hidden layer.  

𝑎12 =  𝑦11𝑤3 +  𝑏2  

𝑦12 = 𝑚(𝑎12) =
1

1 + 𝑖−�𝑎12�
 

Where 𝑎12 and 𝑦12 are the weighted sum and transformation function of neuron ℎ12 in the 
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second hidden layer.  

𝑎22 =  𝑦11𝑤4 + 𝑏2 

𝑦22 = 𝑚(𝑎22) =
1

1 + 𝑖−�𝑎22�
 

Similarly, 𝑎22 and 𝑦22are the weighted sum and transformation function of neuron ℎ22 in 

the second hidden layer.  

𝑎13 =  𝑦12𝑤6 +  𝑦22𝑤8 + 𝑏3 

𝑦13 = 𝑚(𝑎13) =
1

1 + 𝑖−�𝑎13�
 

𝑎23 =  𝑦12𝑤7 + 𝑦22𝑤9 + 𝑏3 

𝑦23 = 𝑚(𝑎23) =
1

1 + 𝑖−�𝑎23�
 

𝑎33 =  𝑦22𝑤10 +  𝑦12𝑤11 + 𝑏3 

𝑦33 = 𝑚(𝑎33) =
1

1 + 𝑖−�𝑎33�
 

Where 𝑎13,𝑎23,𝑎33  and 𝑦13,𝑦23, 𝑦33 are the weighted sums and activation functions of 

neurons ℎ13,ℎ23,ℎ33 in the third hidden layer.  

𝑎1𝑠 =  𝑦13𝑤12 +  𝑦23𝑤13 +  𝑦33𝑤14 + 𝑏4 

𝑦1𝑠 = 𝑚(𝑎1𝑠) =
1

1 + 𝑖−(𝑎1𝑜) 

Where 𝑎1𝑠 and 𝑦1𝑠are the weighted sum and activation function of output neuron 𝑎1𝑠 in 

the output layer. The objective function of learning is to adapt the weights by 

minimising the loss. The mean square error or cost function for two classes is given by:

 𝐸 = 1
2

 ∑ (𝑦𝑠′ −  𝑦𝑠)2𝑠                                                                                                             (5.7) 

Where 𝑦𝑠′  represents target output and 𝑦𝑠 denotes observed or actual output. For the 

above example, the mean square error is estimated as: 
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𝐸1 =
1
2 (𝑖𝑎𝑟𝑔𝑖𝑖  𝑎𝑟𝑖𝑠𝑟𝑖 –  𝑎𝑐𝑖𝑟𝑎𝑙  𝑎𝑟𝑖𝑠𝑟𝑖)2 

𝐸1 =
1
2  (𝑦1𝑠

′  – 𝑦1𝑠)2 

5.1.2 Backpropagation 
The network is trained using gradient decent algorithm. It minimizes the error function 

in a downhill direction by taking small steps. Big steps may lead to take uphill again. 

Computing the partial derivatives of error function with respect to the weights using the 

chain rule of differentiation is referred as backpropagation of error or backprop [324]. 

The gradients of each neuron are computed backwards from the activated output 

neuron to the input of first hidden layer based on [322]. Figure 5.6 shows the 
backpropagation for the example network considered in Figure 5.4.    
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Figure.5.6 Example of a backpropagation of a four-layer feedforward network. 

For the above example in the Figure 5.6, gradient of 𝐸1 with respect to weight 𝑤1, ( 𝜕𝐸1
𝜕𝑤1

), 

is computed for each of the possible following paths from the output layer to the input 
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layer by applying chain rule of differentiation. Hence, the total gradient (𝜕𝐸1
𝜕𝑤1

) of error 

𝐸1with respect to 𝑤1 is the sum of the products of paths 1-6 (Figure 5.6.1 – 5.6.6) 

(computed based on [322]). 
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Figure.5.6.1 Path-1 between output and input layer. 
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Figure.5.6.2 Path-2 between output layer and input layer. 
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Figure.5.6.3 Path-3 between output layer and input layer. 
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Figure.5.6.4 Path-4 between output layer and input layer. 
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Figure.5.6.5 Path-5 between output layer and input layer. 
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Figure.5.6.6 Path-6 between output layer and input layer. 
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Jacobian matrix of gradients of 𝐸1 with respect to weight 𝑤1 of all the possible paths 1- 6 
with respect to weight 𝑤1 is computed as below:  
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The equation (5.14) is rewritten as below by taking common factors. 
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�𝜕𝐸1
𝜕𝑦1𝑠

 
𝜕𝑦1𝑠

𝜕𝑎1𝑠
 
𝜕𝑎1𝑠

𝜕𝑦33
� �𝜕𝑦3

3

𝜕𝑎33
 
𝜕𝑎33

𝜕𝑦22
�
⎦
⎥
⎥
⎥
⎤
 �
𝜕𝑦22

𝜕𝑎22
 
𝜕𝑎22

𝜕𝑦11
�

⎦
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎤

 ��
𝜕𝑦11

𝜕𝑎11
 
𝜕𝑎11

𝜕𝑤1
��            (5.15) 

The weight 𝑤1is updated with new weight 𝑤1′  after one iteration is given below. 

𝑤1′ =  𝑤1 −  𝜂 
𝜕𝐸1
𝜕𝑤1

                                                                                                      (5.16) 

Similarly 𝜕𝐸1
𝜕𝑤3

 are computed for paths 7-9 (Figure 5.6.7 – Figure 5.6.9) with respect to 

weight 𝑤3 from the output layer to the first hidden layer(computed based on [322]). 
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Figure.5.6.7 Path-7 between output layer and first hidden layer. 

𝜕𝐸1
𝜕𝑤3

=  
𝜕𝐸1
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                                                          (5.17) 
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Figure.5.6.8 Path-8 between output layer and first hidden layer. 

𝜕𝐸1
𝜕𝑤3
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                                                          (5.18) 
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Figure.5.6.9 Path-9 between output layer and first hidden layer. 

𝜕𝐸1
𝜕𝑤3

=  
𝜕𝐸1
𝜕𝑦1𝑠

 
𝜕𝑦1𝑠

𝜕𝑎1𝑠
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𝜕𝑤3
                                                          (5.19) 

Jacobian matrix of 𝐸1 with respect to weight 𝑤3 for paths 7- 9 is: 
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𝜕𝐸1
𝜕𝑤3

=  

⎣
⎢
⎢
⎢
⎢
⎢
⎡�
𝜕𝐸1
𝜕𝑦1𝑠

 
𝜕𝑦1𝑠

𝜕𝑎1𝑠
 
𝜕𝑎1𝑠

𝜕𝑦13
� �
𝜕𝑦13

𝜕𝑎13
 
𝜕𝑎13

𝜕𝑦12
� +

�
𝜕𝐸1
𝜕𝑦1𝑠

 
𝜕𝑦1𝑠

𝜕𝑎1𝑠
 
𝜕𝑎1𝑠

𝜕𝑦23
� �
𝜕𝑦23

𝜕𝑎23
 
𝜕𝑎23

𝜕𝑦12
� +

�
𝜕𝐸1
𝜕𝑦1𝑠

 
𝜕𝑦1𝑠

𝜕𝑎1𝑠
 
𝜕𝑎1𝑠

𝜕𝑦33
� �
𝜕𝑦33

𝜕𝑎33
 
𝜕𝑎33

𝜕𝑦12
�
⎦
⎥
⎥
⎥
⎥
⎥
⎤

 �
𝜕𝑦12

𝜕𝑎12
 
𝜕𝑎12

𝜕𝑤3
�                                        (5.20) 

Gradient 𝜕𝐸1
𝜕𝑤6

 is computed for paths 10 (Figure 5.6.10) with respect to weight 𝑤6 from 

the output layer to the second hidden layer and their corresponding Jacobian matrix is 
computed based on [322]. 
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Figure.5.6.10 Path-10 between output layer and second hidden layer. 

𝜕𝐸1
𝜕𝑤6

=  
𝜕𝐸1
𝜕𝑦1𝑠

 
𝜕𝑦1𝑠

𝜕𝑎1𝑠
 
𝜕𝑎1𝑠

𝜕𝑦13
 
𝜕𝑦13

𝜕𝑎13
 
𝜕𝑎13

𝜕𝑤6
                                                                            (5.21) 

𝜕𝐸1
𝜕𝑤6

= �𝜕𝐸1
𝜕𝑦1𝑠

 
𝜕𝑦1𝑠

𝜕𝑎1𝑠
 
𝜕𝑎1𝑠

𝜕𝑦13
� �
𝜕𝑦13

𝜕𝑎13
 
𝜕𝑎13

𝜕𝑤6
�                                                                      (5.22) 

Finally, gradient of 𝐸1with respect to 𝑤12 is computed for paths 11 (Figure 5.6.11) as 

below based on [322]: 

Path 11 

O1
o

 

a1
o

 y1
o

 

w12 E1 

 
Figure.5.6.11 Path-11 between output layer and second hidden layer. 

𝜕𝐸1
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=  �
𝜕𝐸1
𝜕𝑦1𝑠
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𝜕𝑤12
�                                                                                       (5.23) 
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After one iteration, the weights are updated with new weights using backpropagation. 

⎣
⎢
⎢
⎡ 𝑤1

′

𝑤3′
𝑤6′

𝑤12′ ⎦
⎥
⎥
⎤

=  �

𝑤1
𝑤3
𝑤6
𝑤12

� −  𝜂 

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎡ 𝜕𝐸1
𝜕𝑤1
𝜕𝐸1
𝜕𝑤3
𝜕𝐸1
𝜕𝑤6
𝜕𝐸1
𝜕𝑤12⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎤

                                                                                    (5.24) 

5.1.3 Mean square error estimate for logistic function 
For the Figure 5.4, gradient of mean square loss function at the output layer is 

computed as: 

𝜕𝐸1
𝜕𝑦1𝑠

=  
𝜕 1

2 �𝑦1
𝑠′ − 𝑦1𝑠�

2

𝜕𝑦1𝑠
 

=  𝑦1𝑠 −  𝑦1𝑠
′  

Where 𝜕𝑦1
𝑜

𝜕𝑎1𝑜
= 1 for linear function 𝑦1𝑠 = 𝑚 (𝑎1𝑠). The output gradient with respect to its 

weighted sum of the neuron 𝑎1𝑠 is: 

𝜕𝑦1𝑠

𝜕𝑎1𝑠
=  

𝜕 � 1
1 + 𝑖−𝑎1𝑜

�

𝜕𝑎1𝑠
 

=  �
1

1 + 𝑖−𝑎1𝑜
��1 −�

1
1 + 𝑖−𝑎1𝑜

�� 

=  𝑦1𝑠 (1 −  𝑦1𝑠) 

Similarly, gradients 𝜕𝑎1
𝑜

𝜕𝑦13
, 𝜕𝑦1

3

𝜕𝑎13
, 𝜕𝑦1

2

𝜕𝑎12
, and 𝜕𝑦1

1

𝜕𝑎11
 are computed as follows: 

𝜕𝑎1𝑠

𝜕𝑦13
=  

𝜕(𝑦13𝑤12 +  𝑦23𝑤13 +  𝑦33𝑤14)
𝜕𝑦13

 

=  𝑤12 
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𝜕𝑦13

𝜕𝑎13
=  

𝜕 � 1
1 + 𝑖−𝑎13

�

𝜕𝑎13
=  �

1
1 + 𝑖−𝑎13

� �1− �
1

1 + 𝑖−𝑎13
�� =  𝑦13 (1 −  𝑦13) 

𝜕𝑎13

𝜕𝑦12
=  

𝜕(𝑦12𝑤6 +  𝑦22𝑤8)
𝜕𝑦12

=  𝑤6 

𝜕𝑦12

𝜕𝑎12
=  

𝜕 � 1
1 + 𝑖−𝑎12

�

𝜕𝑎12
=  �

1
1 + 𝑖−𝑎12

� �1− �
1

1 + 𝑖−𝑎12
�� =  𝑦12 (1 −  𝑦12) 

𝜕𝑎12

𝜕𝑦11
=  

𝜕(𝑦11𝑤3)
𝜕𝑦11

=  𝑤3 

𝜕𝑦11

𝜕𝑎11
=  

𝜕 � 1
1 + 𝑖−𝑎11

�

𝜕𝑎11
=  �

1
1 + 𝑖−𝑎11

� �1−�
1

1 + 𝑖−𝑎11
��  𝑦11 (1 − 𝑦11) 

𝜕𝑎11

𝜕𝑤1
=  

𝜕(𝑠1𝑤1)
𝜕𝑤1

=  𝑠1  

Substituting the above equations in equation 5.13, the overall error gradient with 
respect to the weight 𝑤1is obtained: 

𝜕𝐸1
𝜕𝑤1

= �𝑦1𝑠 −  𝑦1𝑠
′�  𝑦1𝑠 (1 −  𝑦1𝑠) 𝑤12 𝑦13 (1 −  𝑦13) 𝑤6 𝑦12 (1 −  𝑦12) 𝑤3 𝑦11 (1 −  𝑦11) 𝑠1(5.25)   

5.1.4 Cross entropy error estimate for logistic function 
For the Figure 5.4, cross entropy error at the output layer is estimated as: 

𝐸1 =  − �𝑦1𝑠
′ log 𝑦1𝑠 +  �1−  𝑦1𝑠

′� log(1 − 𝑦1𝑠)� 

Where 𝑦1𝑠 is the observed output, and 𝑦1𝑠
′  is the target output. Logistic activation 

function of an output unit in the output layer is given by: 

𝑦1𝑠 =  
1

1 + 𝑖−𝑎1𝑜
 

The cross entropy error gradient with respect to the observed output is obtained: 

𝜕𝐸1 
𝜕𝑦1𝑠  =  

𝜕 �− �𝑦1𝑠
′ log 𝑦1𝑠 +  �1 − 𝑦1𝑠

′� log(1 − 𝑦1𝑠)��
𝜕𝑦1𝑠
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=   
�1−  𝑦1𝑠

′�
(1−  𝑦1𝑠) − 

𝑦1𝑠
′

𝑦1𝑠
 

=  
𝑦1𝑠 −  𝑦1𝑠

′

𝑦1𝑠 (1 −  𝑦1𝑠) 

The gradients between output layer to the input layer are computed using chain rule of 
differentiation as in previous section: 

𝜕𝑦1𝑠

𝜕𝑎1𝑠
=  𝑦1𝑠  (1 −  𝑦1𝑠) 

𝜕𝑎1𝑠

𝜕𝑦13
=  𝑤12 

𝜕𝑦13

𝜕𝑎13
=  𝑦13 (1 −  𝑦13) 

𝜕𝑎13

𝜕𝑦12
=  𝑤6 

𝜕𝑦12

𝜕𝑎12
=  𝑦12 (1 −  𝑦12) 

𝜕𝑎12

𝜕𝑦11
=  𝑤3 

𝜕𝑦11

𝜕𝑎11
=  𝑦11 (1 − 𝑦11) 

𝜕𝑎11

𝜕𝑤1
=  𝑠1  

Cross entropy error gradient 𝐸1 with respect to weight 𝑤1is estimated by substituting 

the above gradient values in the equation 5.13: 

𝜕𝐸1
𝜕𝑤1

 

=  
𝑦1𝑠 −  𝑦1𝑠

′

𝑦1𝑠 (1 −  𝑦1𝑠)  𝑦1𝑠  (1 −  𝑦1𝑠) 𝑤12  𝑦13 (1 −  𝑦13) 𝑤6 𝑦12 (1

−  𝑦12) 𝑤3 𝑦11 (1 −  𝑦11) 𝑠1 
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=  �𝑦1𝑠 −  𝑦1𝑠
′� 𝑤12 𝑦13 (1 −  𝑦13) 𝑤6 𝑦12 (1 −  𝑦12) 𝑤3 𝑦11 (1 − 𝑦11) 𝑠1      (5.26) 

5.2 Deep Learning Method 

n-fold Cross 
validation

CVnCV1 CV2 ...

Case-Control 
Data

Deep Learning 
Algorithm

Evaluation

Multifactor 
combinations

 

Figure.5.7 Overview of the deep learning method. 

The workflow of the proposed deep learning method is illustrated in Figure 5.7 (based 

on [321]). Stage one comprises of case-control based data input. Multi-factor 

combinations of SNPs at various locations are combined together in stage two. It is 

performed to improve the prediction accuracy of the models such that none of the SNPs 

are left. Ten-fold cross validation is conducted in stage three to analyse the predictive 

power of the method. Stages four and five consist of the deep learning algorithm and its 

evaluation respectively. The deep learning algorithm classifies high-risk genotype 

combinations, and discovers multi-locus SNP interactions associated to a disease 

manifestation. Finally, the model is evaluated by varying various parameters. The model 
with the lowest classification error is identified as the best model. 



145 
 

5.2.1 Case-control Data 
Case-control datasets comprise of 𝑠 samples with 𝑖 factors, and a class label 𝑐, which 

either takes 0 (control) or 1(case). Each factor is a SNP at a locus. A SNP is the variation 

in a single nucleotide of a DNA sequence. Due to duplication of genes, SNPs are biallele 

(A and a), whose genotypes are homozygous dominant (AA), heterozygous (aA\Aa), and 

homozygous recessive (aa). Statistically, AA, aA\Aa, and aa are represented by the 

values 1, 2, and 3 respectively. The datasets, such as, whole genome data, and sporadic 

breast cancer data explained in Section 4.2.3, and Section 3.3 of previous chapters are 

used in the evaluation of the proposed deep learning method.  

5.2.2 Multifactor combinations and Cross-validation 
In two-locus models, consider SNP A with genotypes AA, Aa\aA, and aa, and SNP B at 

locus B with genotypes BB, Bb\bB, and bb. The contingency table is generated with 9 

multi-factor cells. That is, in case of two-locus SNPs from the pool of 𝑖 factors, each 

factor with three genotypes creates contingency table with 9 multifactor cells, 

represented in 9 dimensional spaces. Hence, there are 3𝑘  genotype combinations for 𝑘 

loci in 𝑘 dimensional space. Sum of all the combinations for 𝑘 loci from the pool of 𝑖 

factors is given below using binomial coefficient. 

� �
𝑖
𝑘 �

0<𝑘≤𝑜

=  �
𝑖!

𝑘! (𝑖 −𝑘)!

𝑜

𝑘=1

                                                                                                     (5.27) 

Where 𝑜!
𝑘!(𝑜−𝑘)!

 is equal to 1, whenever = 𝑖 .   

5.2.3 Data partition and data analysis  
Data partition and data analysis in this chapter is performed as in the previous chapters. 

The datasets are split into equal parts of 𝑖 for training, and independent testing 

without losing the data. That is, in 𝑖-fold cross validation, 𝑖− 1 splits are used for 

training and remaining one split is used for testing. The method runs 𝑖 times on 

training data by excluding different split each time for testing. In the proposed method, 

10-fold cross validation is performed. It is the most successful internal validation 

method used in high-dimensional genome data. The models are also evaluated by 

splitting the data into three parts (80% for training, 10% for validation, and 10% for 
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testing). The performance of the models during training, validation, and testing are 

evaluated by determining the model’s metrics. Training speed and time to execute the 

models are evaluated by varying width and depth of the network, along with various 

activation functions. The overall best model with highest prediction accuracy and 

lowest logloss along with the highest cross validation consistency (CVC) is selected. The 

final results are statistically evaluated with a 1,000 fold permutation test, whose p 
values are compared with 0.05 in determining the statistical significance of the findings. 

5.2.4 Deep learning algorithm 
The method is based on multilayered feedforward neural networks [310, 311, 321]. It is 

also known as multilayer perceptrons (MLPs) that comprise of multiple layers 

interconnected with neurons. It comprises of single input and output layer along with 

multiple hidden layers. The output of the input layer forms the input to the hidden 

layers, and the output of last hidden layer is fed into the output layer as an input as 

discussed in the previous section. Each neuron computes weighted sum of its input. The 

generalised sum of all weighted inputs to a neuron is computed as below: 

𝑎 =   �𝑠𝑖𝑤𝑖 + 𝑏
𝑖

                                                                                                     (5.28) 

Where weighted sum ∑ 𝑠𝑖𝑤𝑖𝑖 is less than or greater than a threshold level, 𝑏 is bias 

(𝑏 ≡  −𝑖ℎ𝑟𝑖𝑠ℎ𝑎𝑙𝑎), and 𝑤 is a weight assigned to the input 𝑠 for each neuron. The 

number of neurons in each layer is represented as width of the model and the number 

of layers in the network is represented as depth of the model. Not only, weights and 

biases linking the neurons determine the output of the entire network, but it also 

depends on the width and depth of the network. The weighted sum of a neuron is 
transformed by a non-linear activation function 𝑚(. ) to compute the output of a neuron. 

The hyperbolic tangent activation function is used in this method to transform the 

output of a neuron. The hyperbolic tangent (𝑖𝑎𝑠ℎ) function is a rescaled, and shifted 

logistic function, whose symmetry is around 0, such that it allows the algorithm to 

converge faster. The 𝑖𝑎𝑠ℎ activation function or transformation function is given by: 

𝑦 = 𝑚(𝑎) = 𝑖𝑎𝑠ℎ(𝑎) =
𝑠𝑖𝑠ℎ𝑎
𝑐𝑎𝑠ℎ𝑎  =  

𝑖𝑎 −  𝑖−𝑎

𝑖𝑎 + 𝑖−𝑎
=   

𝑖2𝑎 −  1
𝑖2𝑎 +  1  

=
𝑖2(∑ 𝑠𝑛𝑤𝑛+𝑏) 𝑛 − 1
𝑖2(∑ 𝑠𝑛𝑤𝑛+𝑏) 𝑛 − 1                                                                                             (5.29) 
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Where tanh(𝑎)  ∈ (−1, 1). The gradient of 𝑖𝑎𝑠ℎ(𝑎) function is: 

𝑚(𝑎) ′ =  𝑖𝑎𝑠ℎ(𝑎) ′ =  �1− �𝑖
𝑎 −  𝑖−𝑎

𝑖𝑎 + 𝑖−𝑎
�

2

� =  1 − 𝑖𝑎𝑠ℎ2(𝑎)                                                        (5.30) 

The network is trained by three hidden layers with 50 neurons in each hidden layer. 

