
GAUSSIAN MIXTURE MODEL BASED 

NON-ADDITIVE FUZZY SYSTEMS 

NISHCHAL KUMAR VERMA 

Department of Electrical Engineering 

Submitted 

in fulfillment of the requirement of the degree of Doctor of Philosophy 

to the 

Indian Institute of Technology-Delhi 
December 2006 



1 t b ' 	AA k' 41, t. {v a t,~ l•( 

TH 

VCS-~G 

iITi'. DELHI. 
I. LIØPARY 

Asp. 	 .L 1.~.. 

I.I.T. DELHI 

'if; 



CERTIFICATE 

This is to certify that the thesis entitled "Generalized Mixture Model based Non-

additive Fuzzy Systems" being submitted by Mr. Nishchal Kumar Verma for the 

award of the degree of the Doctor of Philosophy in the Department of Electrical 

Engineering, Indian Institute of Technology, Delhi is a record of bonafide research work 

he has carried out under my supervision. The results contained in this thesis have not 

been submitted to any other Institute or University for the award of any degree or 

diploma. 

(Pr . Madasu anmandlu) 
Department of Electrical Engineering, 
Indian Institute of Technology, Delhi 
Hauz Khas, New Delhi- i 10016 
INDIA 

ii 



Acknowledgement 

I would like to express my greatest gratitude to my PhD supervisor Professor M. 

Hanmandlu for his guidance, interest, advice, support, for his understanding of the 

subject and for the help rendered throughout the course of present work. I am indebted to 

him for introducing me to the area of Non-additive Fuzzy Systems. Professor M. 

Hanmandlu has set up an excellent laboratory at IIT Delhi with an enormous enthusiasm 

and proper attention. I am very grateful for having the opportunity to work with him and 

hope that I shall continue to have his blessings in the future. I owe him a debt of 

gratitude. 

I would like to express my special thanks and gratitude to Professor N. R. Pal. He has 

been a constant source of inspiration in my research area. 

I am indebted to my Student Research Committee (SRC) members, Professor Suresh 

Chandra, Professor A. N. Jha and Dr. I. N. Kar for their constructive suggestions and 

critical comments during my research work. 

I would like to thank Professor M. Gopal, who was the key person in the initial phase 

of choosing this premier institute for my research activity and for helping and motivating 

me throughout the course of this work. He was always concerned about my progress and 

whenever I went to him he was very kind to extend me the helping hand. 

While sojourning here I have met so many interesting people and have made some 

good friends. Among them, Dr. Alok Deb, Dr. Rajen Bhatt, Mr. Akhil Garg and Mr. S. 

Gopinath deserve the special mention for their friendly nature and helping attitude. 



I am greatly indebted to all my colleagues at Control Laboratory, Dept. Of Electrical 

Engineering, IIT Delhi. Everybody there was ready to help and discuss things whenever 

I needed them. 

My special thanks to Professor J. K. Chatterjee, Head, Dept. of Electrical 

Engineering, IIT Delhi. We had many exciting conversations and discussions. These are 

unforgettable as he extended the help freely and generously without ever expecting 

anything in return and made me feel happy. 

I would like to thank all the faculty members and colleagues at Dept. of Electrical 

Engineering, IIT Delhi. Constructive discussions with them were highly motivating. 

I remember with great pleasure the time I spent with my colleagues at IIT Delhi. It 

was great fun to work together in a close and mutually beneficial environment. 

I am grateful to the department of electrical engineering at the Indian Institute of 

Technology, New Delhi for providing me the excellent work environment during the past 

years. I would specially like to mention the help which Mr Jaipal Singh, Mr. Madan, Mr. 

Surajpal Singh, Mr. Kaushik, Mr. Chandi Lal, Mr Jiley Singh and Mr Rakesh Kumar 

have provided me during my research work. 

I would like to thank my family, especially my parents, brother, sisters and my wife 

Pooja for their individual support throughout my course. I could not have finished this 

work without their love and support. 