Backpropagation is used to adapt the weights by reducing the loss. The output error is 

estimated by using a cross entropy objective function. The cross entropy error or cost 

function is given by:  

𝐸 ==  − �(𝑦𝑠′ log(𝑦𝑠) +  (1 −  𝑦𝑠′) log(1−  𝑦𝑠))
𝑠

                                                                (5.31) 

Where 𝑦𝑠′  represents target output and 𝑦𝑠 denotes observed or actual output. The 

network is trained by propagating the error backwards using gradient decent 
algorithm. The new adapted weight after an iteration using backpropagation is given by: 

𝑤′ =  𝑤 −  𝜂 
𝜕𝐸
𝜕𝑤                                                                                                                              (5.32) 

Where 𝜂 is the learning rate, which specifies how much the parameters have to be 

adjusted in the direction of the gradient. Multinomial distribution function is used along 

with cross entropy (log-loss) for the response variables in classification. In practise, 

most of the researchers use parallel versions of stochastic gradient descent (SGD) to 

minimise the log-loss by handling the memory efficiently. It is used to compute the 

partial derivative of each parameter with respect to cross entropy loss function. It 

minimises the loss function by optimising the best fitting parameters using mini-batch 

strategy. However, the execution time of the algorithm drops drastically. In this method, 

SGD is parallelised by using a lock free approach to handle the memory efficiently [311, 

325]. The method is scalable and can specify the number of training samples [326]. It is 

trained with 𝑆 epochs (number of passes over training data) per iteration on 𝑀 nodes. 

For example, consider the training samples per iteration to be 200,000 running on 8 

nodes. Each node processes 25,000 samples per iteration. Hence, if the data has 20 

million samples, there will be 80 distributed iterations to process one epoch.  

5.2.5 Classification for more than two classes 

In the trained method, softmax function is used to classify more than two classes [321]. 

Softmax is a generalized activation function applied in the output layer for multiple-
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class classification problem. It takes multi-dimensional input data, and transforms into 

the range of (0, 1).  The softmax activation function at 𝑐𝑠ℎ output neuron is given by: 

𝑦𝑠𝑠 =  
𝑖𝑎𝑐𝑜

∑ 𝑖𝑎𝑘
𝑜

𝑘
                                                                                                          (5.33) 

Where 𝑘 is the number of classes or number of output nodes in the output layer. 
Softmax is a two-step process in which, 𝑎𝑠𝑠 is estimated for each class at step one, and 

softmax is applied to each class in step two.  

Cross- entropy error estimation for multi-class output is given by: 

𝐸 =  − �𝑦𝑠𝑠′ log(𝑦𝑠𝑠)                                                                                                                   (5.34)
𝑠

 

Where 𝑐 is the number of classes. The cross entropy error gradient is computed as: 

𝜕𝐸
𝜕𝑦𝑠𝑠

= − 
𝑦𝑠𝑠′

𝑦𝑠𝑠
                                                                                                                                    (5.35) 

5.2.6 Other activation functions 
The hyperbolic tangent activation function is implemented in the proposed method. 

However, other non-linear activation functions are also explored in this study [321]. 

The sigmoidal activation function is a default choice in DNNs, and it is represented by: 

𝑚(𝑎) =   
1

1 +  𝑖−𝑎                                                                                                        (5.36) 

Where 𝑚(𝑎)  ∈ (0,1), the gradient of sigmoidal activation function is: 

𝑚(𝑎) ′ =  
−𝑖−𝑎

1 +  𝑖−𝑎 =  𝑚(𝑎) �1 −  𝑚(𝑎)�                                                                (5.37) 

Rectified linear unit activation (ReLU) function is a most popular choice in deep 
learning models as it does not saturate even for a larger values of 𝑎. It is given by: 

𝑚(𝑎) = max(0,𝑎)                                                                                                       (5.38) 

Where 𝑚(𝑎)  ∈ (0,∞). The gradient of ReLU function is: 

𝑚(𝑎) ′ =  � 1  ∶ 𝑎 ≥ 0
  0  ∶ 𝑎 < 0                                                                                               (5.39) 
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Maxout activation function is a generalised version of ReLU and its leaky form.   
    𝑚(𝑎) = max𝑖 𝑎𝑖                                                                                                   (5.40) 

Where   𝑚(𝑎) ∈ (− ∞,∞ ). 

𝑚(𝑎)′ =  𝜕𝜕
𝜕𝑎𝑗

=  �
1  ∶ 𝑗 = arg max𝑖 𝑎𝑖

  0  ∶ 𝑗 ≠ arg max𝑖 𝑎𝑖
                                                                (5.41) 

5.2.7 Dropout 
Dropout is a regularisation technique used in the trained DNNs to prevent overfitting 

[327]. It randomly drops out neurons along with their connections to prevent neurons 

from co-adapting too much in the networks. That is, each neuron in the network 
prevents its activation with a probability 𝑠 of 0.2 and 0.5 for the neurons in the input 

and hidden layers respectively. Hence, only the weights that are connected to the 

surviving neurons are updated with new weights during backpropagation. Forward 
propagation of dropout is given by:  

𝑎 =   �𝑤𝑖𝑠𝑖′ + 𝑏                                                                                                                           (5.42)
𝑖

 

Where 𝑠𝑖′  = 𝑠𝑖𝑎𝑖, 𝑎𝑖 is drawn randomly from independent Bernoulli distribution that 

has the probability (𝑠). Input neuron 𝑠𝑖 is dropped when 𝑎𝑖 = 0. As a result, sigmoid, 

tanh, ReLU, and maxout activation functions along with dropout are also explored to 

improve generalization of the method by preventing the data from overfitting. 

5.2.8 Estimation of variable importance 
Gedeon method is used for calculating variable importance [311, 328]. Initial studies in 

1995, cancelled the weights with opposite signs. In 1997, he modified the contribution 

measures by removing the cancellation problem. The contribution of an input neuron 𝑠 

to a neuron in the hidden layer ℎ is given by: 

𝑆𝑠ℎ =  
|𝑤𝑠ℎ|

∑ |𝑤𝑖ℎ|𝑖𝑖
𝑖=1

                                                                                                        (5.43)  

Where 𝑤𝑠ℎ is the weight of the connection between input neuron 𝑠 to the hidden neuron 

ℎ, 𝑠𝑖 is the number of neurons in the input layer. The contribution of a neuron in the 

hidden layer ℎ to a neuron in the output layer 𝑎 is given by: 
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𝑆ℎ𝑠 =  
|𝑤ℎ𝑠|

∑ �𝑤𝑗ℎ�
𝑖ℎ
𝑗=1

                                                                                                        (5.44) 

Where 𝑤ℎ𝑠 is the weight of the connection between hidden neuron ℎ to the output 

neuron 𝑎, and 𝑠ℎ is the number of neurons in the hidden layer. The contribution of an 

input neuron 𝑠 to a neuron in the output layer 𝑎 is computed as: 

𝑆𝑠𝑠 =  �𝑆𝑠ℎ𝑆ℎ𝑠                                                                                                        (5.45)
𝑖ℎ

ℎ=1

 

Applying equations 5.42 and 5.43 in the equation 5.44, 𝑆𝑠𝑠 is given by: 

𝑆𝑠𝑠 =  ��
|𝑤𝑠ℎ|

∑ |𝑤𝑖ℎ|𝑖𝑖
𝑖=1

��
|𝑤ℎ𝑠|

∑ �𝑤𝑗ℎ�
𝑖ℎ
𝑗=1

�                                                         
𝑖ℎ

ℎ=1

           (5.46) 

5.3 Evaluation over whole genome data  
Several experiments are performed over the published data obtained from whole 

genome study [297] to evaluate the accuracy of the trained deep feedforward neural 

network. The goal of this study is to determine whether the model is a better approach 

for identifying SNP interactions in genome-wide interaction studies. It identifies 

statistically significant genotype combinatorial associations based on cases and 
controls. The approach is developed and analysed in R using H2O package [326].  

Figure 5.8 shows the receiver operating characteristic curve (ROC) during training, 

validation and testing. It illustrates the true positive rate (sensitivity) vs false positive 

rate (specificity) of the method. Figure 5.9 shows the scoring history of the best model. 

Timestep (a unit of measurement for the x-axis) and metrics (a unit of measurement for 

the y-axis) are the arguments available in the scoring history of the model. Timestep for 

the model must be either epochs or samples. Metrics of the model are log-loss, r2 (a 

measure of goodness-of-fit for linear regression), area under the curve (AUC), mean 

square error value (MSE), and classification error. It is observed that as the number of 

training samples increased, synchronization and model convergence decreased. When 

the number of training samples is too low, network communication dominated the 

runtime by affecting the computational performance.  
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Figure.5.8 ROC curve for training, validation and testing. 

 

Figure.5.9 Scoring history of samples vs metrics of the deep learning model. 
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Figure 5.10 shows the test data predicted for the classification on the trained deep 

neural network. The model predicted single-locus and two-locus SNPs interactions 

associated to the disease. Top 20 highly ranked SNPs acting independently or due to 
two-way interactions are plotted as a bar chart in Figure 5.11.  

 

Figure.5.10 Predicting test data on the deep learning model. 

The deep learning method is further analysed and compared with some of the previous 

approaches evaluated in the previous chapters, such as MDR, MDRAC, RF, LR, gradient 

boosted machines (GBM), naïve Bayes, CPAR, SVM, and NN. The accuracy of the trained 

deep learning model has the highest prediction accuracy of 77.01% when compared 

with other previous approaches. The best two-way SNP interaction identified by the 

model is snp100012 (presence of Aa/aA) and snp100019 (presence of Aa/aA). The java 

implementation of MDR (version-3.0.2) [17] is used to analyse the published data. The 

best two-locus model identified by MDR is snp10001 and snp10005, providing a 

training accuracy of 64.72 % and cross-validation consistency of 10 out of 10. The best 

two-locus SNP interaction identified by MDRAC (in chapter 3) is SNP 100033 and SNP 

10005, whose prediction accuracy is 75.15 %. Even though, the accuracy is better than 

previous approaches, the accuracy of the model is low compared to the trained deep 

neural network model.  
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Figure.5.11 Top 20 two-locus SNP interactions identified by the deep learning model. 

The dataset is also used to analyse LR using LogicFS [96] available for R. The accuracy of 

best two-way interaction model identified by LR is 60.91%. When the number of SNPs 

increased, it is observed that searching the interacting SNPs among all the possible logic 

trees became computationally hard. LR uses the simulated annealing as a searching 

algorithm by improving the variable selection. However, measuring the importance of 

interacting variables is restricted only to binary variables. GBM, RF, and Naïve Bayes are 

analysed using H2O interface [326] developed for the R environment. GBM built 

gradient boosted classification trees on the dataset. The prediction accuracy of the 

model is 69.47%. RF analysis determines the importance of variables that allows for 

possible interactions. The prediction accuracy of the model is 70.06%. The power of RF 

is reduced as it requires a marginal effect in at least one of the SNP interacting pair. 

However, it is observed that RF outperforms the prediction when the trees do not 

exhibit a correlation with each other. Figure 5.12, demonstrates the scoring metrics 

history of GBM, RF, LR, and the deep learning method during training and validation. 

Naïve Bayes classifier is also analysed, whose prediction accuracy is 54.14% with high 

classification error compared with other methods. Further, the dataset is evaluated on 

CPAR, SVM, and NN using weka tool whose accuracies to detect two-locus interacting 
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SNPs are 63.69%, 70.07% and 64.97% respectively. The accuracy of all these models is 
represented as a bar chart in Figure 5.13.  

 

Figure.5.12 Comparing metrics of the deep learning model with GBM, RF, and LR. 

 

Figure.5.13 Accuracy of the deep learning model compared with the previous approaches. 



155 
 

5.4 Evaluations on sporadic breast cancer data 

for two-locus interactions 
 Multiple experiments are performed to evaluate the performance of the proposed 

method on sporadic breast cancer data (explained in Section 3.3). The models are 

evaluated by splitting the data (randomly into 80%, 10%, and 10% of data for training, 

validation, and testing respectively), and performing 𝑠-fold cross validation to 

determine the statistical significance of the models. The aim of this study is to confirm 

whether the trained DNN is an effective method to discover the two-locus SNP 

interactions. Furthermore, this study is evaluated and analysed by varying the 

parameters to identify the best model with low test set errors. The method is built and 
analysed in R using the H2o package [326]. 

5.4.1 Evaluation and analysis of the proposed method 
The deep feed forward network trained in this chapter. It has a single input and output 

layers along with three hidden layers. Each layer in the hidden layers is trained with 

1024 and 2048 computational units. The method processes 1000 epochs per 1000 

iterations on 10 compute nodes. By default, the entire data is processed on every node 

locally by shuffling the training samples in each iteration. The model is trained with 

training samples of 320,000. The model took 17.658 seconds to train the data. The 

training speed of the model is estimated as 8122.098 samples/second. The validation 

error of the model is 0.294. Finally, test set error of the model is estimated as 0.661.  

The model is validated by passing various non-linear activation functions such as, 

rectifier, tanh, maxout, rectifier with dropout, tanh with drop out, and maxout with drop 

out. Figure 5.14 compares the metrics of the model by varying the activation functions. 

Among all, tanh with dropout has high prediction accuracy with low classification error. 

Hence, it is chosen as an appropriate activation function to achieve better 

approximation. The input drop out ratio is set to 0.2 and hidden dropout ratios for the 

three hidden layers are each set to 0.5. The model is predicted using test data for the 

classification. The algorithm is executed ten times as 10-fold cross validation is 

performed. Each time a different split is omitted for testing the data. The model with a 

high CVC and low classification error is selected. The best model chosen from 𝑠-fold 
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cross validation, predicted the two-locus SNPs and SNPs with main effects that are 
highly related to breast cancer. 

 

Figure.5.14 Model metrics the deep learning model by changing activation functions (tanh, 

tanhhwithdropout, maxout, maxoutwithdropout, rectifier, and rectifierwithdropout). 

 

Figure.5.15 Top 20 single-locus, and two-locus SNP interactions  
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Figure 5.15 represents highly ranked top 20 interacting genetic polymorphisms in 

ascending order. The best model is validated by dividing the entire data into three parts 

with the probabilities of 0.8, 0.1 and 0.1 for training, validation, and testing respectively. 

The performance of the model for training, validating, and testing is shown in Figure 

5.16. 

 

Figure.5.16 Performance of the model while training, validating, and testing 

 

Figure.5.17 Scoring history of epochs vs metrics of the model. 
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Scoring history of the best model metrics are shown in Figure 5.17. The plots are 

outlined between timesteps on the x-axis (epochs and samples) and metrics on the y-

axis (log-loss, classification error, r2, mse, and auc). It is noted that there is a fall in 

synchronisation and model convergence when training samples/epochs increased. It is 

also observed that the performance of the model is reduced drastically when the 

training samples are too small. This occurs due to the dominance of network 

communication between computational units increase by affecting the execution time of 

the algorithm. 

5.4.2 Evaluation and analysis of the proposed method by 

changing the parameters 
A number of studies are carried out based on the study [329] to find the best model with 

improved accuracy and speed, by changing the parameters. The performance of the 

method is evaluated in terms of training speed, and training time for each set of 

parameters. In the first study, the model’s network topologies (hidden layers) are 

changed by setting rest of the parameters with their default values. The model is 

evaluated for one, two, three, and four hidden layers with 100 epochs. It is observed 

that, the network with three hidden layers (each with 64 neurons), performed better 

than other models with a training speed 4661.972 samples/seconds. In the second 

study, all the models are trained with three hidden layers (with 2048 neurons) by 

varying scoring selections (score training samples, duty cycle, and interval). The best 

model identified in this study has a training speed of 41.586 samples/second, whose 

training time is 8.272 seconds. The third study is a comparative evaluation of manual 

and adaptive learning rates along with momentum. It is observed that the model with 

manual learning rate along with no momentum has performed well compared to other 

models. This is due to less usage of memory and low computational burden. Training 

samples per iteration is varied in the study four with the same 3 layer network. The 

model performed well as the number of training samples increased in terms of training 

speed (48.258 samples/second), and training time (6.631 seconds). Figure 5.18 shows 

the performance of the models evaluated under these four studies are plotted in terms 
of training speed and training time.  
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Figure.5.18 Training speed vs Training time (seconds) of the model by varying parameters which 

includes, Network topology, Scoring selections, Adaptive learning rate, and Training samples 

per iteration. 

Study five is performed by varying activation functions (Rectifier, Rectifier with dropout, 

Tanh, Tanh with dropout, Maxout, and Maxout with dropout) for all the models 

evaluated in the above four studies. Rectifier, and Rectifier with dropout performed 

reasonably well compared to other activation functions. In study six, the performance of 

the method is observed with large deep networks. The networks are trained with four, 

and five hidden layers, under various parameter settings along with different activation 

functions. The best model has the highest training speed of 57.982 samples/second, and 

took 5.519 seconds to train the model. The best model identified by study seven has 

minimum test set error of 0.5, which took 2.53 seconds to train the two layered network. 

Study eight validates the benchmark model, and calculates AUC. Figure 5.19 illustrates 
studies five, six, seven, and eight as a line graph.  
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Figure.5.19 Training speed vs Training time (seconds) of the model by varying parameters (activation 

function, large deep networks), Training time vs Test set error to obtain the model with low 

test set error, and AUC in distributed model. 

5.4.3 Prediction accuracy of the proposed method 

compared with previous methods 
The DNN is evaluated and compared with a few pioneering works, such as Naïve Bayes, 

RF, GBM, LR, and MDR, to detect two-locus SNP interactions. Sporadic breast cancer 

data is used to evaluate the performance of the method in this study. Prediction 

accuracy of all these approaches is noted and tabulated in Table 5.1. It is observed that 

the prediction accuracy of the trained DNN is 68.78 %, which is higher than other 

current machine learning approaches. The network identifies the two-locus model 

(interaction between common homozygous CypIBI.453, and recessive homozygous 

GSTM1) that has high association to the disease. The MDR tool implemented in java, 

version-3.0.2, is used to analyse the data [17, 109]. The best single-locus model 

(GSTM1) is detected with a testing accuracy of 56.82%. MDR identified high interaction 

between Cyp1B1-432 and GSTM1, and demonstrated as the best two-locus model with 
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default parameters. The balanced accuracy of the two-locus model during testing is 

observed as 57.1% with the highest CVC (10 out of 10). The experimental results of the 

best two-locus models are represented in Figure 5.20. It is observed that the results 
were sensitive to the choice of random number seed.  

Table 5.1: Metrics of the deep learning method compared with the previous approaches. 

Methods Accuracy MSE r2 Logloss AUC Gini 
Deep learning 68.78 0.2750 -0.1001 1.192 0.7436 0.4873 
RF 55.85   0.3117 -0.2471 1.2019 0.5139 0.0279 
LR 67.07 0.2123 0.1508 0.6132 0.7360 0.4720 
Naïve Bayes 62.68 0.3092 -0.2369 1.2403 0.6564 0.3128 
GBM 65.85 0.2346 0.0616 0.6620 0.7297 0.4593 
 

 

Figure.5.20 Performance of MDR. A) Allocation of high-risk and low-risk cells in the two-locus 

contingency table of genotype combinations. B) The line graph represents the overall adjusted balanced 

accuracy of top two-locus interacting models. C) An interaction dendogram summarising the information 

gain associated with constructing pairs of SNPs. Shorter connections among nodes represents stronger 

synergistic (red lines) interactions. 

The breast cancer dataset is also analysed by using LogicFS, developed for the R 

environment [96]. The best two-locus interaction model identified by LR is 

Cyp1B1.119_1 & !GSTT1_1. Furthermore, bagging version of LR is used to compute out-
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of-bag error (OOB) rate (49.76%). It is observed that searching for SNP interactions 

among all the possible logic trees became computationally difficult as the number of 

SNPs grows. It is also observed that variable selection is improved by adopting the 

simulated annealing algorithm. Figure 5.21 illustrates the evaluations of LR using 

LogicFS.  

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

Figure.5.21 Performance of LR. A) The graph plots the variable importance of sporadic breast cancer 

data using LR analysis. B) The graph shows the proportions of models that contain the interactions of 

interest C) The top 5 important interactions were identified by Logic Regression (LR). The best 

interaction model identified by LR was Cyp1B1.119_1 & !GSTT1_1, where !GSTT1_1 stands for NOT 

GSTT1_1 (representing the complement of GSTT1_1). Hence, the logical expression of the top model is 

interpreted as: Cyp1B1.119_1 is of the homozygous variant genotype and !GSTT1_1 is of the homozygous 

reference genotype. 

Similarly, breast cancer data is evaluated and analysed on RF, GBM, and Naïve Bayes 

machine learning approaches by using H2o package implemented for the R 

environment [326]. The classification accuracy of RF is 55.85%. It is observed that RF 

analysis allowed the models to decide the importance for the variables that can have 

high possibility of Interactions. However, a high classification error during testing is 
observed compared with other methods. As noted in the previous section, prediction  

  Importance Proportion                             Expression 
1       4.20       0.05                Cyp1B1.119_1 & !GSTT1_1 
2       3.80       0.05           Cyp1B1.119_1 & !CypIBI.453_1 
3       3.20       0.05   !CypIA1m1_1 & Cyp1B1.48_1 & !GSTT1_1 
4       2.95       0.15                               !GSTM1_1 
5       2.90       0.05 Cyp1B1.119_1 & !Cyp1B1.119_2 & GSTM1_2 

A B 

C 
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Figure.5.22 Scoring history of deep learning method, RF, GBM, and LR. 