Finally, I acknowledge all others who have helped me and whose names could not be 

accommodated in this brief acknowledgement. 

i 
Nishchal Kumar Verma 

iv 



Abstract 

In many realistic applications, the assumption of independence among inputs does not 

hold good. The thesis is therefore concerned with the fuzzy modeling by taking into 

account the interaction among the inputs as well as dynamics of the system. To address 

this problem, the non-additive fuzzy system is proposed using the framework of Gaussian 

Mixture Model (GMM) in the Generalized Fuzzy Model, where the Sugeno's k-measure 

enters into the model to account for the interaction. 

In the next study, we are bent upon devising an efficient non-additive fuzzy system 

using Q-measure by replacing Sugeno's k-measure for the purpose of reducing the 

computational burden of the algorithm. Our attention is then turned on to further 

simplification by resorting the estimation of fuzzy measures from covariance matrices in 

GMM. This makes the model simpler as there is no need of learning the fuzzy measures 

from the data. 

Enthused by the success in the non-additive fuzzy modeling, we focus on tackling the 

dynamic behavior of the fuzzy systems by embedding the state information into them 

using Hidden Markov Model (HMM). Incorporation of HMM into the fuzzy model is 

found to give encouraging results for the dynamic systems. All of our algorithms have 

been validated on the two bench mark applications (Box and Jenkins gas furnace data and 

Industrial Dryers data) and two real data applications (the Earth's magnetic field and 

Electric load demand of Indian utility). 

Finally we have tried to concentrate on the quality of the clusters that constitute the 

fuzzy rules in order to improve the efficiency and performance of the resulting model and 

this has been achieved by developing "Improved Mountain Clustering (IMC)" technique. 
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The quality of the clusters is judged by the entropy function. The IMC is then 

implemented on Industrial Dryers data as well as on the segmentation of different color 

images. This clustering technique is found to be computationally efficient as compared to 

the well known and commonly used clustering algorithms like K-Means, FCM, Modified 

Mountain clustering, EM clustering algorithms. Though IMC has been developed to 

replace EM clustering but all along EM clustering is used in GMM as it provides the 

membership functions directly. 

vi 



Contents 

Page No. 

LIST OF FIGURES 	 xii 

LIST OF TABLES 	 xvi 

LIST OF SYMBOLS 	 xx 

LIST OF ABREVIATIONS 	 xxii 

CHAPTER 1: INTRODUCTION 	 1 

1.1 MOTIVATION 2 

1.2 GAUSSIAN MIXTURE MODELS (GMM) 3 

1.3 GENERALIZED FUZZY MODEL (GFM) 7 

1.4 Fuzzy MEASURES 8 

1.5 THE CHOQUET FUZZY INTEGRAL 10 

1.6 TASKS FOR THE THESIS 11 

1.7 DEVELOPMENTS UNDERTAKEN TO ACHIEVE THE TASKS 12 

1.8 LITERATURE SURVEY 13 

1.9 THESIS ORGANIZATION 15 

CHAPTER 2: GAUSSIAN MIXTURE BASED NON-ADDITIVE FUZZY MODEL 

17 

2.1 INTRODUCTION 
	

17 



2.2 EQUIVALENCE BETWEEN GAUSSIAN MIXTURE MODEL (GMM) AND 

GENERALIZED FUZZY MODEL (GFM) 21 

2.3 FROM GMM To NON-ADDITIVE GFM 24 

2.3.1 Implementation Aspects 30 

2.4 ALGORITHM FOR ESTIMATING THE PARAMETERS OF THE NON-ADDITIVE FUZZY 

MODEL 30 

2.5 USE OF Q-MEASURE IN THE NON-ADDITIVE FUZZY MODEL 33 

2.5.1 Q -Measure 33 

2.5.1.1 Convergence behavior of Q-Measure 34 

2.5.2 Choquet Integral with Q-Measure 36 

2.5.3 The Q -Measure based Learning Algorithm 38 

2.5.4 Statistical Equivalence between a and f3 39 

2.5.5 Some Important Issues 40 

2.6 RESULTS AND CASE STUDIES 41 

2.6.1 Application to the Box and Jenkins's Gas Furnace Data 41 

2.6.2 Application to the Industrial Dryer Data 47 

2.7 CONCLUSIONS 55 

CHAPTER 3: ADAPTIVE NON-ADDITIVE FUZZY MODEL USING GMM 57 

3.1 INTRODUCTION 	 57 

3.2 	ADAPTIVE NON-ADDITIVE FUZZY MODEL AND ALGORITHM FOR ESTIMATING ITS 

PARAMETERS 	 57 

3.2.1 	The Algorithm 	 60 

viii 



3.3 	RESULTS OF CASE STUDIES 	 62 

	