 

Figure.5.23 Prediction accuracy compared with other machine learning methods. 

accuracy of RF analysis on breast cancer dataset degrades the performance of the 

models, as it required that at least one SNP in the SNP pair should have marginal effect. 

However, it has been noted that when there is no interrelationship between trees in the 
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forest, the prediction accuracy is significantly high. The classification accuracy of GBM is 

65.85%, which is higher than all other previous methods excluding the proposed 

method. Furthermore, the Naïve Bayes classifier is evaluated and analysed using the 

same dataset. The prediction accuracy is observed as 62.68%, which is higher than for 

RF and MDR. The scoring history of RF, GBM, and LR is illustrated in Figure 5.22 and 

compared with the trained DNN. Figure 5.23, summaries the prediction accuracy of all 
the methods and presented as a bar chart.   

5.5 Chapter Summary 
In this chapter, a deep feedforward neural network is trained to identify two-locus 

interacting genetic variants responsible for a disease risk. The method is evaluated on 

the data obtained from a whole genome study, and sporadic breast cancer data to 

predict the performance of the method. The method identifies top twenty highly ranked 

two-locus SNP interactions, which are highly related to the disease manifestation. In 

depth studies are performed by varying parameters of the models to identify the best 

model. The experimental results demonstrated significant improvements in the 

prediction accuracy over the previous machine learning approaches. In the next 

chapter, studies will be performed by validating the performance of the method on the 

higher-order SNP interactions. Further studies will be performed to maximise the 
prediction accuracy by improving network learning, and optimising hyper-parameters.  
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Chapter 6 

Improving Deep Learning Method for 
an intensive search of higher-order 
interactions 

In the previous chapter, a multi-layered feed forward DNN is trained to detect two-locus 

SNP interactions. In this chapter, further studies are performed to validate the behavior 

of the network for higher-order interactions (three-locus or above) in high-dimensional 

data. The proposed method is extended for unsupervised learning. Features are learnt 

by discovering anomalies in the reduced representation of the original data. 

Furthermore studies are performed to maximise the performance of the method by 

improving the network learning, performing sensitivity analysis, and optimising hyper-
parameters.  

Section 6.1 improves the deep learning method proposed in the previous chapter by 

implementing dimensionality reduction, optimising hyper-parameters, and improving 

the learning. The performance of the method is studied for higher-order interactions 

and their combined effects in Section 6.2. Evaluations for unsupervised feature learning 

and optimising hyper-parameters are studied in Section 6.3 and Section 6.4 

respectively. Section 6.5 discusses the experimental results of the models by improving 

the network learning.  

 

This chapter is based on the following publications: 

• S. Uppu and A. Krishna, "Improving strategy for discovering interacting genetic variants in association studies," 

in International Conference on Neural Information Processing, 2016, pp. 461-469: © 2016 Springer, “The original 

publication is available at https://link.springer.com/chapter/10.1007/978-3-319-46687-3_51 ”.  

• S. Uppu and A. Krishna, "Tuning Hyperparameters for Gene Interaction Models in Genome-Wide Association 

Studies," in International Conference on Neural Information Processing, 2017,pp. 791-801: © 2017 Springer, “The 

original publication is available at https://link.springer.com/chapter/10.1007/978-3-319-70139-4_80 ”.  

• S. Uppu and A. Krishna, "An intensive search for higher-order gene-gene interactions by improving deep learning 

model," in 18th IEEE International Conference on Bioinformatics and Bioengineering (BIBE), 2018, pp.104-109: © 

2018 IEEE, “The original publication is available at https://ieeexplore.ieee.or g/document/8567466”.  

https://link.springer.com/chapter/10.1007/978-3-319-46687-3_51
https://link.springer.com/chapter/10.1007/978-3-319-70139-4_80
https://ieeexplore.ieee.org/document/8567466
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6.1 Extended Method 
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Figure.6.1 Overview of the extended deep learning method: ©2018 IEEE. 

Figure 6.1 illustrates the extension to the deep learning method proposed in the 

previous chapter to detect higher-order SNP interactions (updated to Figure 5.7). The 

generalised sum of all weighted inputs to a neuron for single locus and higher-order 

loci, and cross entropy function are computed as explained in the previous chapter 

based on [321, 323]: 

𝑎𝑜 =   �𝑤𝑖

𝑖

𝑖=1

𝑠𝑖 + 𝑏𝑜                                                                                                                        (6. 1) 
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Where, 𝑠 is a three dimensional input layer with 𝑠 SNPs at 𝑠 loci, 𝑠 = {𝑠1,𝑠2,𝑠3, … , 𝑠𝑖}. 

By including multiplicative effect of two SNPs (𝑠𝑖 𝑎𝑠𝑎 𝑠𝑗), the sum of all weighted two-

locus SNP inputs to a neuron is computed as: 

𝑎𝐼𝑡 =   � � � 𝑤𝑙

� 𝑖
𝑟+1�+𝑖

𝑙=𝑖+1

𝑖

𝑗=𝑖+1

𝑖

𝑖=1

�𝑠𝑖𝑠𝑗�+   𝑏𝐼𝑡                                                                                        (6.2) 

The sum of all weighted multiplicative three-locus SNP inputs (𝑠𝑖 ,𝑠𝑗 ,𝑎𝑠𝑎 𝑠𝑘) to a 

neuron is computed as: 

𝑎𝐼𝑡ℎ =   � � � � 𝑤𝑜�𝑠𝑖𝑠𝑗𝑠𝑘�  +  𝑏𝐼𝑡ℎ

� 𝑖
𝑟+2�+𝑙

𝑜=𝑙+1

𝑖

𝑘=𝑗+1

𝑖

𝑗=𝑖+1

𝑖

𝑖=1

                                                                   (6.3) 

Similarly, the sum of all weighted higher-order inputs to a neuron is defined by: 

𝑎𝐼ℎ =   �𝑤𝑖

𝑖

𝑖=1

𝑠𝑖 +  � � � 𝑤𝑙

� 𝑖
𝑟+1�+𝑖

𝑙=𝑖+1

𝑖

𝑗=𝑖+1

𝑖

𝑖=1

�𝑠𝑖𝑠𝑗�+   � � � � 𝑤𝑜�𝑠𝑖𝑠𝑗𝑠𝑘�

� 𝑖
𝑟+2�+𝑙

𝑜=𝑙+1

𝑖

𝑘=𝑗+1

𝑖

𝑗=𝑖+1

𝑖

𝑖=1

…

+  � � � … � � 𝑤𝑠�𝑠𝑖𝑠𝑗𝑠𝑘… 𝑠𝑖�

�𝑖𝑖�+��∑ �𝑖𝑟�
𝑛
𝑟=1 �−1�

𝑠=��∑ �𝑖𝑟�
𝑛
𝑟=1 �−1�+1

𝑖

𝑠=(𝑖−1)+1

𝑖

𝑘=𝑗+1

𝑖

𝑗=𝑖+1

𝑖

𝑖=1

+  𝑤𝑠+1 𝑏𝐼ℎ                                                                                                                (6.4) 

Where, 𝑟 = 1, 𝑠𝑖 takes three factor levels, 𝑠𝑖 = [𝑠𝑖1,𝑠𝑖2,𝑠𝑖3] at 𝑠𝑠ℎ  input variable along 

with a bias 𝑏. A non-linear hyperbolic tangent activation function 𝑚 (. )is applied on the 

weighted inputs of the neuron to keep the values in the manageable range as used in 

previous chapter. Where, tanh function converges faster as its range lies in between -1 

to 1, tanh�𝑎𝐼ℎ �  ∈ (−1,1). 

𝑦𝐼ℎ = 𝑖𝑎𝑠ℎ�𝑎𝐼ℎ� =
𝑖𝑥𝑠�𝑦𝐼ℎ � − 𝑖𝑥𝑠(−𝑦𝐼ℎ )
𝑖𝑥𝑠�𝑦𝐼ℎ � + 𝑖𝑥𝑠 (−𝑦𝐼ℎ )

                                                                                (6.5) 

Gradient of tanh (𝑦𝐼ℎ ) is calculated as follows: 

𝛻 𝑖𝑎𝑠ℎ�𝑎𝐼ℎ � = �1 −�
𝑒𝑒𝑠�𝑎𝐼ℎ�−𝑒𝑒𝑠�−𝑎𝐼ℎ�

𝑒𝑒𝑠�𝑎𝐼ℎ�+𝑒𝑒𝑠�−𝑎𝐼ℎ�
�
2

� = 1 − 𝑖𝑎𝑠ℎ2�𝑎𝐼ℎ�                                          (6.6)  
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The total error 𝑖 of neurons for higher-order interactions in the output layer with 

multiplicative effects is calculated by using cross-entropy function for training samples 

𝑖 is given by: 

𝑖(𝑊,𝐵|𝑖) =  − 
1
𝑠�(log 𝑦𝐼ℎ ∗  𝑦𝐼ℎ ′
𝐶∈𝑠

+ log�1 −  𝑦𝐼ℎ � ∗ (1−𝑦𝐼ℎ ′))                                      (2. 7) 

Where 𝑦𝐼ℎ  is the predicted or observed higher-order output obtained, and 𝑦𝐼ℎ ′ is the 

desired output. 𝑊 is the collection {𝑤𝑖}1:𝑆 − 1R and 𝐵 is the collection {𝑏𝑖}1:𝑆− 1R. 

𝑤𝑖 and 𝑏𝑖 R are the weight matrix connecting layers 𝑖 and 𝑖 + 1 for 𝑆 layers and the vector 

columns of biases for layer 𝑖 + 1 respectively. Let 𝐶  represent the output units and 𝑐 
represent the output layer. The graident of cross-entropy function with respect to 𝑦𝐼ℎ is 

computed as: 

𝜕𝑖
𝜕𝑦𝐼ℎ

=  
𝑖𝐼ℎ − 𝑦𝐼ℎ

𝑦𝐼ℎ(1−𝑦𝐼ℎ)                                                                                                                                         (6.8) 

Where, 𝑖𝐼ℎ and 𝑦𝐼ℎ represents the predicted and actual higher-order interaction outputs 

respectively. The objective of the loss function is to adapt the weights by minimising the 

loss. A lock-free parallel version of SGD is used compute the partial derivative of each 

parameter with respect to cross entropy loss function [325]. It minimises the loss 

function by optimising the best fitting parameters using mini-batch strategy. The 
parameters (𝑤𝑖 ,𝑏𝑖) of the DNN model are updated for every epoch from time 𝑖 to 𝑖 + 1. 

𝑤𝑖
′  ←  𝑤𝑖 −  𝜂  

𝜕𝑖
𝜕𝑤𝑖

                                                                                                                           (6.9) 

𝑏𝑖′  ←  𝑏𝑖 −  𝜂 
𝜕𝑖
𝜕𝑏𝑖

                                                                                                                           (6.10) 

Where,  𝜕𝑒
𝜕𝑤𝑖

 is the partial derivative of loss function with respect to 𝑤𝑖, 
𝜕𝑒
𝜕𝑏𝑖

 is the partial 

derivative of loss function with respect to 𝑏𝑖 , and 𝜂 is the learning rate, 𝑠 > 0. Partial 

derivative of the loss function with respect to the layer’s parameters 𝑤𝑖 and it’s input 𝑠𝑖 

are computed. Where, 𝜕𝑒
𝜕𝑠𝑖 

 is the partial derivative of the loss function with respect to the 
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input of 𝑖  𝑖ℎ layer, that is, (𝑖 − 1) 𝑖ℎ layer. Using chain rule of differentiation, 𝜕𝑒
𝜕𝑤𝑖

  and  

𝜕𝑒
𝜕𝑠𝑖 

 are computed as defined in the previous chapter.  

6.1.1 Improving learning 
The predictive performance of the extended deep learning method for higher-order 

interactions is maximized by improving the way deep networks learn (based on [323, 
330]).  

6.1.1.1 Regularization 
Overfitting is a major challenge of DNNs as they are very difficult to train due to non-
linear and high-dimensional parameters. It is reduced by using 𝑙2regularization (or 

weight decay) technique. The regularized cross-entropy term is given by [323]: 

𝑖𝑅 =  −  
1
𝑠�(log 𝑦𝐼ℎ ∗  𝑦𝐼ℎ ′
𝐶∈𝑠

+ log�1−  𝑦𝐼ℎ � ∗ (1−𝑦𝐼ℎ ′))  + 
𝜇

2𝑠�𝑤2

𝑤

                       (6. 31) 

Sum of the squares of all the weights in the network is added to the cross-entropy 

function. Where, 𝜇 is the regularization parameter, 𝜇 > 0 and 𝑠 is the size of the training 

set. Regularization makes the network to learn with small weights by minimizing the 
original cross-entropy function. Cross-entropy function (𝑖) is minimized when 𝜇 is 

small, and small weights are chosen when 𝜇 is large. Partial derivative of 𝑖𝑅 is computed 

by: 

𝜕𝑖𝑅
𝜕𝑤𝑖

=  
𝜕𝑖
𝜕𝑤𝑖

+  
𝜇
𝑠  𝑤𝑖                                                                                                                          (6.12) 

The weights of the SGD learning rule are updated as: 

𝑤𝑖  ←  𝑤𝑖 −  
𝜂
𝑖  

𝜕𝑖
𝜕𝑤𝑖

−  
𝜂𝜇𝑤𝑖
𝑠                                                                                                         (6.13) 

𝑤𝑖  ←  𝑤𝑖 �1 −
𝜂𝜇
𝑠 � −

𝜂
𝑖  

𝜕𝑖
𝜕𝑤𝑖

                                                                                                       (6.14) 

Where 1 − 𝜂𝜂
𝑖

 is a rescaling factor that is referred as weight decay by shrinking the 

weight 𝑤𝑖,  𝜂 is the learning rate and 𝑖 is mini-batch of training samples. Dropout is 

combined with 𝑙2regularization to avoid overfitting by improving generalization in the 
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proposed DNNs. Activation of some the neurons in the network is suppressed with the 

probability of 𝑆 in each forward pass. Usually, 𝑆 < 0.5 for hidden layers and 𝑆 < 0.2 for 

input layer.  

6.1.1.2 Weight initialization 
Weights are initialized using independent Gaussian random variables that are 
normalized with mean 0 and standard deviation 1. When 𝑦𝑜 ≫ 1 or 𝑦𝑜 ≫ −1, the 

output of the neuron is close to 0 or 1 by attaining saturation. Hence, a small change in 

the weights does not affect the other neurons in the networks by leaving extremely 

small change in cross entropy function. This leads the network to learn weights slowly 

in SGD algorithm. Hence, the weights are further initialized by mean 0 and standard 

deviation  1
�𝑠𝑖

 to reduce the neuron’s saturation by reducing the Gaussians [323]. It 

improves the speed of learning the proposed method by improving the model 
performance. 

6.1.1.3 Learning rate and batch size 
The learning rate and batch size in SGD are chosen carefully, which have great impact 

on training speed and performance of the model. When 𝜂 is too large, the steps will be 

large that may overshoot the minimum and causes the algorithm go beyond the valley 
[323]. Choosing 𝜂 too small slows down the algorithm. Learning rate such as, 0.0001, 

0.001, 0.01, and 0.1 are explored [330]. The batch size of the training sample is 

increased to improve the speed of training, where else, it is decreased to improve the 

memory efficiency. Hence, the smaller learning rate 𝜂 and the larger batch size 𝑖 are 

chosen. 

6.1.1.4 Momentum and adaptive learning rate 
The current parameter 𝑤 is updated by a fraction of previous iteration of back 

propagation to improve training. Momentum based SGD changes the velocity vector 𝑣 

instead of directly changing the position. The weights are updated by using Nesterov 
accelerated gradient (NAG) method from time 𝑖 to 𝑖 + 1 as follows [331]: 

𝑣𝑠+1 =  𝜗𝑣𝑠 −   𝜂∇𝑖(𝑤𝑠 + 𝜗𝑣𝑠)                                                                                                    (6.15) 

𝑤𝑠+1 = 𝑤𝑠 +  𝑣𝑠+1                                                                                                                            (6.16) 
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Where 𝜗 (𝜗 ∈ [0,1]) is a momentum parameter that sets to a typical value 𝜗 = 0.9, and 

𝜂 > 0 represents the learning rate. Momentum parameter controls oscillations by 

fastening the convergence to local minima. Adaptive learning is implemented by using 

ADADELTA, which combines learning rate annealing and momentum training to avoid 

slow convergence [332]. Typical values 0.9 and 10-9 are set to two hyper-parameters of 
adaptive learning 𝜌 and 𝜏 respectively.  

6.1.2  Optimising hyper-parameters 
The objective of the deep learning algorithm is to find a function that minimizes 
classification error. It produces the function 𝐻𝑆𝐺 through the optimization of training 

criteria with respect to hyper-parameters. Traditionally, a number of models are 

trained manually with various combinations of hyper-parameters in the previous 

chapter. The performances of all the models are compared to find the best model. This 

kind of manual search becomes tedious when the desired values of the network 

increases. Reproducing the result is one of the major drawbacks of manual search that 

we observed in the previous chapter. Choosing set of configurations is a critical step in 

the hyper-parameter optimization of the method. Additionally, achieving the optimal 

hyper-parameters is more complex when dealing with multi-dimensional data. Hence, 

automatic and reproducible approaches for tuning hyper-parameters are required. The 

most widely used strategies such as, grid, and random search are evaluated in this study 

to maximize the prediction accuracy [333].  

6.1.2.1 Grid Search 

Grid search (Cartesian search) [333] exhaustively builds models for every combination 

of hyper-parametric values specified. That is, deep learning algorithm is trained 

accordingly with a number of configurations of hyper-parameters. Bounds and steps 

between values of hyper-parameters are specified to the form a grid of configurations. 

The search begins at limited grid with relatively large steps between the parameter 

values by making the grid finer at the best configuration. This searching process further 

continues on a new grid till it searches all the configurations. Finally, the hyper-

parameter configuration that provides the best performance is chosen as the optimal 

value. Grid search is expensive as it searches exhaustively for all the configurations. 
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Consider 𝑠 hyperparameters each with 5 values, which make 5n configurations in total. 
Hence, number of configurations in grid search is represented as  𝐺 elements below: 

𝐻𝑆𝐺 = �|𝐻𝑠|
𝐺

𝑔=1

                                                                                                                                (6.17) 

The product over 𝐺 set leads grid search to suffer from issues of dimensionality as the 

number of values exponentially increases with the number of hyperparameters.  Hence, 

grid search is feasible for a small number of configurations. However, grid search can 
compute in parallel to improve the computational power.  

6.1.2.2 Random Grid Search 

In random grid search [333], the grid of configurations of hyper-parameters is searched 

randomly. The hyper-parameter values are chosen within the specified values without 

repeats by building the models sequentially. Optimal combination of parameter values 

is identified to maximize the predictive performance of the model. Adding new 

configurations or removing failed configurations are feasible in the random search. 

Hence, random search is simple, and as effective as full grid search. The number of trails 
is much less than grid search with comparable performance. 

6.1.3 Sensitivity analysis 
Sensitivity analysis in DNN refers the behaviour of the output by the influence of input 

and weight perturbations in the network. That is, it obtains the relationship between 

the two-locus interaction variables and the response variable rather than a categorical 

description. Lekprofile method [334, 335] is implemented to analysis the sensitivity of 

the improved deep learning method for two-locus interactions. This function returns 

the predicted output (as a plot) by evaluating the effect of each two-locus variables 

across the range of values by keeping other two-locus variables constant. The main idea 

of this method is to construct a matrix with the range between minimum and maximum 

values of all the input variables. The obtained matrix is then used to predict the values 

of the output variables.  

6.1.4 Dimensionality reduction 
Evaluating multi-locus combinations of SNPs in genome-wide data increase 
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exponentially. Finding an optimal combination among an unusually large number of 

combinations is not feasible within the existing computational techniques. That is, for a 

study of 300,000 SNPs in GWA, there will be 4.5*1010 two-way interactions and 4.5*1015  

three-way interactions to be examined [2]]. This computational challenge has been 

addressed in this method by implementing Principal Component Analysis (PCA) [336] 

in the preprocessing step. PCA is used to reduce high-dimensional genome-wide data 

into a low-dimensional data, and applied to the proposed deep learning method to 

detect higher-order SNP interactions associated with a disease. It is an unsupervised 

learning algorithm, which transforms high-dimensional data linearly into a new set of 

low dimensional data with uncorrelated features. Further, the extended method is 

trained for unsupervised feature learning, and to detect anomalies in the data by using 

deep autoencoder [311]. It learns nonlinearly from the reduced representation of the 

actual data. The model is trained on a training data by ignoring class labels. 

Reconstruction error is computed between the output and input layers with anomaly 
detection to determine the outliers for higher-order interacting SNP test data.  

6.1.5 Case-control Data 
The extended deep learning method is evaluated on sporadic breast cancer, and 

hypertension data explained in Section 3.3, and Section 4.2.3 respectively. Further, the 
method is also analysed on a chronical dialysis patient data.  

Chronic dialysis patients data comprise of 897 samples, among which, there are 193 

patients and 704 healthy controls [337]. The study is conducted at Kaohsiung Chang 

Gung Memorial Hospital, based on unrelated Taiwanese of ethnic Chinese background 

with 390 men and 507 women, whose average age is 50.45 years. This study 

investigates the prevalence of SNPs in the mitochondrial D-loop. Large scale 

bioinformatic analysis and D-loop sequencing, which stretches between nt16180–

16195 and nt303–315, are used to identify 77 SNPs (whose frequencies greater than 

1%) that matched with the positions given in the Revised Cambridge Reference 

Sequence (CRS). Chi-square tests are performed to compare distributions of SNPs 

between cases and controls. It was observed that nine SNPs (statistically significant 

SNPs, 𝑠 < 0.05, that are selected by logistic regression), such as, SNP5 (16108Y), SNP17 

(16172Y), SNP21 (16223Y), SNP34 (16274R), SNP35 (16278Y), SNP55 (16463R), 

SNP56 (16519Y), SNP64 (185R), and SNP65 (189R) in D-loop of CRS, are frequently 
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occurring among patients. It was also observed that chronical dialysis patients had low 
cholesterol, body mass, and blood thiols compared with healthy controls.  