3.3.1 	Application to the Box and Jenkins's Gas Furnace Data 	 62 

	

3.3.2 	Application to the Industrial Dryer Data 	 64 

	

3.3.3 	Application to the Earth's Magnetic Field Data 	 67 

3.4 CONCLUSIONS 	 72 

CHAPTER 4: GMM BASED NON-ADDITIVE FUZZY MODEL USING 

COVARIANCE MATRICES 73 

4.1 INTRODUCTION 73 

4.2 DETERMINATION OF FUZZY DENSITIES FROM THE COVARIANCE MATRIX 74 

4.2.1 Functionality of GMM 78 

4.3 ALGORITHM FOR ESTIMATING THE PARAMETERS OF THE NON-ADDITIVE FUZZY 

MODEL USING Q -MEASURE 79 

4.4 RESULTS AND CASE STUDIES 81 

4.4.1 Application to the Box and Jenkins's Gas Furnace Data 81 

4.4.2 Application to the Industrial Dryer data 84 

4.4.3 Application to the Electric load data of an Indian utility 87 

4.5 CONCLUSIONS 91 

CHAPTER 5: GENERALIZED FUZZY HIDDEN MARKOV MODELS USING 

GMM 	 92 

5.1 INTRODUCTION 
	 92 

ix 



5.2 HIDDEN MARKOV MODELS (HMMs) 94 

5.2.1 Continuous Observation Densities 98 

5.3 FuzzY HIDDEN MARKOV MODEL (FHMM) 102 

5.3.1 Additive FHMM 104 

5.3.2 Non-additive F14MM 106 

5.3.3 Performance Evaluation Ill 

5.3.4 Determination of Fuzzy Densities and Implementation Aspects 111 

5.4 ALGORITHMS FOR THE GENERALIZED FHMM 112 

5.4.1 Additive Generalized FHMM 112 

5.4.2 Non-additive Generalized FHMM 112 

5.5 RESULTS AND CASE STUDIES 115 

5.5.1 Application to the Box and Jenkins's Gas Furnace Data 115 

5.5.2 Application to the Industrial Dryer data 120 

5.6 CONCLUSIONS 125 

CHAPTER 6: IMPROVED MOUNTAIN CLUSTERING AND ITS 

APPLICATIONS 127 

6.1 INTRODUCTION 127 

6.2 AN OVERVIEW OF SOME CLUSTERING TECHNIQUES 129 

6.3 IMPROVED MOUNTAIN CLUSTERING (IMC) 131 

6.3.1 Difference between IMC and MMC 135 

6.3.2 Entropy as a Measure of Cluster Quality 135 

6.3.3 IMC and Computational Complexity 136 

x 



6.3.3.1 	Computational effort for the m`h  cluster formation 	 137 

6.4 APPLICATIONS 	 137 

	

6.4.1 	Formation of the Fuzzy Rules 	 137 

	

6.4.2 	Image Color Segmentation 	 139 

	

6.4.3 	Discussion on Performance of the Algorithm 	 151 

6.5 CONCLUSIONS 	 152 

CHAPTER 7: CONCLUSIONS AND SUGGESTIONS FOR FURTHER 

RESEARCH 	 154 

7.1 	CONCLUSIONS 	 154 

7.2 	CONTRIBUTION OF THE THESIS 	 159 

7.3 	SUGGESTIONS FOR FUTURE WORK 	 159 

REFERENCES 	 161 

APPENDIX 	 173 

xi 


	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12