6.2 Evaluations for higher-order interactions 
The extended model is evaluated for one-locus to ten-locus SNP interactions 

individually on sporadic breast cancer data [17] and analysed in R [311]. Figure 6.2 

plots true positives vs false positives from one-locus to ten-locus SNP interactions. True 

positive rate constantly rises as false positive rate increases. Furthermore, the method 

is evaluated by binding all higher-order combinations together and predicted on test 

data for identifying interacting SNPs responsible for breast cancer. Table 6.1 represents 

the top 10 highly ranked SNPs due to main effect (single-locus). Table 6.2 to 6.10 shows 

the top 10 highly ranked SNP interactions (two to ten loci). 

 

Figure.6.2 ROC plots for one-locus to ten-locus interactions  

Table 6.1: Top 10 single-locus SNPs. 
Single-locus Relative importance Scaled importance Percentage 
CypIAIm2.0 1 1 0.038374 



175 
 

GSTM1.2 0.994644 0.994644 0.038169 
CypIA1m1.0 0.942725 0.942725 0.036176 
CypIAIm2.1 0.930519 0.930519 0.035708 
Cyp1B1.119.2 0.921988 0.921988 0.03538 
Cyp1B1.119.0 0.904081 0.904081 0.034693 
CypIAIm4.2 0.886577 0.886577 0.034022 
CypIBI.453.2 0.865571 0.865571 0.033215 
CypIBI.453.1 0.865297 0.865297 0.033205 
Cyp1B1.48.2 0.851473 0.851473 0.032674 

Table 6.2: Top 10 two-locus SNPs. 
Two-locus Relative importance Scaled importance Percentage 
CypIBI.432_GSTM1.0_0 1 1 0.003316 
CypIAIm4_COMT.0_1 0.969585 0.969585 0.003215 
CypIAIm2_Cyp1B1.119.0_2 0.962495 0.962495 0.003192 
CypIA1m1_COMT.0_1 0.955504 0.955504 0.003169 
Cyp1B1.119_GSTM1.other 0.948031 0.948031 0.003144 
CypIAIm4_CypIBI.453.1_1 0.944119 0.944119 0.003131 
CypIA1m1_COMT.1_2 0.93672 0.93672 0.003106 
CypIA1m1_CypIAIm4.2_0 0.936491 0.936491 0.003106 
Cyp1B1.119_GSTM1.2_0 0.933997 0.933997 0.003097 
CypIAIm2_Cyp1B1.119.1_1 0.933644 0.933644 0.003096 

Table 6.3: Top 10 three-locus SNPs. 
Three-locus Relative importance Scaled importance Percentage 
GSTM1_CypIA1m1_Cyp1B1.119.1_2_0 1 1 0.000541 
CypIAIm4_CypIBI.453_COMT.0_0_0 0.999697 0.999697 0.000541 
Cyp1B1.119_CypIBI.453_COMT.0_1_2 0.997203 0.997203 0.00054 
CypIA1m1_Cyp1B1.48_Cyp1B1.119.0_1_1 0.993222 0.993222 0.000538 
GSTM1_Cyp1B1.119_CypIBI.432.0_1_1 0.983041 0.983041 0.000532 
Cyp1B1.48_CypIBI.453_COMT.0_0_2 0.981969 0.981969 0.000532 
CypIAIm2_CypIBI.432_CypIBI.453.0_2_1 0.970226 0.970226 0.000525 
CypIAIm2_CypIAIm4_COMT.0_0_1 0.968185 0.968185 0.000524 
CypIAIm2_Cyp1B1.119_CypIBI.432.0_1_1 0.962698 0.962698 0.000521 
GSTT1_CypIAIm4_Cyp1B1.48.1_1_2 0.954735 0.954735 0.000517 

Table 6.4: Top 10 four-locus SNPs. 

Four-locus 
Relative 
importance 

Scaled 
importance Percentage 

GSTT1_Cyp1B1.48_Cyp1B1.119_CypIBI.453.0_0_0_0 1 1 0.000187 
CypIAIm2_CypIAIm4_CypIBI.432_CypIBI.453.0_0_1_0 0.993707 0.993707 0.000185 
CypIA1m1_CypIAIm2_Cyp1B1.119_CypIBI.453.0_0_1_0 0.937532 0.937532 0.000175 
GSTM1_GSTT1_CypIAIm2_COMT.1_0_0_1 0.917958 0.917958 0.000171 
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GSTM1_CypIAIm2_CypIAIm4_CypIBI.432.2_0_0_1 0.894873 0.894873 0.000167 
GSTM1_CypIAIm2_CypIBI.432_CypIBI.453.2_0_1_0 0.888379 0.888379 0.000166 
GSTM1_CypIAIm4_CypIBI.432_CypIBI.453.2_0_1_0 0.887178 0.887178 0.000166 
CypIA1m1_Cyp1B1.48_Cyp1B1.119_CypIBI.453.0_1_1_0 0.878258 0.878258 0.000164 
GSTT1_CypIA1m1_CypIAIm2_CypIBI.453.0_0_0_0 0.877966 0.877966 0.000164 
GSTT1_CypIAIm4_CypIBI.432_COMT.0_0_1_2 0.873926 0.873926 0.000163 

Table 6.5: Top 10 five-locus SNPs. 

Five-locus 
Relative 
importance 

Scaled 
importance Percentage 

CypIAIm4_Cyp1B1.119_CypIBI.432_CypIBI.453_COMT. 
0_0_2_1_2 1 1 0.000861 
CypIAIm4_Cyp1B1.48_Cyp1B1.119_CypIBI.432_CypIBI.453. 
0_1_0_2_0 0.986704 0.986704 0.000849 
CypIAIm2_Cyp1B1.119_CypIBI.432_CypIBI.453_COMT0. 
0_0_0_0_2 0.966052 0.966052 0.000832 
CypIAIm2_Cyp1B1.119_CypIBI.432_CypIBI.453_COMT0. 
0_0_1_0_1 0.961081 0.961081 0.000827 
CypIAIm4_Cyp1B1.48_Cyp1B1.119_CypIBI.432_CypIBI.453. 
1_2_2_1_1 0.956407 0.956407 0.000823 
CypIAIm4_Cyp1B1.48_CypIBI.432_CypIBI.453_COMT0. 
0_1_2_1_0 0.950821 0.950821 0.000818 
CypIAIm2_Cyp1B1.119_CypIBI.432_CypIBI.453_COMT. 
0_1_2_0_1 0.947256 0.947256 0.000815 
CypIAIm2_Cyp1B1.119_CypIBI.432_CypIBI.453_COMT. 
0_1_2_1_2 0.946094 0.946094 0.000814 
Cyp1B1.48_Cyp1B1.119_CypIBI.432_CypIBI.453_COMT. 
1_1_1_1_1 0.939614 0.939614 0.000809 
CypIAIm4_Cyp1B1.119_CypIBI.432_CypIBI.453_COMT0. 
0_0_2_2_0 0.939176 0.939176 0.000808 

Table 6.6: Top 10 six-locus SNPs. 

Six-locus 
Relative 
importance 

Scaled 
importance Percentage 

GSTM1_CypIA1m1_CypIAIm2_CypIAIm4_CypIBI.453_ 
COMT.2_0_0_0_0_1 1 1 9.37E-05 
GSTM1_CypIA1m1_CypIAIm2_CypIAIm4_Cyp1B1.48_ 
Cyp1B1.119.2_0_0_0_0_0 0.872903 0.872903 8.18E-05 
GSTM1_GSTT1_CypIA1m1_CypIAIm2_CypIAIm4_ 
COMT.2_0_0_0_0_1 0.870073 0.870073 8.15E-05 
GSTM1_CypIA1m1_CypIAIm2_CypIAIm4_Cyp1B1.119_ 
CypIBI.453.1_0_0_0_0_1 0.854312 0.854312 8.00E-05 
GSTM1_GSTT1_CypIAIm2_CypIAIm4_Cyp1B1.48_ 
Cyp1B1.119.1_0_0_0_0_0 0.84855 0.84855 7.95E-05 
GSTM1_GSTT1_CypIA1m1_CypIAIm4_Cyp1B1.48_ 
Cyp1B1.119.1_0_0_0_0_0 0.811257 0.811257 7.60E-05 
GSTM1_GSTT1_CypIAIm2_CypIAIm4_Cyp1B1.48_ 
CypIBI.453.1_0_0_0_0_1 0.804048 0.804048 7.53E-05 
GSTT1_CypIA1m1_CypIAIm4_Cyp1B1.48_Cyp1B1.119_ 
CypIBI.432.0_0_0_0_0_1 0.792282 0.792282 7.42E-05 
GSTT1_CypIA1m1_CypIAIm2_CypIAIm4_CypIBI.432_ 
COMT.0_0_0_0_0_1 0.784495 0.784495 7.35E-05 
GSTT1_CypIA1m1_CypIAIm2_CypIAIm4_CypIBI.453_ 0.781435 0.781435 7.32E-05 
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COMT.1_0_0_0_0_1 

 

Table 6.7: Top 10 seven-locus SNPs. 

Seven-locus 
Relative 
importance 

Scaled 
importance Percentage 

GSTT1_CypIA1m1_CypIAIm2_Cyp1B1.48_Cyp1B1.119_ 
CypIBI.432_COMT.0_0_0_1_1_1_1 1 1 9.88E-05 
GSTM1_GSTT1_CypIA1m1_CypIAIm2_CypIBI.432_ 
CypIBI.453_COMT.2_0_0_0_0_0_1 0.915253 0.915253 9.05E-05 
GSTM1_GSTT1_CypIA1m1_CypIAIm2_Cyp1B1.48_ 
CypIBI.432_CypIBI.453.0_1_0_0_1_1_0 0.903594 0.903594 8.93E-05 
GSTM1_GSTT1_CypIAIm2_CypIAIm4_Cyp1B1.48_ 
CypIBI.453_COMT.2_1_0_0_1_0_1 0.88419 0.88419 8.74E-05 
GSTT1_CypIA1m1_CypIAIm4_Cyp1B1.119_CypIBI.432_ 
CypIBI.453_COMT.0_0_0_0_0_0_1 0.874434 0.874434 8.64E-05 
GSTM1_CypIA1m1_CypIAIm2_CypIAIm4_Cyp1B1.48_ 
Cyp1B1.119_COMT.2_0_0_0_1_1_1 0.852067 0.852067 8.42E-05 
GSTM1_GSTT1_CypIA1m1_CypIAIm2_CypIAIm4_ 
Cyp1B1.119_COMT.1_1_1_1_0_1_1 0.851814 0.851814 8.42E-05 
GSTM1_GSTT1_CypIA1m1_Cyp1B1.48_Cyp1B1.119_ 
CypIBI.432_CypIBI.453.2_0_0_1_1_1_0 0.850934 0.850934 8.41E-05 
GSTM1_CypIA1m1_CypIAIm2_Cyp1B1.119_CypIBI.432_ 
CypIBI.453_COMT.1_0_0_1_1_0_0 0.845271 0.845271 8.35E-05 
GSTT1_CypIA1m1_CypIAIm2_CypIAIm4_Cyp1B1.48_ 
CypIBI.432_COMT.0_0_0_0_0_1_0 0.838415 0.838415 8.29E-05 

 

Table 6.8: Top 10 eight-locus SNPs. 

Eight-locus 
Relative 
importance 

Scaled 
importance Percentage 

GSTT1_CypIA1m1_CypIAIm2_CypIAIm4_Cyp1B1.48_ 
Cyp1B1.119_CypIBI.432_CypIBI.453.0_0_0_0_1_1_1_0 1 1 0.000186 
GSTM1_GSTT1_CypIA1m1_CypIAIm4_Cyp1B1.48_ 
CypIBI.432_CypIBI.453_COMT.1_0_0_0_1_1_0_2 0.96285 0.96285 0.000179 
GSTT1_CypIA1m1_CypIAIm2_CypIAIm4_Cyp1B1.48_ 
CypIBI.432_CypIBI.453_COMT.0_0_0_0_1_2_0_0 0.941824 0.941824 0.000175 
GSTM1_GSTT1_CypIA1m1_CypIAIm4_Cyp1B1.119_ 
CypIBI.432_CypIBI.453_COMT.1_1_1_0_2_1_0_2 0.933696 0.933696 0.000173 
GSTM1_GSTT1_CypIAIm2_CypIAIm4_Cyp1B1.48_ 
Cyp1B1.119_CypIBI.432_COMT.2_1_0_0_0_0_1_2 0.93294 0.93294 0.000173 
GSTM1_GSTT1_CypIA1m1_CypIAIm4_Cyp1B1.48_ 
CypIBI.432_CypIBI.453_COMT.2_0_0_0_1_1_0_1 0.929989 0.929989 0.000173 
GSTM1_GSTT1_CypIA1m1_CypIAIm2_CypIAIm4_ 
Cyp1B1.119_CypIBI.453_COMT.2_0_1_1_0_1_1_2 0.919637 0.919637 0.000171 
GSTM1_CypIA1m1_CypIAIm2_CypIAIm4_Cyp1B1.119_ 
CypIBI.432_CypIBI.453_COMT.2_0_0_0_2_1_0_2 0.918979 0.918979 0.000171 
CypIA1m1_CypIAIm2_CypIAIm4_Cyp1B1.48_Cyp1B1.119_ 
CypIBI.432_CypIBI.453_COMT.2_1_0_2_2_1_0_0 0.914692 0.914692 0.00017 
GSTM1_GSTT1_CypIA1m1_CypIAIm2_CypIAIm4_ 
Cyp1B1.119_CypIBI.432_CypIBI.453.2_0_0_0_1_0_1_0 0.912552 0.912552 0.000169 
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Table 6.9: Top 10 nine-locus SNPs. 

Nine-locus 
Relative 
importance 

Scaled 
importance Percentage 

GSTM1_GSTT1_CypIA1m1_CypIAIm2_CypIAIm4_ 
Cyp1B1.48_CypIBI.432_CypIBI.453_COMT.other_1 1 1 0.010758 
GSTM1_GSTT1_CypIA1m1_CypIAIm4_Cyp1B1.48_ 
Cyp1B1.119_CypIBI.432_CypIBI.453_COMT.other_0_1 0.996381 0.996381 0.010719 
GSTM1_GSTT1_CypIA1m1_CypIAIm4_Cyp1B1.48_ 
Cyp1B1.119_CypIBI.432_CypIBI.453_COMT.other_1_0 0.982216 0.982216 0.010567 
GSTM1_GSTT1_CypIA1m1_CypIAIm2_CypIAIm4_ 
Cyp1B1.119_CypIBI.432_CypIBI.453_COMT.other 0.96474 0.96474 0.010379 
GSTM1_CypIA1m1_CypIAIm2_CypIAIm4_Cyp1B1.48_ 
Cyp1B1.119_CypIBI.432_CypIBI.453_COMT.2_0_0_0_1_1_1_0_1 0.961017 0.961017 0.010339 
GSTM1_GSTT1_CypIAIm2_CypIAIm4_Cyp1B1.48_ 
Cyp1B1.119_CypIBI.432_CypIBI.453_COMT.other_0_1 0.956817 0.956817 0.010293 
GSTM1_GSTT1_CypIA1m1_CypIAIm2_CypIAIm4_ 
Cyp1B1.48_CypIBI.432_CypIBI.453_COMT.other_0_1 0.956505 0.956505 0.01029 
GSTM1_GSTT1_CypIA1m1_CypIAIm2_CypIAIm4_ 
Cyp1B1.48_Cyp1B1.119_CypIBI.432_COMT.other_2_2_1 0.948387 0.948387 0.010203 
GSTM1_GSTT1_CypIA1m1_CypIAIm2_CypIAIm4_ 
Cyp1B1.48_CypIBI.432_CypIBI.453_COMT.other_0_2 0.936297 0.936297 0.010073 
GSTM1_GSTT1_CypIA1m1_CypIAIm2_CypIAIm4_ 
Cyp1B1.48_Cyp1B1.119_CypIBI.432_CypIBI.453.other_0 0.936251 0.936251 0.010072 

 

Table 6.10: Top 10 ten-locus SNPs. 

Ten-locus 
Relative 
importance 

Scaled 
importance Percentage 

CypIA1m1_CypIAIm2_CypIAIm4_Cyp1B1.48_Cyp1B1.119_ 
CypIBI.432_CypIBI.453_COMT_GSTM1_GSTT1.other 1 1 0.10578 
CypIA1m1_CypIAIm2_CypIAIm4_Cyp1B1.48_Cyp1B1.119_ 
CypIBI.432_CypIBI.453_COMT_GSTM1_GSTT1.other_0_0 0.956917 0.956917 0.101223 
CypIA1m1_CypIAIm2_CypIAIm4_Cyp1B1.48_Cyp1B1.119_ 
CypIBI.432_CypIBI.453_COMT_GSTM1_GSTT1.0_0_0_1_1_1_0_ 
1_2_0 0.915503 0.915503 0.096842 
CypIA1m1_CypIAIm2_CypIAIm4_Cyp1B1.48_Cyp1B1.119_ 
CypIBI.432_CypIBI.453_COMT_GSTM1_GSTT1.other_1_0 0.901195 0.901195 0.095328 
CypIA1m1_CypIAIm2_CypIAIm4_Cyp1B1.48_Cyp1B1.119_ 
CypIBI.432_CypIBI.453_COMT_GSTM1_GSTT1.0_0_0_0_0_1_1_ 
1_2_0 0.882414 0.882414 0.093342 
CypIA1m1_CypIAIm2_CypIAIm4_Cyp1B1.48_Cyp1B1.119_ 
CypIBI.432_CypIBI.453_COMT_GSTM1_GSTT1.other_2_0 0.851962 0.851962 0.09012 
CypIA1m1_CypIAIm2_CypIAIm4_Cyp1B1.48_Cyp1B1.119_ 
CypIBI.432_CypIBI.453_COMT_GSTM1_GSTT1.other_1 0.817296 0.817296 0.086453 
CypIA1m1_CypIAIm2_CypIAIm4_Cyp1B1.48_Cyp1B1.119_ 
CypIBI.432_CypIBI.453_COMT_GSTM1_GSTT1.other_2_1 0.8107 0.8107 0.085756 
CypIA1m1_CypIAIm2_CypIAIm4_Cyp1B1.48_Cyp1B1.119_ 
CypIBI.432_CypIBI.453_COMT_GSTM1_GSTT1.other_0 0.800813 0.800813 0.08471 
CypIA1m1_CypIAIm2_CypIAIm4_Cyp1B1.48_Cyp1B1.119_ 
CypIBI.432_CypIBI.453_COMT_GSTM1_GSTT1.other_0_1_2_0 0.778783 0.778783 0.08238 
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Figure.6.3 ROC plots of higher-order interaction model a) AUC for training data b) AUC for 

validation data 

 

Figure.6.4 Scoring metrics of higher-order interaction model 
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The method is further analysed by combining single-locus to ten-locus SNPs to observe 

the performance of the method over the combined effect. Figure 6.3 illustrates the ROC 

graph of the model for the combined higher-order interactions, during training and 

validation respectively. Figure 6.4 shows the performance metrics of the model during 

training and validation.  

Table 6.11: Top 10 higher-order SNPs. 
SNP Interactions Importance 
CypIAIm2_Cyp1B1.119.0_0 1 
GSTM1_GSTT1_CypIA1m1_CypIAIm4_Cyp1B1.48_Cyp1B1.119_CypIBI.432_CypIBI.453 
_COMT2.other 0.9608197 
Cyp1B1.119.0 0.9038942 
GSTM1_GSTT1_CypIA1m1_CypIAIm4_Cyp1B1.48_ Cyp1B1.119_CypIBI.432_CypIBI.453 
_COMT3.other 0.8887891 
GSTM1_GSTT1_CypIA1m1_CypIAIm2_CypIAIm4_ Cyp1B1.48_CypIBI.432_CypIBI.453 
_COMT0.other_2_0_1 0.8884753 
GSTM1_GSTT1_CypIA1m1_CypIAIm4_Cyp1B1.48_ Cyp1B1.119_CypIBI.432_CypIBI.453 
_COMT1.other 0.8826617 
GSTM1_GSTT1_CypIA1m1_CypIAIm2_CypIAIm4_ Cyp1B1.48_Cyp1B1.119_CypIBI.432 
_CypIBI.4532.other_0 0.8727763 
Cyp1B1.119_GSTM1.0_2 0.8687097 
GSTM1_GSTT1_CypIA1m1_CypIAIm2_CypIAIm4_Cyp1B1.48_Cyp1B1.119_CypIBI.432 
_CypIBI.4533.2_0_0_0_0_0_0_1_0 0.8671682 
CypIAIm2_Cyp1B1.48_Cyp1B1.119_CypIBI.432_ CypIBI.4530.0_1_1_2_1 0.8668877 
CypIA1m1_GSTT1.1_0 0.866191 
GSTM1_GSTT1_CypIA1m1_CypIAIm2_CypIAIm4_ Cyp1B1.48_Cyp1B1.119_CypIBI.432 
_COMT4.other_1_1 0.8606181 
GSTM1_GSTT1_CypIA1m1_CypIAIm2_CypIAIm4_ Cyp1B1.119_CypIBI.432_CypIBI.453 
_COMT.other 0.859943 
Cyp1B1.119_GSTT1.1_0 0.8564746 
GSTM1_GSTT1_CypIAIm2_CypIAIm4_Cyp1B1.48_ Cyp1B1.119_CypIBI.432_CypIBI.453 
_COMT2.other_0_1 0.8562852 
CypIA1m1_GSTM1.1_1 0.8538693 
CypIA1m1_CypIAIm2.0_0 0.8512251 
Cyp1B1.48_GSTM1.1_2 0.85115 
CypIAIm4_CypIBI.432.2_1 0.8479716 
CypIAIm4_Cyp1B1.48_Cyp1B1.119_CypIBI.453_ COMT0.0_1_2_0_1 0.837077 

 

Top 20 highly ranked combined higher-order SNP interactions are shown in Figure 6.5 

and Table.6.11. It is observed from the results that the two-locus SNP interaction 

(CypIAIm2_Cyp1B1.119) is being highly associated with the sporadic breast cancer. 

These experimental results showed that the extended deep learning method can be 

easily extended to higher-order interactions.  
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Figure.6.5 Top 20 higher-order SNP-interactions for sporadic breast cancer data  

6.3 Evaluations for unsupervised learning 

The extended method is further evaluated for unsupervised learning tasks such as 

dimensionality reduction and feature learning using [311] over sporadic breast cancer 

data. High-dimensional data (888-dimensional data) is reduced to low dimensional data 

(50-dimensional data) using PCA. PCA computes principal components of breast cancer 

data and their deviations are computed. PCA computes the singular value 

decomposition of the gram matrix by using power method [338]. Figure 6.6 and Figure 

6.7 represents the eigenvectors of PCA over single-locus and two-locus SNPs 

respectively (illustrated based on [338]) . Figure 6.8 shows the standard deviations and 

cumulative variances of first 50 principal components. It is observed that the first 10 or 
20 components covered the majority of variance in the breast cancer dataset.  
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Figure.6.6 PCA on single-locus SNP 

 

Figure.6.7 PCA on two-locus SNP interactions  
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Figure.6.8 a) Deviation plot and b) Cumulative variance plot of PCA for higher-order interactions. 

 

Figure.6.9 Catoffset plot for unsupervised higher-order model learning 

Deep autoencoder is used for unsupervised feature learning by discovering the 

anomalies in the reduced representation of the original data [311]. Categorical offsets 

for unsupervised learning due to combined effect of higher-order interactions are 

plotted in Figure 6.9. The reconstruction error between output layer and input layer are 

plotted in Figure 6.10 to find the outliners. The highest error occurs when the test 

points do not match with the learned pattern.  
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Figure.6.10 Reconstruction error plot for unsupervised higher-order model learning 

6.4 Evaluations for optimising hyper-

parameters 
The objective of this study is to tune the hyper-parameters for improving the predictive 

performance of the deep learning algorithm. Grid search and random grid search are 

performed by optimizing the hyper-parameters that can have impact on the model 

accuracy. Several experiments were conducted over hypertension data by evaluating 

the model metrics of each model for both the grid and random grid search methods 

using [326]. In grid search, all possible combinations of hyper-parameters (such as, 

hidden layers, epochs, activation function, input drop ratio, epsilon, momentum, 

learning rate, annealing rate, L1 and L2 penalties’) are tested with Cartesian grid or 

exhaustive search. The search is performed by specifying parameter values that would 

be common to all the models, and a map that specifies the parameter spaces to be 

travelled. In random grid search, hyper-parameters and search criteria is defined to 

tune the models. Hyper-parameter values are chosen randomly within the specified 

values without any repeats by building the models sequentially. Optimal combination of 

parameter values is identified to maximize the model accuracy. Results of each model 
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are tested in the grid, and the best model with the highest accuracy or the predictive 
performance is selected.  

Figure 6.11 and Figure 6.12 illustrates the performance metrics of each model in terms 

of accuracy, auc, error, logloss, mean square error, precision, recall and specificity, using 

grid search, and random grid search respectively over breast cancer data. The 

performance of the model is evaluated for the prediction accuracy on the test data. The 

auc of the best model identified from the grid search is 0.8242673 along with mse 

0.1949181 on breast cancer data. The auc and mse of the best model identified for 

hypertension data are 0.6751302 and 0.266421 respectively. The search fairly 

performed well in large hyper-parameter space. However, it was sensitive for few 

parameter combinations (peaked error functions). Figure 6.13 represents the 

prediction of breast cancer on the test data. Similarly, Figure 6.14 and Figure 6.15 

illustrates the performance metrics of extended DNN over hypertension data using grid 

and random search, with respect to accuracy, auc, error, logloss, mean square error, 

precision, recall and specificity. Prediction of hypertension on the test data for the best 
model is shown in Figure 6.16. 

 

Figure.6.11 Model metrics (accuracy, auc, err, logloss, mse, precision, recall, and specificity) of DNN 

using Grid Search on sporadic breast cancer data. 
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Figure.6.12 Model metrics (accuracy, auc, err, logloss, mse, precision, recall, and specificity) of DNN 

using Random Grid Search on sporadic breast cancer data. 

 

Figure.6.13 Prediction of the test data on the best model for sporadic breast cancer data.  
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Figure.6.14 Model metrics (accuracy, auc, err, logloss, mse, precision, recall, and specificity) of DNN 

using Grid Search on hypertension data. 

 

Figure.6.15 Model metrics (accuracy, auc, err, logloss, mse, precision, recall, and specificity) of DNN 

using Random Grid Search on hypertension data. 



188 
 

 

Figure.6.16 Prediction of the test data on the best model  for hypertension data. 

In random search, the hyper-parameters are chosen randomly rather than a best guess. 

Mean square error (mse) and auc of each model during training, validation, and testing 

on breast cancer data is illustrated in Figure 6.17 and Figure 6.18. Auc and mse of the 

best model identified by random grid search are 0.8835072, and 0.1436914 

respectively. The performances of all the models on hypertension data using random 

grid search is represented in Figure 6.19 and Figure 6.20 during training, validation, and 

testing. The corresponding auc and mse of the best model are 0.7014199, and 

0.2801003. Internal 10-fold Cross validation is also performed on the entire data to 

confirm these parameters. It is observed that the best models identified by the random 

search have better validation aucs than the previous models identified by grid search. It 

is also observed that the variance between validation and testing is less than the 

variance observed in grid search. Random search often performed well for more than 

four parameters by identifying best model in less time than performing exhaustive grid 

search. These findings confirmed that the random search worked well to find the 

models with the highest prediction accuracy and lowest mse for both real datasets. The 

optimal hyper-parameters of the best model predicted by random search are used to 

detect SNP interactions.  
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Figure.6.17 Model performance on breast cancer data (auc vs models)  

 

Figure.6.18 Model performance on breast cancer data (mse vs models). 
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Figure.6.19 Model performance on hypertension data (auc vs models)  

 

Figure.6.20 Model performance on hypertension data (mse vs models). 
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Figure.6.21 Top 30 SNP interactions of sporadic breast cancer data. 

 

Figure.6.22 Top 30 SNP interactions of hypertension data. 
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Top 30 SNP interactions responsible for breast cancer and hypertension are plotted in 

Figure 6.21 and Figure 6.22. The best two-way SNP interaction responsible for sporadic 

breast cancer identified by the tuned model is CypIA1m1 (presence of AA) and COMT 

(presence of aa). The interaction between rs699 (presence of AA) in AGT and rs5051 

(presence of aa) in AGT 5' could be the most predominant cause of hypertension. It is 

important to reduce the number of wrong predictions of cases or controls in reality. 

Hence, the extended DNN is trained efficiently such that the model does not miss out 

any important interacting SNPs. 

6.5 Evaluations by improving learning  
Several experimental results are demonstrated on the extended DNN method by 

improving the way networks learn. The improved DNN method is implemented and 

analysed in R [326].  The main goal of this study is to improve the identification of 

higher-order SNP interactions responsible for chronic kidney disease. In the 

preliminary evaluations, the improved DNN is evaluated by changing the activation 

functions (such as, rectifier, tanh, softmax, and maxout) and optimising hyper-

parameters (using grid and random grid search). The performance of the models is 

evaluated for various non-linear activation functions with and without dropouts. It is 

observed that 𝑖𝑎𝑠ℎ has highest prediction accuracy with low classification error. 

Further, a number of experiments are performed for evaluating all the possible 

combinations of hyperparameters (such as, hidden layers, epochs, input drop ratio, 

epsilon, momentum, learning rate, annealing rate, L1 and L2 penalties’). The best model 

with optimal hyperparameters (hidden = c(200,200,200), activation = "Tanh", 

epochs=1000, rate=0.01, initial_weight_distribution="Normal", 

initial_weight_scale=0.184837, loss="CrossEntropy", distribution="bernoulli", 

nesterov_accelerated_gradient=T,  adaptive_rate=T, rho = 0.9, epsilon = 1e-06, 

momentum_start=0.5, momentum_ramp=1e5,  momentum_stable=0.9, l2=0.0001, 

rate_annealing = 1e-06) is chosen to maximise the model’s accuracy. It is observed that 

the accuracy improved when initial weight are assigned with standard deviation  1
�𝑠𝑖

. 

The models performed well for learning rate 0.01. It is also observed that the model 

convergence and synchronization is decreased as the sample size increases. 
Computational performance is affected if training samples are too low.  
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Figure 6.23 illustrates the performance metrics of each model with respect to tpr vs fpr, 

classification error, logloss, rmse, auc, accuracy, and precision for both training and 

validation, and testing performance. The two-locus interaction between SNP 3 (1) – SNP 

30 (2) in mitochondrial D-loop is identified by the best model with the maximum 

accuracy of 80.49%.  

 

Figure.6.23 Performance analysis of improved DNN for two-locus SNP interactions. (a) True positive 

rate (tpr) vs false positive rate (fpr) for both training and validation, (b) scoring history of classification 

error at epochs, (c) scoring history of logloss at epochs, (d) scoring history of rmse at epochs, (e) scoring 

history of area under curve (auc) for training and validation in epochs, (f) accuracy plot at which 

maximum accuracy is obtained for a threshold value, (g) Precision plot at which maximum accuracy is 

obtained for a threshold value, and (h) Testing performance: ©2018 IEEE. 

Figure 6.24 illustrates the sensitivity analysis for two-locus SNP interactions using lek 

profile method [339]. The function groups two-locus interactions by groupings that 

define the statistical property of the case-control data. Group labels define the colour of 

the corresponding group. The results of this analysis show the changes in the output 

with respect to the inputs by providing the information of sensitive SNPs, such that they 

could be measured more accurately. The observations urged caution in interpretation of 

the results.   
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Figure.6.24 Sensitivity analysis of two-locus SNP interactions: ©2018 IEEE. 

 

Figure.6.25 Top 20 two-locus SNP interactions: ©2018 IEEE. 
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Figure.6.26 Accuracy of DNN compared previous approaches: ©2018 IEEE. 

Figure 6.25 plots top 20 two-locus SNP interactions responsible for chronic kidney 

disease. Figure 6.26 plots the accuracy graph of improved DNN along with the previous 

methods from the literature. The improved method is compared with some of the 

commonly used approaches in machine learning (such as, LR, MDR, RF, and GBM).  

6.6 Chapter summary 
In this chapter, previously trained deep learning network is extended by implementing 

dimensionality reduction, and studied the behaviour of the network for detecting 

higher-order SNP interactions. It implemented Principal Component Analysis (PCA) to 

reduce the high-dimensionality multi-factor combination data to the low dimensionality 

data in the pre-processing step. The method was also studied for unsupervised feature 

learning tasks. Deep autoencoder was used for unsupervised feature learning by 

discovering the anomalies in the reduced representation of the original data. The 

studies were extended to maximize the predictive performance of the models by 

optimising the hyper-parameters using grid and random grid search approaches. It was 

observed that the random search performed more efficiently compared to the grid 

search. The optimal hyper-parameters of the best models were used to obtain the 

highest prediction accuracy with low classification error.  
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Further, the method was extended by improving the network learning. It was observed 

that the predictive performance of the models was maximized by reducing overfitting. 

Sensitivity analysis was also performed using Lekprofile method for interaction 

variables with respect to the response variable. However, the power of the extended 

method dropped when the noise due to GE, MS, GH, and PC are introduced. Hence, in the 

next chapter, a deep hybrid method is proposed to detect multi-locus SNP interactions 

in the presence of noise.  
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Chapter 7 

A Deep Hybrid Method for the noise 
data 
The proposed deep learning method was extended in the previous chapter by 

improving the network learning, and optimising hyper-parameters that can have impact 

on the prediction accuracy. The method was validated under real world data 

applications, and the performances of the models were observed. The results showed 

remarkable improvements in predicting higher-order SNP interactions over some of the 

existing methods. However, the performance of the models was poor in the presence of 

noise and their combined effects. From the literature, it is observed that RF is robust to 

noise. The performance of RF is encouraging in the presence of noise compared to other 

traditional machine learning approaches in GWAS. This motivated the research to be 

progressed by combining DNN and RF in this chapter. Hence, in this chapter, the 

research is further extended by proposing hybrid architecture (random forest is 

integrated into the deep learning method) to maximise the predictive accuracy in the 

presence of noise and their combined effects over the method. 

This chapter is structured as follows: Section 7.1 introduces the proposed hybrid model 

to detect higher-order interactions in the presence of noise. Section 7.2 presents the 

variable importance measure applied in this method. Measuring SNP interactions are 

presented in Section 7.3. Evaluation methods are briefly discussed in Section 7.5. 

Simulated studies and real data application studies are performed in Section 7.6. 

Further studies are performed in the presence of MS, GE, GH, and PC, and compared 

with the previously proposed extended deep learning method. Finally, Section 7.7 

includes the discussion.  
 

This chapter is reported in the following publication: 

• S. Uppu and A. Krishna, "A deep hybrid model to detect multi-locus interacting SNPs in the presence 

of noise," in International Journal of Medical Informatics, vol. 119, pp. 134-151, 2018: ©2018 

Elsevier, “The original publication is available 

at https://www.sciencedirect.com/science/article/pii/S1386505618303526?via%3Dihub”.  

https://www.sciencedirect.com/science/article/pii/S1386505618303526?via%3Dihub
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7.1 Deep Hybrid Method 
The main goal of the proposed method is to improve the identification of SNP 

interactions in high-dimensional data by enriching the deep data representation 

learning with the capability of random forest.  

n-fold Cross 
validation

CVnCV1 CV2 ...

Case-Control 
Data

Deep Neural 
Networks

Optimising 
Hyperparameters

Evaluation

Sensitivity 
Analysis

Multifactor 
combinations

Random Forest Classification 
Output

Ψ 

 

Figure.7.1 Overview of the proposed hybrid deep neural network (DNN) – Random forest (RF) 

method. 
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The block diagram of the proposed hybrid method is presented in Figure 7.1 (updated 

to Figure 6.1 from the previous chapter). In step one, case-control based input data are 

represented as n-factors, whose subjects are observed by determining their exposure to 

a phenotype. In multifactor combination stage, factors are combined in n-dimensional 

space. That is, for three loci combinations with each three genotyping, there are 27 

possible three-locus genotyping combinations. In step three, the case-control data is 

split for training and testing as a part of cross validation. Followed by a hybrid stage 

where, a deep multilayered neural network is trained to learn the data representation 

by optimising the hyper-parameters. Subsequently, pre-trained weights and biases are 

parameterised into a random forest to detect interacting SNPs. As a part of an 

evaluation stage, the proposed method is evaluated under different simulated scenarios 

in the absence and presence of noise. The final findings are confirmed on a real dataset 

by observing the performance metrics of the models in terms of accuracy, auc, logloss, 
mse, and cross-validation consistency.  

7.1.1 Parametrisation of Deep Neural Networks 

A deep multilayered neural network is trained to detect higher-order SNP interactions 

as in our previous chapters. However, in this study, each layer is trained using 

autoencoder due to unsupervised feature learning instead of supervised learning [321, 

340]. A multilayered neural network is trained in the proposed hybrid method and it is 

illustrated in Figure 7.2. It consists of an input layer 𝑠, multiple hidden layers ℎ, and an 
output layer 𝑦 of interconnected neurons. The definitions below are formulated based 

on [310, 321].  

Definitions 

Definition 1 

Input layer 𝑠 is a three dimensional scalar vector with 𝑠 input variables 𝑠 =

 {𝑠1, 𝑠2,𝑠3, … … , 𝑠𝑖}, 𝑠 ∈ {1,2,3} where due to the duplication of a gene with 2 alleles, 

each input can be represented either as 1 for dominant homozygous, 2 for 

heterozygous, and 3 for recessive homozygous genotyping.  

Definition 2 
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Hidden layers ℎ in the network with 𝐿 hidden layers are ℎ = {ℎ1,ℎ2,ℎ3, … … , ℎ𝐿} , where 

each hidden layer with 𝑖 hidden units/nodes comprises of, 

 ℎ𝐿 = {ℎ𝑜1𝐿 ,ℎ𝑜2𝐿 ,ℎ𝑜2,
𝐿 … … , ℎ𝑜𝐿𝐿 }. Bias 𝑏 is a scalar vector 𝑏 = {𝑏1,𝑏2,𝑏3, … … ,𝑏𝐿} for 𝐿 

hidden layers, 𝑏 ∈  ℝ𝑜∗1.  

Definition 3 

Consider, weighted vector of 𝐿 layers connecting input and hidden layers are 
𝑊 =  {𝑊1,𝑊2,𝑊3, … … ,𝑊𝐿}, where 𝑊 ∈  ℝ𝑖∗𝑜,𝐿 ≥ 2. Each weighted layer with 𝑖 

nodes is defined by 𝑊𝐿 = {𝑊1𝑜
𝐿 ,𝑊2𝑜

𝐿 ,𝑊3𝑜
𝐿 , … … ,𝑊𝑜

𝐿}, where 𝑊𝐿 =  ℝ𝑜(𝐿−1)∗𝑜𝐿.  

Definition 4 

Weights connecting hidden and output layer (parameterized by 𝜑 and fed into to the 

random forest to detect SNP interactions) is represented as   
𝑊𝐿+1 = {𝑊1

𝐿+1,𝑊2
𝐿+1,𝑊3

𝐿+1, … … ,𝑊𝑜𝐿
𝐿+1}, where 𝑊 ∈  ℝ𝑜𝐿∗1 and bias 𝑏 for the output 

layer (𝐿 + 1) is 𝑏𝐿+1.  

Definition 5 

Output layer (classification using random forest) 𝑦 is a binary variable  𝑦 = {0,1}, where 

0 is a control, and 1 is a case.  

DNN receive data in the input layer and transforms non-linearly through multiple 

hidden layers and the output is predicted in the output layer.  Each neuron in the hidden 

layer is the sum of all weighted inputs to the neuron along with the bias (that represents 
the neuron’s activation threshold). 

𝑎 = 𝑊𝑇𝑆+ 𝑏                                                                                                                                       (7.1)   

A non-linear hyperbolic tangent activation function 𝑚(. ) is applied to invoke the 

neuron’s output.  

ℎ = 𝑚(𝑎) = 𝑚(𝑊𝑇𝑆+ 𝑏)                                                                                                                 (7.2) 

A non-linear output of a neuron at layer L is represented by: 

ℎ𝐿 = 𝑚 �𝑊𝐿𝑇ℎ(𝐿−1) + 𝑏𝐿�                                                                                                               (7.3)                                                                

In practice, tanh function converges faster as its range lies in between -1 to 1. 
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Figure.7.2 An example of Deep neural networks (DNN) with an input layer 𝑠, multiple hidden 

layers ℎ, and an output layer 𝑦 is parameterized by 𝜑, (b) An autoencoder network used to train the 

initial parameters of the first layer of a deep neural network, (c) A single layered autoencoder network to 

train the initial parameters of the second layer, (d) An autoencoder that finds the initial parameters for 

L th hidden layer, (e) Classification using Random forest.  

a 
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𝑖𝑎𝑠ℎ(𝑎) =
𝑖𝑥𝑠(𝑎) − 𝑖𝑥𝑠(−𝑎)
𝑖𝑥𝑠(𝑎) + 𝑖𝑥𝑠 (−𝑎)                                                                                                      (7.4) 

where tanh(𝑎)  ∈ (−1,1) 

Gradient of 𝑖𝑎𝑠ℎ (𝑎) is calculated as follows: 

𝛻 𝑖𝑎𝑠ℎ(𝑎) = �1 −�
𝑖𝑥𝑠(𝑎) −𝑖𝑥𝑠(−𝑎)
𝑖𝑥𝑠(𝑎) + 𝑖𝑥𝑠(−𝑎)�

2

� = 1 − 𝑖𝑎𝑠ℎ2(𝑎)                                              (7.5) 

The example of the proposed DNN shown in Figure 7.2 comprises of three layered 

network, whose output is parameterized by, 𝜑, and fed as an input to a random forest to 

predict SNP interactions [340]. 

𝜑 = 𝑚 �𝑊(3)𝑇ℎ(2) + 𝑏3� 

= 𝑚 �𝑊(3)𝑇.𝑚 �𝑊 (2)𝑇ℎ(1) + 𝑏2�+ 𝑏3� 

𝜑 = 𝑚 �𝑊(3)𝑇 .𝑚 �𝑊(2)𝑇.𝑚 �𝑊 (1)𝑇𝑆+ 𝑏1�+ 𝑏2�+ 𝑏3�                                                         (7.6) 

7.1.2 Back Propagation 

The weights and biases between the neurons of DNN layers are learned from input and 

output samples [341]. This learning process minimises loss function 𝐿(𝑊), which 

measures the predicted output with respect to the true output of a sample [340].  

{𝑊1,𝑏1,𝑊𝐿 ,𝑏𝐿} = 𝑎𝑟𝑔 𝑖𝑖𝑠
{𝑊1,𝑏1,𝑊𝐿,𝑏𝐿}

�𝐿(𝑊)�                                                                                       (7.7) 

This loss function is minimised by using backpropagation algorithm [321, 341], which 

computes a gradient of loss function by using chain rule for derivatives. Stochastic 

gradient descent (SGD) computes derivative of each parameter with respect to the loss 

function. A parallel version of SDA is used in the proposed method to optimise the loss 

function by using the memory efficiently. The cross-entropy loss function is used in the 
proposed method and is given by (based on [341]): 
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𝐿(𝜑;𝑠 ,𝑦) =  − 
1
𝑆  �(𝑦𝑠 log�𝑦𝑠′(𝑦|𝑠;𝜑)� + ((1 − 𝑦𝑠)

𝑆

𝑠=1

∗ �𝑙𝑎𝑔�1−𝑦𝑠′(𝑦|𝑠;𝜑)��                                                                                       (7.8) 

Where ∅𝑇 the predicted output and 𝑦 is the actual output, (𝑠, 𝑦) ∈ {𝑆}𝑠𝑟𝑎𝑖𝑖𝑖𝑖𝑔 with 𝑆 

samples. Gradient of the loss 𝐿 with respect to 𝜑 is ∇𝐿. The derivative of cross-entropy 

loss function 𝜕𝐿
𝜕𝜕

(𝜑;𝑠 ,𝑦) is computed using chain rule. Parameter 𝜑 is updated with new 

weights and biases using SGD.  

Parameter 𝜑 is updated with new weights and biases using SGD. 

∆𝜑 = 𝜑 − 𝜂 ∗ 1/(𝜆) �
𝜕𝐿(𝜑;𝑠 ,𝑦)

𝜕𝜑
 

(𝑠,𝑦)∈𝜆

                                                                                        (7.9) 

Where 𝜂 is a learning rate and 𝜆 is a mini-batch of random subset from {𝑆}𝑠𝑟𝑎𝑖𝑖𝑖𝑖𝑔. 

7.1.3 Random Forest 

Random forest [122, 341] is an ensemble of multiple classification and regression trees 

(CARTs). Each tree is grown from bootstrap sample of the original data using a random 

subset of total number of predictor variables at node level, rather than considering all 

possible predictor variables. This results in forest of unpruned trees. Final prediction is 

obtained based on aggregating the majority votes represented in ensemble of trees 

grown using bagging (bootstrap aggregating). The observations that are not used in 

growing trees are used as out-of-bag instance for determining the prediction error. It 
can also be used to estimate the variable importance.  

In summary, the trees in the random forest are grown as follows: 

(a) ntree bootstrap samples of size n are drawn from the input data (bootstrap 

aggregating or bagging).  One third of samples are left for estimating error, which 
is termed as out-of-bag (OOB) data. 

(b) Unpruned CART is grown for each bootstrap sample. At each decision node, mtry 

variables are selected randomly for splitting. Trees are grown till each leaf has 

no fewer than nodesize cases. 
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(c) Final prediction is obtained by aggregating the majority votes obtained from 
ntree trees grown. 

(d) Prediction error is estimated using OOB data.  
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Figure.7.3 An example of a decision tree in the random forest to identify interactions between 

SNPs. 0 and 1 are the disease status of the subjects. 1, 2, and 3 representing dominant homozygous (AA), 

heterozygous (aA), and recessive homozygous (aa) genotyping of a biallelic genes. 

RF is successfully outperformed many other machine learning algorithms in gene 

interaction studies as discussed in Chapter 2. It is further robust in the presence of noise 

[133]. Hence, RF is integrated into DNN for achieving the reliable detection of SNP 

interactions in the presence of noise and their combined effects. Figure 7.3 is an 

example of a decision tree with 11 decision nodes and 12 terminal nodes (leaf) to 

determine SNP interactions related to disease status. The shaded red coloured path flow 

of the figure represents an individual with interaction between SNP6 (with aa 

genotype), SNP11 (genotype either AA/aA), and SNP2 (genotype AA), which are more 

likely to have a disease (status 1). Figure 7.4 illustrates the proposed DNN-RF 

architecture to detect higher order multi-locus SNP interactions by relating to a 

classification problem. 
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Output from DNN parameterized by Ψ 
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Figure.7.4 Hybrid DNN-RF model (based on [341]). Output of DNN fed into RF. The size of the input fed into RF is same as that of number of neurons in the 

output of the hidden layer (L). RF constructs n number of trees using random subset of variables. Each decision node n is Parameterised by 𝜑, whose function is 

binary and routing is deterministic either to left or right of the subtree based on output of decision function 𝜃𝑖(. ;𝜑) . Once the sample reaches prediction node (leaf 

or terminal node) ℓ, the related prediction of tree holds the probability distribution over class-label. Final decision of the forest is obtained by aggregating the 

majority votes in ensemble of trees grown.  
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The output of DNN are fed to RF, whose decision trees are parameterized by 𝜑 [340, 

341]. The final prediction is obtained by aggregating the majority votes of ensemble of 

trees grown in the forest. The definitions below are formulated as reported in [122, 
341].  

Definitions  

Definition 6 

Each decision node is parameterized by 𝜑 and splits to either right or left nodes with 

decision function defined by 𝜃(𝑠;𝜑), where 𝑠 ∈ {1,2,3} due to biallele SNPs and 𝜃 is 

binary, whose routing is deterministic by ending at leaf node (terminal node) ℓ. Sample 
𝑠𝑖 parameterised by 𝜑𝑜  reaches to decision node 𝜃𝑑  , where it is sent to either left or 

right of the child node, and ends at a leaf node 𝑙𝑜. Where 𝜃 = {𝜃1 ,𝜃2 ,𝜃3 , … … , 𝜃𝑑} 

decision nodes, and ℓ = {𝑙1, 𝑙2,𝑙3,… … , 𝑙𝑜} leaf nodes in a tree. 

Definition 7 

A random forest is an ensemble of decision trees 𝐹 = {𝑇1, 𝑇2,𝑇3 , … … ,𝑇𝑖}, where 𝑠 trees 

are grown in a forest using random subset of variables. Final prediction of a sample s in 

the random forest is determined by averaging the prediction output of each tree and is 

represented by: 

∅𝐹[𝑦|𝑠] =
1
𝑠
� ∅𝑇𝑢[𝑦|𝑠]
𝑖

𝑠=1

                                                                                                              (7.10) 

7.2 Variable importance 

Variable importance is calculated based on [27, 182]. The important feature of RF is to 

measure importance of each predictor variables. Gini importance and mean decrease in 

accuracy (MDA) are some of the popular approaches used in the literature. Although, 

Gini importance is easy to compute, it shows bias in selecting the variables with 

different categories [342]. Hence, MDA measure is used to compute the importance of 

SNP interactions identified by the models [27]. The unscaled MDA estimation for each 

tree 𝑇 in overall trees of the forest 𝐹is calculated as reported by Schwarz: 
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𝜔 =
1

|𝐹|�𝜌− 𝜌′
𝐹

𝑇=1

                                                                                                                          (7.11) 

Where 𝜌 is the prediction accuracy computed using OOB sample in each tree, and 𝜌′is 

the prediction accuracy computed using OOB sample in each tree after randomly 

permuted. Scaled MDA (often known as z score) can also be used to measure variable 

importance as reported by [27]. 

𝜔𝑠𝑠𝑎𝑙𝑒𝑑 =  
𝜔

�𝜀
2

|𝐹|

                                                                                                                               (7.12) 

Where 𝜀2 is the standard error across all trees in the forest 𝐹 [27].  

𝜀2 =  
1

|𝐹|�𝑆𝑂𝑂𝑂(𝜌− 𝜌′)2
𝐹

𝑇=1

−  𝜔                                                                                                (7.13) 

Substituting equation (7.14) into equation (7.16),  

𝜀2 =  
1

|𝐹|�(𝑆𝑂𝑂𝑂(𝜌− 𝜌′)2
𝐹

𝑇=1

+ (𝜌′ − 𝜌))                                                                                 (7.14) 

7.3 SNP Interactions 

Interactions are detected based on [182]. Variable importance is used to rank the 

higher-order interacting SNPs. Highly ranked interactions are considered to be highly 

associated with the disease. However, variable importance measures in RF do not 

specify the effect of variables in the tree either due to main or interaction effect. Hence, 

performance of the RF is calculated with respect to the heritability to identify main and 

interaction effects [182]. Heritability is a common measure of variance in a phenotype 

that attributes to genetic variation [343]. It can also measure the effect of a locus on a 

disease. Winham considered 𝐶  is a complex disease which is controlled by loci 𝐴 and 𝐵, 

with genotypes X and Y at each locus are 1, 2, and 3. The total heritability 𝛼2 due to two 
loci 𝐴 and 𝐵 is defined by Winham as: 

𝛼2 =  
1

𝜎(𝐶)�1− 𝜎(𝐶)��� 𝜎(𝐺𝑋𝑋)
3

𝑋=1

3

𝑋=1

�𝜎(𝐶|𝐺𝑋𝑋)−𝜎(𝐶)�2                                               (7.15) 
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Where, 𝜎(𝐶)is the prevalence of the disease, 𝜎(𝐺𝑋𝑋) is the frequency of genotype 
combination, and 𝜎(𝐶|𝐺𝑋𝑋) is the penetrance of the disease [344].  

Heritability 𝛽2 due to marginal effect of SNP at locus A is given by: 

𝛽2 =  
1

𝜎(𝐶)�1− 𝜎(𝐶)��
��𝜎(𝐺𝑋𝑋)

3

𝑋=1

� ∗
3

𝑋=1

��𝜎(𝐺𝑋𝑋)
3

𝑋=1

�𝜎(𝐶|𝐺𝑋𝑋)− 𝜎(𝐶)��

2

          (7.16) 

Heritability 𝛾2 due to marginal effect of SNP at locus B is given by: 

𝛾2  =  
1

𝜎(𝐶)�1 −𝜎(𝐶)��
�� 𝜎(𝐺𝑋𝑋)

3

𝑋=1

� ∗
3

𝑋=1

�� 𝜎(𝐺𝑋𝑋)
3

𝑋=1

�𝜎(𝐶|𝐺𝑋𝑋)−𝜎(𝐶)��

2

         (7.17) 

Heritability due to the interaction effect between SNPs at locus A and locus B on a 
disease 𝜇𝐼2 (conditional dependency between SNPs at both loci on a phenotype) is given 

by: 

𝜇𝐼2 =  𝛼2 − 𝛽2− 𝛾2                                                                                                                         (7.18)    

From the above four definitions reported by [182], it is inferred that SNP at locus A 
possess main effect if 𝛽2 > 0, and SNP at locus B possess main effect if 𝛾2 > 0, such that 

𝜇𝐼2 = 0 for main effect only. Interaction effect exist between SNPs at loci A and B if 

𝜇𝐼2 > 0. 

7.4 Simulated datasets 

7.4.1 Simulated datasets 1 

Six two-locus epistasis models with various penetrance functions and allele frequencies 
(𝑠, and 𝑐) are generated  based on [36] using GAMETES tool [36, 221]. Where, 𝑠  is a 

minor allele frequency (MAF) of 0.5, 0.25, or 0.1, and 𝑐 is a common allele frequency of 

0.5, 0.75, or 0.9. Case-control based datasets are generated similarly for all six epistasis 

models under various scenarios using GAMETES tool [36, 221]. Genotypes are 

generated according to Hardy-Weinberg proportions. Case-control based datasets are 

generated similarly for all six epistasis models under various scenarios as presented in 
the Section 3.2.1 in the absence of noise.  
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For each model, 16 scenarios were developed to simulate the datasets in the absence 

and the presence of noise, due to genotyping error (GE), missing data (MS), genetic 

heterogeneity (GH), and phenocopy (PC) [36]. First scenario is generated in the absence 

of noise, and remaining fifteen scenarios are generated in presence of noise (GE, MS, GH, 

and PC), and their combinations (GE-GH, GE-GH-MS, GE-GH-PC, GE-GH-PC-MS, GE-MS, 

GE-PC, GE-PC-MS, GH-MS, GH-PC, GH-PC-MS, PC-MS). For each scenario, 100 case-

control based datasets (200 cases and 200 controls) are simulated with two functional 

SNPs for two-locus models. Hence, 1600 datasets are generated for each model. In total, 
9,600 datasets are simulated according to Hardy-Weinberg proportions.  

7.4.2 Simulated datasets 2 

Table 7.1 presents 26 two-locus epistasis models generated using latest version of 

GAMETES tool [221]. GAMETEs generate pure, strict, complex biallelic SNP disease 

models with random architecture. The noisy data is generated with respect to 

heritability (the less heritability, the more noise). This noise is generated randomly 

from any source for the simulation purposes. The datasets in this study were generated 

based on the studies performed by  [108] [345] for MAFs (0.2, and 0.4). Further, this 

study is extended by generating models for MAFs (0.1, 0.2, 0.3, and 0.4) to observe 

performance of the proposed method in various simulated scenarios. The datasets are 

simulated by varying heritability (0.01, 0.025, 0.05, 0.1, 0.1, 0.2, 0.3, 0.4), MAFs (0.1, 0.2, 

0.3, and 0.4), sample size (200, 400, 800, and 1600), and case-control ratio (1:1, 1:2, 

1:4). For each simulated settings, 50 datasets are generated with two functional SNPs. 

Models for MAF 0.1 with heritability 0.3 and 0.4 could not be generated by GAMETES 

due to low likelihood of finding models with higher heritability. Hence, in total, 15600 
datasets are generated based on Hardy-Weinberg proportions. 

Table 7.1: Epistasis models generated using various penetrance functions, allele frequencies p and q, and 

heritability H using GAMETES tool [221] 

Model 7 
  

Model 8 
 

Model 9 
  p=0.1,q=0.9, H=0.01 

 
p=0.1,q=0.9, H=0.025 

 
p=0.1,q=0.9, H=0.05 

 0.036 0.017 0.028 
 

0.058 0.016 0.044 
 

0.102 0.025 0.034 
 0.017 0.102 0.003 

 
0.016 0.204 0.042 

 
0.023 0.366 0.291 

 0.022 0.03 0.919 
 

0.043 0.045 0.699 
 

0.065 0.148 0.761 
 

            Model 10 
  

Model 11 
  

Model 12 
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p=0.1,q=0.9, H=0.1 
 

p=0.1,q=0.9, H=0.2 
 

p=0.2,q=0.8, H=0.01 
 0.826 0.964 0.866 

 
0.773 0.987 0.922 

 
0.874 0.824 0.884 

 0.965 0.341 0.82 
 

0.992 0.033 0.326 
 

0.827 0.92 0.854 
 0.856 0.865 0.199 

 
0.832 0.733 0.756 

 
0.856 0.909 0.48 

 
            Model 13 

  
Model 14 

 
Model 15 

p=0.2,q=0.8, H=0.025 
 

p=0.2,q=0.8, H=0.05 
 

p=0.2,q=0.8, H=0.1 
 0.075 0.124 0.038 

 
0.824 0.937 0.848 

 
0.241 0.056 0.179 

 0.123 0.019 0.102 
 

0.927 0.714 0.978 
 

0.058 0.431 0.11 
 0.043 0.092 0.807 

 
0.922 0.828 0.136 

 
0.165 0.139 0.742 

 

            Model 16 
  

Model 17 
  

Model 18 
  p=0.2,q=0.8, H=0.2 

 
p=0.2,q=0.8, H=0.3 

 
p=0.2,q=0.8, H=0.4 

 0.621 0.93 0.699 
 

0.532 0.931 0.688 
 

0.472 0.959 0.792 
 0.925 0.305 0.838 

 
0.936 0.127 0.656 

 
0.944 0.072 0.347 

 0.739 0.759 0.182 
 

0.648 0.737 0.389 
 

0.919 0.093 0.571 
 

            Model 19 
 

Model 20 
 

Model 21 
 p=0.3,q=0.7, H=0.01 

 
p=0.3,q=0.7, H=0.025 

 
p=0.3,q=0.7, H=0.05 

 0.474 0.449 0.464 
 

0.553 0.528 0.579 
 

0.394 0.636 0.353 
 0.499 0.4 0.554 

 
0.478 0.649 0.419 

 
0.622 0.352 0.438 

 0.429 0.519 0.384 
 

0.6 0.459 0.646 
 

0.399 0.585 0.564 
 

            Model 22 
 

Model 23 
  

Model 24 
 p=0.3,q=0.7, H=0.1 

 
p=0.3,q=0.7, H=0.2 

 
p=0.3,q=0.7, H=0.3 

 0.599 0.327 0.491 
 

0.578 0.359 0.259 
 

0.449 0.773 0.157 
 0.294 0.681 0.497 

 
0.209 0.752 0.436 

 
0.876 0.251 0.276 

 0.644 0.317 0.288 
 

0.649 0.223 0.512 
 

0.308 0.784 0.876 
 

            Model 25 
 

Model 26 
 

Model 27 
 p=0.3,q=0.7, H=0.4 

 
p=0.4,q=0.6, H=0.01 

 
p=0.4,q=0.6, H=0.025 

 0.498 0.425 0.567 
 

0.443 0.381 0.314 
 

0.641 0.433 0.438 
 0.107 0.811 0.888 

 
0.339 0.426 0.411 

 
0.455 0.531 0.56 

 0.782 0.192 0.101 
 

0.437 0.318 0.514 
 

0.371 0.61 0.511 
 

            Model 28 
 

Model 29 
 

Model 30 
 p=0.4,q=0.6, H=0.05 

 
p=0.4,q=0.6, H=0.1 

 
p=0.4,q=0.6, H=0.2 

 0.389 0.67 0.697 
 

0.254 0.598 0.22 
 

0.079 0.394 0.193 
 0.666 0.545 0.452 

 
0.438 0.325 0.627 

 
0.457 0.161 0.047 

 0.71 0.442 0.659 
 

0.702 0.266 0.211 
 

0.006 0.187 0.982 
 

            Model 31 
 

Model 32 
     p=0.4,q=0.6, H=0.3 

 
p=0.4,q=0.6, H=0.4 

     0.836 0.149 0.057 
 

0.017 0.804 0.986 
     0.149 0.533 0.448 

 
0.918 0.392 0.196 
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0.054 0.45 0.912 
 

0.644 0.453 0.629 
      

7.5 Evaluations 

The performance of the models during training, validation, and testing are evaluated by 

determining model’s metrics. The performance of the models in the presence of noise 

due to GE, PC, GH, and MS are also evaluated based on [36]. Training speed and time to 

execute the models are evaluated by varying width and depth of the network, along 

with various activation functions. The overall best model with highest prediction 

accuracy and lowest logloss along with the highest cross validation consistency (CVC) is 

selected. The final results are statistically evaluated by w-test, whose p-values are 
compared with 0.05 in determining the statistical significance of the findings.  

7.6 Experimental Results 

Number of simulated datasets in the presence and absence of noise due to GE, GH, PC, 

and MS, and their combined effects are evaluated on the DNN-RF method [36]. 5% of GE 

is generated with overrepresentation of one allele. GH is simulated for 50% of the data 

with two different two-locus combinations (SNP5-SNP10, and SNP3-SNP4) to increase 

the risk of a disease. PC is generated for 50% of the cases, which are considered to have 

low risk genotypes according to the epistasis models. The cases are assumed to be 

affected due to environmental factors. 5% of the MS data is simulated by removing 

genotypes randomly. Several experimental results are demonstrated on the DNN-RF 

hybrid method to improve the identification of two-locus SNP interactions responsible 

for a disease. On an average, the accuracy of the proposed model is much higher than 

the previous methods. The experimental findings are further confirmed over a real 

world dataset [337].   

7.6.1 Simulated Studies 

7.6.1.1 Simulation Study 1 

In this study, the power of the proposed DNN-RF method is compared with the 

previously trained DNN [45] in the absence and the presence of noise. Power of DNN-RF 
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is the estimation of number of times the method correctly detects the functional SNPs 

(SNP5, and SNP 10) among 100 datasets for each model. Table 7.2 summarises the 

power of DNN to detect two-locus SNP interactions in the absence, and presence of 

different forms of noise. Power is represented in the form of three values; first one 

represents the number of times the functional SNPs are detected with highest ranking 

(two-locus SNP interactions are ranked by using MDA variable importance measure) 

among 100 datasets, second value represents the functional SNPs occurrence in top 10 

ranks, and third value represents functional SNP in top 20 ranks. Similarly, Table 7.3 

shows the power of DNN-RF. On an average, it is observed that the power of DNN-RF 
outperformed in all the simulated scenarios of six epistasis models compared with DNN.  

The power of DNN-RF is 100% for all six epistasis models in the absence of noise and in 

the presence of 5% of MS. In the presence of 5% of GE, the power is almost equal to 

100% for all the models. The power of the method in the presence of 50% of PC is 

almost 100% for model 1 (p=0.5, q=0.5, H=0.053) and model 2 by gradually reducing in 

Model 4 (p=0.25, q=0.75, H=0.033) (38%), Model 3 (p=0.25, q=0.75, H=0.016) (47%), 

Model 5 (p=0.1, q=0.9, H=0.02)(53%), and Model 6 (p=0.1, q=0.9, H=0.015) (72%). The 

power of the method in the presence of 50% of GH falls to 45%, 51%, 48%, 38%, 38%, 

and 49% for models 1-6 respectively. The combined effect of PC-MS performs well for 

model 1 (p=0.5, q=0.5, H=0.053) and model 2. However, power dropped for models 3-6 

by taking values of 54%, 48%, 43%, and 57%, slightly less than the impact of individual 

effect on these models. The combined effect of GE-MS also performed almost well for all 

six epistasis models. The power of GE-PC and GE-PC-MS is about average 95% for 

models 1 and 2 along with fall of about 40% on an average for all the other models 3-6. 

The power of the method for combined effect of GE-GH, GE-GH-MS, and GH-MS falls 

about 50%. It is observed that the combined effect of GE-GH-PC, GE-GH-PC-MS, GH-PC, 

and GH-PC-MS has the dramatic fall in the power. The power drastically reduces in all 

the six models due to the combined effect of GH-PC and has the greatest impact on the 

method.  

 Figure 7.5 compares the power of previously proposed DNN presented in chapter 6 

(represented in Table 7.2) and the proposed DNN-RF (represented in Table 7.3) 

methods. It is clearly observed that the power of DNN-RF is consistently high in the 

presence of all types of noise compared with the previously proposed DNN. 
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Table 7.2: Power of DNN in various simulated scenarios among six models to detect two-locus SNP interactions. 

Noise 

Model1 Model2 Model3 Model4 Model5 Model6 

Power Importance Power Importance Power Importance Power Importance Power Importance Power Importance 

GE 10\30\40 0.9185232 8\37\44 0.92027436 2\10\21 0.8908237 1\11\19 0.8826586 1\6\11 0.8592594 2\10\19 0.8731572 

GE+GH 0\12\22 0.8865167 0\10\21 0.88580856 0\6\23 0.8843263 2\14\20 0.8826038 0\6\15 0.8608146 0\6\13 0.8546887 

GE+GH+MS 2\8\13 0.8796005 4\15\25 0.88958859 0\7\17 0.8805794 0\6\15 0.8778808 1\6\12 0.8612048 1\10\13 0.8569457 

GE+GH+PC 0\11\17 0.884614 1\13\17 0.88238141 0\10\17 0.8884239 0\8\21 0.8827364 0\6\10 0.8568603 1\9\11 0.8539244 

GE+GH+PC+MS 2\11\18 0.8824771 3\12\25 0.88956878 1\8\16 0.8752033 0\6\18 0.877409 1\5\10 0.856791 0\6\10 0.8508098 

GE+MS 4\23\38 0.9113822 13\29\37 0.91288119 1\12\21 0.885192 2\8\18 0.8837899 2\11\17 0.8619942 0\8\14 0.8630082 

GE+PC 2\10\17 0.8865794 0\8\19 0.88436952 1\13\24 0.8881893 1\10\20 0.8866258 1\8\13 0.8560701 0\6\12 0.8525487 

GE+PC+MS 1\10\19 0.8850328 2\14\23 0.89026255 0\10\24 0.8835444 2\8\16 0.8798108 0\7\17 0.8601303 0\5\14 0.867672 

GH 0\5\19 0.8858407 0\9\18 0.88871727 1\12\22 0.8836247 1\8\22 0.8781621 0\6\12 0.8543147 0\6\12 0.8577496 

GH+MS 1\13\27 0.8881948 3\12\16 0.88168822 1\14\22 0.8845436 0\13\17 0.8828589 1\10\15 0.8639469 0\10\20 0.8670642 

GH+PC 1\6\15 0.8779375 1\10\16 0.88568725 1\10\16 0.8822872 0\10\23 0.8853507 0\10\20 0.8711614 0\7\15 0.8615859 

GH+PC+MS 3\8\15 0.883542 0\10\19 0.88283407 1\5\19 0.8798247 0\11\17 0.8820321 0\4\9 0.8529785 1\5\9 0.8607697 

MS 5\30\42 0.9126057 5\28\43 0.9159232 2\12\27 0.8854451 0\6\13 0.8727755 1\3\11 0.859998 0\8\16 0.8661739 

No error 11\37\48 0.9264184 5\27\41 0.90886191 2\18\29 0.8886084 1\9\17 0.8797939 0\10\14 0.8601424 2\11\19 0.8717422 

PC 1\6\14 0.8848343 3\15\24 0.89197047 3\9\22 0.8848929 1\8\23 0.8908746 0\7\13 0.8608917 0\7\17 0.8582902 

PC+MS 1\10\20 0.8890396 0\13\20 0.88373868 0\8\14 0.877729 3\8\12 0.8847574 1\6\18 0.8656147 0\8\16 0.8590068 
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Table 7.3: Power of DNN-RF in various simulated scenarios among six models to detect two-locus SNP interactions. 

Noise 

Model1 Model2 Model3 Model4 Model5 Model6 

Power Importance Power Importance Power Importance Power Importance Power Importance Power Importance 

GE 90\90\90 1 99\99\99 1 98\98\98 1 97\99\100 0.9949635 99\100\100 0.9981631 99\100\100 0.9990714 

GE+GH 48\90\90 0.8824058 50\100\100 0.8993395 33\87\95 0.8410114 38\83\91 0.8659039 36\80\90 0.7831425 40\86\93 0.8319533 

GE+GH+MS 52\89\90 0.8918551 33\85\94 0.85887749 37\85\92 0.8483482 42\83\91 0.8706476 37\81\88 0.800231 36\92\97 0.8379415 

GE+GH+PC 16\57\66 0.7876617 37\86\94 0.86528047 15\41\58 0.745041 8\44\68 0.7338524 13\48\73 0.689669 15\57\76 0.7102578 

GE+GH+PC+MS 26\67\78 0.8201348 33\85\94 0.85887749 7\36\62 0.7021804 8\41\63 0.7315057 5\45\70 0.6490605 8\55\71 0.6825867 

GE+MS 90\90\90 1 100\100\100 1 100\100\100 1 98\100\100 0.9984826 93\99\100 0.9882789 100\100\100 1 

GE+PC 85\92\92 0.9896108 100\100\100 1 55\95\99 0.9365313 53\83\89 0.9056961 60\89\93 0.9083858 65\93\98 0.9412304 

GE+PC+MS 95\100\100 0.9961153 99\100\100 0.99991752 53\90\94 0.9146774 56\80\90 0.9030355 44\83\91 0.8660377 64\91\95 0.9141585 

GH 45\100\100 0.8915172 51\100\100 0.89740342 48\92\96 0.8646593 38\83\90 0.8622593 38\81\92 0.8021247 49\95\98 0.8669313 

GH+MS 43\100\100 0.8587725 47\100\100 0.87683438 36\86\91 0.855682 33\83\96 0.8572148 36\85\92 0.7907713 45\91\94 0.8234406 

GH+PC 19\63\83 0.7928737 39\85\92 0.8689831 11\42\62 0.7414824 5\31\57 0.7081456 14\53\73 0.7106355 14\52\72 0.7194238 

GH+PC+MS 24\66\81 0.8034188 35\85\91 0.82834247 11\33\58 0.7206934 9\43\63 0.7397768 16\60\78 0.7125411 23\63\74 0.739219 

MS 100\100\100 1 100\100\100 1 100\100\100 1 100\100\100 1 95\100\100 0.988724 100\100\100 1 

No error 100\100\100 1 100\100\100 1 100\100\100 1 99\100\100 0.9968939 100\100\100 1 100\100\100 1 

PC 93\100\100 0.9892198 100\100\100 1 47\83\91 0.901953 38\74\84 0.8687428 53\88\94 0.8863391 72\92\97 0.9276377 

PC+MS 94\100\100 0.9995187 100\100\100 1 54\84\94 0.9185419 48\83\91 0.8888536 43\82\91 0.8380772 57\88\95 0.8932816 
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Figure.7.5 Comparison of power of DNN (Table 7.2) and DNN-RF (Table 7.3) in the presence of noise 

for the balanced datasets. 

7.6.1.2 Simulation Study 2 

Several experiments were performed for simulation study 2 under various scenarios for 

both balanced (case-control ratio 1:1) and imbalanced (case-control ratios 1:2 and 1:4) 

datasets. The power of the DNN-RF is evaluated for all the 26 models. The number of 

times method correctly identifies known two-locus interaction from 50 datasets of each 
simulated scenario is tabulated in Table 7.4 as ready reference.  

Table 7.4: Power of DNN-RF in various simulated scenarios among 24 models to detect two-locus SNP 

interactions 

Models MAF Heritability 
Sample  Power 

Size Ratio 1:1 Ratio 1:2 Ratio 1:4 
Model 7 0.1 0.01 200 2 2 0 
Model 8 0.1 0.025 200 6 7 4 
Model 9 0.1 0.05 200 8 7 8 
Model 10 0.1 0.1 200 18 13 12 
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Model 11 0.1 0.2 200 22 29 24 
Model 7 0.1 0.01 400 2 0 0 
Model 8 0.1 0.025 400 17 8 7 
Model 9 0.1 0.05 400 20 19 11 
Model 10 0.1 0.1 400 33 27 25 
Model 11 0.1 0.2 400 36 43 43 
Model 7 0.1 0.01 800 10 12 4 
Model 8 0.1 0.025 800 30 24 11 
Model 9 0.1 0.05 800 36 32 21 
Model 10 0.1 0.1 800 42 44 39 
Model 11 0.1 0.2 800 46 48 46 
Model 7 0.1 0.01 1600 19 12 11 
Model 8 0.1 0.025 1600 43 34 36 
Model 9 0.1 0.05 1600 49 43 40 
Model 10 0.1 0.1 1600 48 48 45 
Model 11 0.1 0.2 1600 50 48 50 
Model 12 0.2 0.01 200 1 0 0 
Model 13 0.2 0.025 200 7 2 1 
Model 14 0.2 0.05 200 12 8 7 
Model 15 0.2 0.1 200 26 18 10 
Model 16 0.2 0.2 200 36 33 23 
Model 17 0.2 0.3 200 34 38 39 
Model 18 0.2 0.4 200 38 41 35 
Model 12 0.2 0.01 400 3 2 0 
Model 13 0.2 0.025 400 8 4 4 
Model 14 0.2 0.05 400 24 15 12 
Model 15 0.2 0.1 400 33 32 25 
Model 16 0.2 0.2 400 42 46 41 
Model 17 0.2 0.3 400 45 44 43 
Model 18 0.2 0.4 400 50 42 44 
Model 12 0.2 0.01 800 3 1 1 
Model 13 0.2 0.025 800 16 15 11 
Model 14 0.2 0.05 800 41 42 27 
Model 15 0.2 0.1 800 46 46 40 
Model 16 0.2 0.2 800 47 49 47 
Model 17 0.2 0.3 800 49 47 48 
Model 18 0.2 0.4 800 49 50 49 
Model 12 0.2 0.01 1600 9 3 1 
Model 13 0.2 0.025 1600 35 30 20 
Model 14 0.2 0.05 1600 44 42 41 
Model 15 0.2 0.1 1600 50 47 48 
Model 16 0.2 0.2 1600 48 49 49 
Model 17 0.2 0.3 1600 49 49 49 
Model 18 0.2 0.4 1600 50 49 48 
Model 19 0.3 0.01 200 1 0 0 
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Model 20 0.3 0.025 200 5 4 3 
Model 21 0.3 0.05 200 4 5 4 
Model 22 0.3 0.1 200 13 20 8 
Model 23 0.3 0.2 200 30 30 18 
Model 24 0.3 0.3 200 35 34 33 
Model 25 0.3 0.4 200 41 38 33 
Model 19 0.3 0.01 400 2 2 1 
Model 20 0.3 0.025 400 12 3 3 
Model 21 0.3 0.05 400 21 20 4 
Model 22 0.3 0.1 400 34 22 17 
Model 23 0.3 0.2 400 43 43 36 
Model 24 0.3 0.3 400 43 45 47 
Model 25 0.3 0.4 400 47 47 45 
Model 19 0.3 0.01 800 1 2 5 
Model 20 0.3 0.025 800 19 8 5 
Model 21 0.3 0.05 800 26 21 9 
Model 22 0.3 0.1 800 44 41 36 
Model 23 0.3 0.2 800 50 45 47 
Model 24 0.3 0.3 800 47 50 50 
Model 25 0.3 0.4 800 49 50 47 
Model 19 0.3 0.01 1600 2 5 3 
Model 20 0.3 0.025 1600 19 18 13 
Model 21 0.3 0.05 1600 35 39 21 
Model 22 0.3 0.1 1600 49 48 48 
Model 23 0.3 0.2 1600 50 49 49 
Model 24 0.3 0.3 1600 49 50 47 
Model 25 0.3 0.4 1600 50 47 50 
Model 26 0.4 0.01 200 2 2 2 
Model 27 0.4 0.025 200 6 2 2 
Model 28 0.4 0.05 200 9 5 5 
Model 29 0.4 0.1 200 18 19 14 
Model 30 0.4 0.2 200 29 24 18 
Model 31 0.4 0.3 200 27 30 23 
Model 32 0.4 0.4 200 39 38 31 
Model 26 0.4 0.01 400 3 0 0 
Model 27 0.4 0.025 400 9 5 2 
Model 28 0.4 0.05 400 10 11 7 
Model 29 0.4 0.1 400 34 21 18 
Model 30 0.4 0.2 400 44 39 35 
Model 31 0.4 0.3 400 45 43 39 
Model 32 0.4 0.4 400 48 47 47 
Model 26 0.4 0.01 800 4 4 2 
Model 27 0.4 0.025 800 10 12 9 
Model 28 0.4 0.05 800 23 26 22 
Model 29 0.4 0.1 800 41 39 33 
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Model 30 0.4 0.2 800 46 47 44 
Model 31 0.4 0.3 800 50 49 48 
Model 32 0.4 0.4 800 49 49 49 
Model 26 0.4 0.01 1600 6 5 2 
Model 27 0.4 0.025 1600 23 23 27 
Model 28 0.4 0.05 1600 40 32 10 
Model 29 0.4 0.1 1600 45 46 43 
Model 30 0.4 0.2 1600 50 49 49 
Model 31 0.4 0.3 1600 50 47 48 
Model 32 0.4 0.4 1600 48 50 49 

 

Figure 7.6 shows the power of DNN-RF for balanced datasets. The power of the 

proposed method is high for all the models, when H=0.4. It is observed that the power of 

DNN-RF is gradually reduced as the proportion of noise increased. At H=0.01, the 

method performed poorly for all the value of MAFs. The performance of the method 

improved slightly by increasing the sample size. Power is almost 100% for heritability 

0.3, and 0.4 with MAF values 0.3 and 0.4 for sample size 800 and 1600. Power is nearly 

90% when H=0.2 and MAF = 0.2 for sample size 400. The model performed to the 

maximum when MAF is 0.1 and H values are 0.05, 0.1, and 0.2 for sample size 1600. On 

an average, the power of the proposed method gradually increased by increasing 
sample size and MAF values for all the balanced datasets.  

Figure 7.7 illustrates the power of DNN-RF when the case-control ratio is 1:2. As 

expected the power of the method is improved as the sample size is increased. However, 

the power is dropped when compared with the same simulated settings in balanced 

datasets. Power is almost equal to 100% when heritability and MAFs values are 0.3, and 

0.4 for sample size 800 and 1600 respectively. Figure 7.8 shows the results of power 

analysis of DNN-RF when the case-control ratio is 1:4. Power is less than 5% when 

heritability is 0.01 for all the MAF values. Unexpectedly, power did not improve by 

increasing the sample size. Power drastically fell to 10% at H=0.05, and MAF = 0.4. 

Table 7.5 summaries the average power of DNN-RF with respect to 100% for case-

control ratios 1:1, 1:2, and 1:4 by varying sample size (200, 400, 800 and 1600).  It also 

summarises the classification accuracy of the method for various sample size.  
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Figure.7.6 Power of DNN-RF for ratio 1:1 for various minor allele frequencies, heritability, and sample 

size.  

 

Figure.7.7 Power of DNN-RF for ratio 1:2 for various minor allele frequencies, heritability, and sample 

size.  
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Figure.7.8 Power of DNN-RF for ratio 1:4 for various minor allele frequencies, heritability, and sample 

size.  

Table 7.5: Summary of power of DNN-RF to detect known two-locus SNP interactions. 

Sample 
Size Ratio Power (%) 

Classification 
Accuracy 

200 

1:1 35.1 74.36 
1:2 34.43 63.03 
1:4 26.87 57.63 

400 

1:1 52.56 74.873 
1:2 47.77 60.77 
1:4 42.17 55.23 

800 

1:1 67.11 75.08 
1:2 65.5 61.25 
1:4 57.03 55.38 

1600 

1:1 78.11 75.27 
1:2 74 63.55 
1:4 69.27 55.8 

 

Power and classification accuracy of the method increases by increasing the sample 

size, and they are affected by case-control ratios. On an average, it is observed from the 

number of experiments that power of the method is high for higher values of MAF and 
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heritability. Even though, the proposed method performed better by increasing the 

sample size, still further investigations required to improve the performance of the 

method at low values of heritability.   

7.6.2 Real world data application 

Chronic dialysis patients’ dataset (presented in Section 6.1.5) is applied on the proposed 

DNN-RF method to evaluate performance of the models for detecting two-locus SNP 

interactions responsible for disease manifestation. The method is built and trained in R 

[326]. As per preliminary evaluations, the method is evaluated by changing the 

activation functions (such as, rectifier, tanh, softmax, and maxout along with dropouts) 

[45] and optimising hyper-parameters (using grid and random grid search) [47]. 

Number of experiments is performed for evaluating all the possible combinations of 

hyper-parameters (such as, hidden layers, epochs, input drop ratio, epsilon, momentum, 

learning rate, annealing rate, L1 and L2 penalties’). The best model with optimal hyper-

parameters is chosen to maximise the model’s accuracy. It is observed that the model 

convergence and synchronization is decreased as the sample size increases. 

Computational performance is affected if training samples are too low. Figure 7.9 

illustrates the performance of metrics of each model with respect to accuracy, precision, 

auc, logloss, mse, and classification error for both training and validation. The two-locus 

interactions between SNP 21 (2) – SNP 28 (2) is identified by the best model with the 

maximum accuracy of 78.1337. Figure 7.10 plots top 30 two-locus SNP interactions 
responsible for chronical dialysis.  

Figure 7.11 plots the accuracy graph of DNN-RF along with previous methods from the 

literature. The proposed model is compared with some of the commonly used 

approaches in machine learning (such as, LR, MDR, RF, GBM, and DNN). The study is 

evaluated on chronic dialysis patients’ data. The prediction accuracy of DNN is 77.99. A 

best two-way SNP interaction identified by the model is SNP 22 – SNP 26. MDR 

identified interaction between SNP 40 – SNP 56 with the accuracy of 56.1 along with 

highest CVC 10\10. LR detected SNP21 – SNP52 interaction along with the accuracy of 

73.82. Similarly, the best two-locus interaction identified by RF is SNP 9 – SNP 64 with 
the accuracy of 77.03. Finally, the GBM identifies two-locus SNP interaction (SNP 55 –  
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Figure.7.9 Performance analysis of DNN-RF hybrid method for two-locus SNP interactions. (a) True 

positive rate (tpr) vs false positive rate (fpr) for both training and validation, (b) accuracy plot at which 

maximum accuracy is obtained for a threshold value, (c) accuracy vs precision plot during training and 

validation, (d) Precision plot at which maximum accuracy is obtained for a threshold value, (e) scoring 

history of logloss at n trees, (f) scoring history of mse at n trees, (g) scoring history of area under curve 

(auc) for training and validation in n trees, and (h) scoring history of classification error. 

SNP64) with the highest cross-validation accuracy (77.86) when compared with other 
approaches from the literature.   

It is observed that different methods detect different two-locus interactions. These 

observations urged caution in interpretation of the results obtained from different 

methods. Despite accuracy being cited as one of the criteria to evaluate the performance 

of different methods, W-test is performed to measure pairwise SNP interactions [346]. 

W-test is a model free statistical test that follows scaled Chi-squared distribution as a 
function of two parameters (scalar ℎ and degree of freedom 𝑚) using bootstrapping. The 

ℎ  and 𝑚 values are adjusted for distributional bias in the presence of population 

stratification.  

a d b c 

e f g h 
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Figure.7.10 Top 30 two-way SNP interactions identified by DNN-RF model on Chronic dialysis patients’ 

dataset. 

 

Figure.7.11 Accuracy of hybrid DNN-RF model compared with some of the previous algorithms such as, 

multilayered feedforward neural networks (DNN), gradient boosted machines (GBM), multifactor 

dimensionality reduction (MDR), logistic regression (LR), and random forest (RF). 
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Table 7.6 shows w-value, and p-value of the top 5 predicted SNP interactions for 

different methods. It is observed that p-values of all the top five pairwise SNPs of the 

proposed method showed statistical significance of p-value < 0.05. Previous studies 

show that SNP 64, SNP65, SNP 21, and SNP 34 have higher incidence in D-loop of CRS of 

cases rather than controls [337]. Hence, there is no reason for suspecting the findings of 

the proposed method. Four pairwise SNP interactions predicted by DNN and RF are 

statistically significant (p<0.05). Only one p-value of RF (SNP21_SNP56) showed 

deviation from statistical significance. This could be due to false positive, where SNP 56 

is independently associated with the high risk of chronic dialysis. Similarly, three 

pairwise interactions predicted by the GBM showed statistically insignificant results 

due to false positives. This may be caused due to marker dependencies rather than real 
interaction effects.  

In MDR, only two pairwise interactions are statistically significant. This may be due to 

lower cross validation consistency when the MAFs are low. This may lead to lower p-

values. It may also be due to extreme sensitivity to the choice of random seed number. 

Hence, results are interpreted carefully based on the optimal choice of random seed. In 

LR, only one pairwise interaction is statistically significant with p-value <0.05. These 

unexpected results may be due to linear relationship with the interaction term. Many 
useful non-linear relationships may be missed in co-dominant genetic models.  

Table 7.6: W-test for predicted tw o-locus SNP interactions. 

Methods 
Top 5 SNP 
Interactions W values p-value 

DNN-RF 

SNP21_SNP28 8.846399 0.03376429 

SNP7_SNP65 7.585945 0.02797846 
SNP31_SNP67 10.17918 0.01848273 
SNP34_SNP60 12.39451 0.00669231 

SNP16_SNP19 12.52843 0.00629073 
SNP4_SNP63 14.5787 0.00242609 

DNN 

SNP22_SNP26 11.43058 0.00424467 
SNP1_SNP37 8.100954 0.02175054 
SNP8_SNP24 11.08434 0.01222723 
SNP1_SNP3 6.072052 0.05852792 
SNP23_SNP70 10.626 0.01507808 

RF 

SNP9_SNP64 7.386538 0.03084088 
SNP21_SNP56 0.2957758 0.9651625 
SNP10_SNP64 7.021056 0.03686393 
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SNP64_SNP77  16.12623 0.0011751 
SNP54_SNP64 9.687092 0.00999816 

GBM 

SNP55_SNP64 9.687092 0.00999816 
SNP8_SNP31 3.42325 0.3449625 
SNP3_SNP64 14.71695 0.00227437 
SNP29_SNP35 4.514217 0.1245242 
SNP21_SNP52 1.107926 0.7886552 

MDR 

SNP40_SNP56 2.576055 0.4777909 
SNP21_SNP64 9.315519 0.02733535 
SNP47_SNP56 6.009799 0.1178916 

SNP45_SNP56 1.854882 0.6193778 
SNP56_SNP64 9.264284 0.02797464 

LR 

SNP21_SNP52  1.107926 0.7886552 
SNP35_SNP56 4.407371 0.231819 
SNP8_SNP39 4.794594 0.1974254 
SNP55_SNP64 12.82208 0.00213938 
SNP21_SNP40  2.908923 0.4213296 

 

However, to determine the best method, computer simulations are generally performed 

in the literature with known interactions [36, 108]. Simulation studies identifies that 

different methods perform well under different true models with different scenarios. 

Further, different methods often assume different definitions for interaction effects 

[347]. All these factors may also determine the prediction of the methods.   

Further preliminary studies are performed on the chronic dialysis patients’ dataset to 

observe the performance of the proposed method on higher-order interactions. Figure 

7.12 illustrates the top 30 three-way interactions identified by the proposed method. 

We could observe that the proposed method can be easily extended for higher-order 

interactions. However, the execution time drastically increased when compared with 

detection for two-way interactions. This observation leads us to urge caution to 

investigate some of the filtering and parallel computational approaches implemented 
into the method. 
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Figure.7.12 Top 30 three-way SNP interactions identified by DNN-RF model on Chronic dialysis patients’ 

dataset. 

7.7 Discussions 

From the simulated studies, it is observed that, the power of the proposed method in 

presence of GE and MS, and their combined effects are 90-100% for all six epistasis 

models. In the presence of PC (variation of a phenotype that is caused due to 

environmental factors, but it resembles as due to inheritance of genetic factors), and 

their combined effect with MS and GE, the power of the method also performed equally 

well with 90-100% for model 1 (p=0.5, q=0.5, H=0.053) and model 2 (p=0.5, q=0.5, 

H=0.051). These are due to the simplest nature of the models, which do not exhibit any 

independent main effects [36]. That is, Model 1 (p=0.5, q=0.5, H=0.053) has four high 

risk cells with the function of XOR, which cannot be separated linearly. Model 2 (p=0.5, 

q=0.5, H=0.051) has only three high risk cells in the presence of aaBB, AaBb, and AAbb, 

when compared with the other models with four high risk cells. The power of method in 

the presence of PC can be improved by including environmental factors rather than any 

methodological changes to the DNN-RF hybrid method [36]. Encompassing the 
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environmental factors into the analysis is another challenge to be considered. 

AntEpiseeker [92], BOOST [22], and SNPRuler [191] are some of the approaches that 

are robust to the phenocopy. 

Genetic heterogeneity can be either allelic or locus based in which, multiple genes are 

associated for causing a phenotype. Locus heterogeneity occurs due to the SNPs at 

different locus in contrast with allele heterogeneity, which occurs due to SNPs in the 

same locus. It is observed that the power is between 24-56% in the presence of GH, and 

their combined effect with MS, GE, and PC for all six models. However, the power of the 

method reduced drastically low between 0-20% for model 3 – 6 in the presence of 

combined effect of GH-PC. This is due to complex nature of the models along with 
reduced levels in the frequencies of rare allele 𝑠 = 0.25 and 𝑠 = 0.1 [36]. These 

observations suggests us the space in which more sophisticated algorithms can be 

integrated to improve the power of the method to detect SNP interactions in the 

presence of GH, and their combined effect with PC. It is believed that GH plays very 

important role in the insight of complex diseases [348]. However, the power of GH, and 

their combined effects are comparatively high when compared with other approaches 

such as MDR, and DNN. This is due to the reason of incorporating RF into analysis to 
improve overall predictive accuracy of the method.  

7.8 Chapter Summary 

In this chapter, a deep neural network was unified with a random forest by forming a 

hybrid method, for achieving reliable detection of multi-locus interactions between 

SNPs. The proposed method was evaluated on various simulated scenarios in the 

absence of main effects. Further, the performance of the method in the presence of noise 

due to MS, GE, GH, and PC, and their combined effects were evaluated. The power of the 

method was compared with the previously proposed extended deep learning method in 

the presence and absence of noise. On an average, the power of the proposed hybrid 

method was much higher than the previous methods for all simulated scenarios in the 

presence of noise. However, the power of the hybrid method in the presence of PC, and 

GH, and their combined effects is still low due to the complex nature of the models. 

Finally, these findings were confirmed on a chronical dialysis patient’s data. It was 

observed that the two-locus interaction in the mitochondrial D-loop has the highest risk 
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for the disease manifestation. These findings will pave the way for further exploration 
of improving the performance of the method.  

The next chapter presents a summary of the contributions of this thesis and discusses 

how the research objectives were achieved. Furthermore, the chapter will discuss 

several ideas for the future work based on the experimental observations in this chapter 
and the previous chapters.  
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Chapter 8 

Conclusions and Future works 
With the growing amount of high-throughput genotyping data, many researchers have 

made great efforts to examine the interaction effects between the multi-locus SNPs for 

discriminating the status of complex diseases. Detecting these interactions in high-

dimensional genome is difficult, due to the growing number of genetic variants in 

human genetics. A number of efficient and less expensive methodologies and 

computational techniques have been incorporated by the researchers in the current 

literature. However, the current conventional techniques are still left with several 

caveats. It was evident from the limitations of the current methodologies that they still 

require further developments for a better understanding of interaction studies. Hence, 

the main focus of this thesis was to propose the methods to detect higher-order 
interactions in GWIS based on associative classification and deep learning methods.  

Many researchers have shown that AC is more accurate than traditional classifiers. The 

rules generated in AC can be stored and can provide reasoning to the classification. AC 

is also suitable for both categorical and discrete data. Mapping SNP-SNP interactions to 

disease can be improved by integrating association rules and classification. Deep 

learning is a new breed of machine learning that elucidates the hidden structure of the 

raw data by transforming it into multiple high levels of abstractions, using the power of 

parallel and distributed computing. It promises empirical success in a number of 

applications including bioinformatics to provide insights into biological complexities. 

The deep learning in the multi-locus interaction studies is yet to begin to meet its 

potential achievements. These explorations have motivated the need to address the 

series of problems in GWIS that focus on improving the detection of real causal 

interactions responsible for disease manifestations. In this chapter, the work that has 

been carried out in this thesis is summarised in Section 8.1. The chapter also introduces 
some of the possible future avenues for improving the proposed methods in Section 8.2.  
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8.1 Summary of Contributions 

The main objective of this research was to implement methods to detect higher-order 

SNP interactions in high-dimensional genome data. Chapter 1 discussed several 

research objectives that would be explored in this thesis. Chapter 2 provided the 

background for formulating these research objectives, and explored many questions to 

be answered even in well-established methods. These objectives are summarised below 
with respect to the contributions presented in the previous chapters.   

Objective 1: Develop methods for search of two-locus SNP interactions 

The main goal of this research was to develop efficient methods for detecting true 

causal subset of SNP interactions in GWAS. In Chapter 3, a rule based approach was 

implemented to detect interaction effects more accurately than traditional approaches. 

This method has shown some promising ability of searching for two-locus interactions 

in imbalanced datasets. However, a huge number of rules were generated as the SNP 

combinations increase. This was computationally demanding. Hence, a MDR based AC 

was proposed in Chapter 4 by reducing the dimensionality of the data. This method has 

shown improved accuracy in both balanced and imbalanced datasets. The major 

challenge for the MDRAC was that the power was reduced in the presence of noise. 

These observations provided new clues towards exploration of deep learning to 

overcome this inherent problem. Chapter 5 trained a deep neural network, and showed 

potential results compared with other two methods. The power of this method in the 

presence of noise was improved by integrating RF with DNN (DNN-RF) in Chapter 7.  

Objective 2: Extend and improve the performance of the proposed methods  

Rule based approach and MDRAC were extended for identifying three-locus to six-locus 

interactions in Chapter 3 and Chapter 4 respectively. These methods were successfully 

demonstrated over both balanced and imbalanced case-control datasets. In Chapter 6, 

the deep learning method was extended and evaluated for one-locus to ten-locus 

interactions. The combined effect of higher-order interactions was also observed for the 

proposed DNN method. The method was evaluated for unsupervised tasks, such as; 

high-dimensional data was reduced to low-dimensional data by incorporating PCA, 

discovered anomalies in the reduced data representation using deep auto-encoder. 
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Sensitivity analysis was further conducted to observe the behaviour of the network for 

change in input parameters. The proposed method showed promising ability for 

searching important higher-order interactions. However, further improvements in 
optimisation techniques, and learning algorithms improved the accuracy of the models.  

Objective 3: Evaluating the proposed methods on both simulated and real data 

The four methods proposed were evaluated for various simulated scenarios and real 

data application studies in Chapters 3 to 7. The simulated datasets were generated by 

varying minor allele frequency, heritability with various penetrance functions, various 

case-control ratios, and sample size. These simulated datasets were generated in the 

presence and absence of noise using GAMETES tool. The methods were studied in detail 

in the presence of noise due to GE, MS, GH, PC and their combined effects. Although the 

power of the models to search for subset of interesting SNPs was high in the presence of 

GE, and MS, it drastically dropped in the presence of GH, PC and their combined effects. 

Further experimental findings were validated on four real datasets (sporadic breast 

cancer, hypertension, chronic kidney dialysis patients’ data, and data obtained from 

whole genome). Top 20 highly ranked higher-order SNP interactions were identified by 
the proposed methods in Chapter 5 to 7.  

Objective 4: Comparing the performance of the proposed methods with the 
previous approaches 

The performances of the proposed methods were compared with some of the 

conventional methods for both simulated and real datasets. It was observed that the 

extended deep learning method potentially performed well compared with other 

previous approaches. The best models had the highest prediction accuracy with low 

classification errors. However, the power of the previous methods was much reduced in 

the presence of noise and their combined effects, when compared with the power of 

DNN-RF. This was due to the incorporation of RF into analysis to improve the overall 

predictive performance of the models. The method has demonstrated better accuracy in 

identifying subsets of important SNPs by reducing false associations. Despite accuracy 

being cited as one of the criteria to evaluate the performance of the methods, W-test is 

also performed to measure the statistical significance of the interactions identified by 
the previous approaches. 
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 8.2 Limitations and Future work 

This research can be further improved by addressing some of the potential limitations, 

where further research and extensions can be incorporated. These suggestions are 
partially presented in the published papers [49, 51]. 

8.2.1 Population Stratification 

An important confounding factor in the case-control datasets was population 

stratification, which lead to spurious associations between SNPs. The studies presented 

in this thesis were restricted to homogenous populations.  Improving the ability of the 

proposed methods to handle population stratification could be a major aspect to be 

considered. In GWAS, a number of approaches have been successfully implemented to 

detect main effects by controlling the population stratification [349]. However, only  a 

few methods are available in interaction analysis to handle population stratification, 

such as, principal component analysis based method [350], MDR in structured 

population [351], and w-test for pairwise interactions [346]. Even though our 

preliminary results remain a promising option to adjust for population stratification, 

test showed sensitivity to some of the main effects included in the models. Romero 

[352] showed how to experimentally handle population stratification by proposing diet 

networks using deep learning. It reduced the number of free parameters by 

implementing a multi-tasking architecture that can handle very high-dimensional input. 

It showed better generalization with respect to misclassification errors. This 

investigation can be implementation into the proposed methods to handle population 

stratification. This can improve the understanding of etiology of a disease at the 
population level.  

8.2.2 Power calculations 

Another major challenge of interaction analysis of the proposed methods was power 

calculations. Power calculations in the interaction analysis of the methods were 

performed on simulated studies with different data parameters (such as, sample size, 

allele frequency, and heritability), and tested experimentally to show the power of the 

method to detect known interactions. In existing literature, simulated models are 
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generated to fit the specific needs of the method by noting the power to detect higher-

order interaction effects with different models/data simulation settings [36, 78, 108, 

353]. Urbanowicz described a simulation method, and a metric to estimate relative 

model detection difficulty that strongly correlated with detection power [221, 345]. 

Further, they presented a case for a simulation study design, which takes model 

architecture into account by identifying the point where methods may or may not be 

empowered to detect the underlying interactions. Considering these recommendations 

from the existing literature, simulated studies can be performed to evaluate the power 
of the proposed methods in various simulated settings. 

8.2.3 Training data 

It was observed that huge training data was required due to optimisation of higher 

number of weights and biases of the deep learning methods. It was also observed that 

the data with imbalanced class becomes difficult to train the DNN as performance 

metrics showed bias towards the majority class. Hence, the imbalanced datasets can be 

analyzed using oversampling or under sampling or by adjusting the threshold values of 

the models. Over sampling randomly re-samples the underrepresented class of samples 

until the number of cases and controls are equal. Under sampling randomly removes 

samples from an overrepresented class until the number of cases and controls are 

equal. Even though this technique was used in the literature [108], there may be false 

associations due to the samples that are oversampled or under sampled. This could also 

provide a false sense of high power [301]. Further, the performance of the proposed 

deep learning method was not expected to perform well if the input is highly sparse and 

irregular. Hence, several normalized optimization techniques, and implementation of 
stacked autoencoders to the proposed DNN model can be explored. 

8.2.4 Activation Function 

The activation function 𝑖𝑎𝑠ℎ used in the deep learning method maps the data to the [-1, 

1] domain resulting in minimal learning. This can be improved by using learnable 

activation functions that approximates to underlying data distribution. Implementing 

W-test to measure pairwise interactions into the model can reduce the distributional 

bias occur due to sparse data and small sample size [346]. W-test copes well in sparse 
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data by using data dependent bootstrap estimation of ℎ and 𝑚 parameters. Further 

investigations of incorporating the w-test estimations into the methods will be 

conducted for higher-order interaction testing.   

8.2.5 Huge network parameters 

Training DNNs for the multi-locus genome data became tedious and challenging due to 

huge number of network parameters. Convolutional neural network (CNN) can be 

explored for the current problem (preliminary studies are explored [51]). CNNs are 

inspired by visual cortex of the human brain. In the visual cortex, there are simple 

neurons that respond to primitive patterns in the visual field, and complex neurons that 

respond to large intricate forms. CNNs leverages the idea of sparse interactions, 

parameter sharing and equivariant representations to improve machine learning [321]. 

They uses convolution, a mathematical linear operation, instead of matrix multiplication 

at least in one of their hidden layers. The main features of CNN are to share the weights 

and extract useful features with its trained weights. Hence, CNNs are considered to be 

less complex and uses less memory compared with DNNs. These features of CNN can 
suggest incorporating it into the method for improving learning efficiently.  

8.2.6 Presence of Noise 

The power of DNN-RF is reduced in the presence of PC and GH, and their combined 

effects. GH played important role in the insight of complex diseases. These observations 

suggest that more sophisticated algorithms can be integrated into the method to 

improve the power of the method in the presence of GH, and their combined effect with 

PC. The power of the method in the presence of PC can be improved by including 

environmental factors rather than any methodological changes to the DNN-RF hybrid 

method [36]. Encompassing the environmental factors into the analysis is another 

challenge to be considered.   

8.2.7 Other future directions 

Unexpectedly, the current variable measures available in RF, fails to capture the 

interactions in high-dimensional settings. Hence, further research strategies can be 

explored for accurate variable selection measures in DNN-RF. Choosing the best model 
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from large combinations of hyper-parameters becomes tedious when the parameters of 

the DNN-RF are increased, and reproducing these results also becomes more complex. 

Hence, other optimising search algorithms can also be explored to maximise the 
predictive accuracy of the method.  

Further advances in computing power and optimising algorithms will play a prominent 

role in analysing the interactions among the SNPs. The etiology of complex diseases 

involves genetic and environmental factors, and their interaction effects. Hence, the 

contribution of environmental factors over the interaction effects should not be 

underestimated. It is believed that exposing these interactions in detail will provide new 

insights into the genetic architecture of a number of complex diseases. These findings 

will pave the way for further exploration of improving the performance of the method 

by implementing the multimodal, and the accelerating deep learning techniques into the 

architecture. Although, the suggested approaches are complementary to the current 

deep learning methods, continuous improvements with more sophisticated algorithms 

can be applied to modelling high-dimensional SNP interactions.  
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Glossary 
Allele is a variant form of a gene located at a specific position on a Chromosome. 

Area under the curve (AUC) is a measure that determines the performance of the 
models across all the possible classification thresholds.  

Bonferroni correction is a method performed to reduce type I errors by correcting 
individual p values in multiple statistical testing. 

Bootstrap samples are smaller random samples that are obtained from the original 
data with replacement.  

Chi-square test is a statistical distribution used to determine the significant difference 
between expected and observed frequencies when a null hypothesis is true.  

Cross-Validation is a resampling technique that divides original data into smaller 
subsets to validate the models. One subset is used for testing and remaining subsets are 
used for training the machine learning models. Multiple rounds of testing and training 
are performed with different partitions of the data to reduce the variability. Finally, the   
validation results over the multiple rounds are averaged. 

Data mining is the process of finding hidden patterns and anomalies from large data to 
obtain potentially useful information. 

Deoxyribonucleic acid (DNA) is a double helix macromolecule united with hydrogen 
bonds, which comprise of instructions for development of an organism. 

Epistasis is defined as the interactions between set of genes and their associations with 
a phenotype. Initial studies defined epistasis as a SNP or a gene at a locus suppresses 
the expression of another SNP or gene at different locus.   

Estrogen is a hormone secreted for the growth, development, sexual maturity and 
reproductive ability of a female.  

F1 generation is the first set of offspring produced by a set of parents. 

F2 generation is the offspring of a cross between two F1 individuals. 

Genetic heterogeneity is a phenomenon in which same or similar phenotype may be 
caused by mutation of genes at different loci or different genetic mechanism. 

Genome-wide association study (GWAS) is the study of genetic variations in different 
individuals with the intension of revealing the associations with a trait or a disease.  

Genotype is the genetic composition of an individual organism. A gene for a particular 
character or trait exists in two allelic forms (for example: A and a). The possible 
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genotype combinations are AA (homozygous dominant), Aa (heterozygous), and aa 
(homozygous recessive). 

Heritability is the observed difference on a trait among individuals of a population due 
to genetic variation. 

High-dimensional data contain information on large number of variables.  In genetic 
data, the number of variables can exceed the number of samples making extremely 
difficult to analyse.  

Hyperplane is a subspace of one dimension less than its ambient space.  

Linkage disequilibrium (LD) is an association between two nearby loci. Two loci are 
in LD if the probability of recombination is less than 0.5 and statistically related linking 
between two loci.  

Locus is a specific location of a gene on a chromosome. Plural of locus is loci. 

Logarithmic loss (Logloss) or cross entropy loss measures the performance of the 
models by minimizing the uncertainty between actual and predicted class labels.  

Machine learning is the ability of an algorithm to learn from experience. It 
automatically produces models with rules and patterns from the data. 

Marginal effect measures the impact of change in dependent variable when a 
independent variable is changed. 

Minor allele frequency (MAF) is the frequency at which the least common allele 
occurs in a given population.  

Missing heritability is the fact that single genetic variants cannot explain the 
heritability of trait or complex diseases. 

Null hypothesis (𝑯𝒐) assumes no associations between groups of the population. Test 
statistics (p-value) is used to determine whether to reject or accept the null hypothesis.  

Out-of-bag (OOB) error is an unbiased estimation of the test set errors. It is executed 
internally during run to construct accurate trees. 

Over-fitting occurs when a statistical function is closely fitted to a set of data that 
reduces the performance of the model. 

Penetrance is the proportion of a population with a given genotype that displays the 
phenotype 

Phenocopy is a variation in a phenotype due to environmental factors, such that the 
phenotype matches with the phenotype determined by genetic factors. These changes in 
phenotype are not heritable and are not due to mutations in DNA sequence. 
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Phenotype is the physical appearance of an organism with respect to a trait allele  

Polygenic inheritance or multifactorial inheritance refers to a trait or phenocopy that 
is influenced by multiple genes. 

Population stratification is the systematic ancestry differences in allele frequencies 
that present between sub-population of a population.  

Power of the method is the number of times the known SNP interactions are identified 
correctly.  

P-value is the probability of a statistical model when the null hypothesis is true. It 
determines the statistical significance of the results. Large p-values indicate the weak 
evidence, where else small p-values indicate the strong evidence to reject the null 
hypothesis.  

Random sampling is a method of selecting a subset of random samples from a 
statistical population in which each number of the subset has an equal probability of 
being chosen. 

Sensitivity is a statistical measure that identifies the proportion of actual / true 
positives to total number of cases in the population. 

Single nucleotide polymorphism (SNP) is a common genetic variation occurs due to a 
change in a single nucleotide (A, T, C and G) at a specific location of the DNA sequence. 

Specificity is a statistical measure that identifies the proportion of actual / true 
negatives to total number of controls in the population.  

Threshold value is a proportion that determines disease risk status to a specific multi-
locus genotype combination.  

Type I error is the probability of rejecting a true null hypothesis (false positives). 

Type II error is the probability of failing to reject a false null hypothesis (false 
negatives). 
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