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 Molecular dynamics is a computer simulation technique for expressing the 

ultimate details of individual particle motions and can be used in many fields, such as 

chemical physics, materials science, and the modeling of biomolecules. In this thesis, we 

study visualization and pattern mining in molecular dynamics simulation. The molecular 

data set has a large number of atoms in each frame and range of frames. The features of 

the data set include atom ID; frame number; position in x, y, and z plane; charge; and 

mass. The three main challenges of this thesis are to display a larger number of atoms and 

range of frames, to visualize this large data set in 3-dimension, and to cluster the 

abnormally shifting atoms that move with the same pace and direction in different frames. 

Focusing on these three challenges, there are three contributions of this thesis. First, we 

design an abnormal pattern mining and visualization framework for molecular dynamics 

simulation. The proposed framework can visualize the clusters of abnormal shifting atom 

groups in a three-dimensional space, and show their temporal relationships. Second, we 

http://en.wikipedia.org/wiki/Chemical_physics
http://en.wikipedia.org/wiki/Materials_science
http://en.wikipedia.org/wiki/Biomolecule
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propose a pattern mining method to detect abnormal atom groups which share similar 

movement and have large variance compared to the majority atoms. We propose a 

general molecular dynamics simulation tool, which can visualize a large number of atoms, 

including their movement and temporal relationships, to help domain experts study 

molecular dynamics simulation results. The main functions for this visualization and 

pattern mining tool include atom number, cluster visualization, search across different 

frames, multiple frame range search, frame range switch, and line demonstration for atom 

motions in different frames. Therefore, this visualization and pattern mining tool can be 

used in the field of chemical physics, materials science, and the modeling of 

biomolecules for the molecular dynamic simulation outcomes. 
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1. INTRODUCTION 

1.1 Introduction 

Computer simulation is a computer program (or a system) that can be used to 

reproduce the movement and behavior of a large number of particles or units in a system. 

This type of program is commonly used in physics, chemistry, and astrophysics, such as 

the simulation of a typhoon. Molecular dynamics is a computer simulation technique for 

expressing the ultimate details of individual particle motions [2]. Moreover, molecular 

dynamics is a method to investigate motions of individual molecules in order to 

understand the structures of solids, liquids, and gases. Molecular dynamics simulation 

can be used in many fields, such as chemical physics, material science, and the modeling 

of biomolecules. Thus, molecular dynamics simulation can answer many questions, such 

as, “How do atoms on a protein molecule move together so the protein folds in life-

supporting ways? How do individual molecules combine to form new molecules? How 

do collisions of atom occur in nuclear bomb and how does it affect the environment” [5]? 

The primary point of molecular dynamics is molecular motion. One type of 

molecular motion that is studied in molecular dynamics is the movement of atoms, which 

concern about how orientations, positions, and velocities of atoms change with time. 

A simple system model concerning N atoms can be solved by Newton’s equation 

until the orientations, positions, or velocities of the atoms no longer change with time.  

First, the equation for Newton's equation of motion is described as follows: 

http://en.wikipedia.org/wiki/Chemical_physics
http://en.wikipedia.org/wiki/Materials_science
http://en.wikipedia.org/wiki/Biomolecule
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where F is a force that acting on a molecular with a fixed mass, m, affects the position of 

molecules in space, and a is the resulting acceleration for the molecules. Molecule force 

is clearly calculated and the motion of a molecule can use the integration method to 

calculate.  

Second, the integration method is focused on the condition of a starting positions 

and velocities of atoms. It is calculated that the next velocities and positions of atoms 

from the starting position at a time interval is based on Newton’s formula. It also can get 

the force of new positions.  

Figure 1-1 introduces the process of molecular dynamics in the form of a flow 

chart. The arrow expresses the process of a path sequence, which would be accomplished 

by a computer program. The main operations include (1) calculating the motion of the 

atoms and forces and, (2) demonstrating the statistical analysis of each new configuration 

of atoms. The loop can be repeated many times in a full simulation, which often occurs 

many thousands of time.   
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Figure 1-1 Molecular Dynamics Procedure 
This flowchart was reproduced from reference [35]. 

 

“A working definition of molecular dynamics (MD) simulation is technique by 

which one generates the atomic trajectories of a system of N particles by numerical 

integration of Newton’s equation of motion, for a specific interatomic potential, with 

certain initial condition (IC) and boundary condition (BC).” [9] Thus, an energy model 

can be used to express atom interaction energies in a system. In Figure 1-2, for example, 

there are N atoms in a system. The internal energy can be defined as follows: 

 

Calculate Forces for all 

molecules  

Initialize Positions and Velocities 

Start 

Apply Thermostat and Volume 

Changes 

Update Position and Velocities 

Analyze the Data 
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     , 

where K is kinetic energy, which means the energy from atom motions. U is the potential 

energy, which means the energy of atoms interaction [9]. 

 

Figure 1-2 Atoms in 3-Dimensonal Space 

The x-, y-, and z-axis denote the 3-dimensonal space. Each dot denotes one atom. Some 

atoms are close to each other, others are not. 

  

 

Molecular dynamics simulation can be treated as an experiment in Figure 1-3. 

The system will not stop until it reaches the required initial condition and boundary 

condition, such as an equilibrium state is reached. Then it is based on the averages of 

property to compute the thermal conductivity or function of radial distribution. It also can 

carry out a calculation of a non-equilibrium molecular dynamics based on the situation of 

large external driving forces or perturbation. For example, the field of mechanics, such as 

mechanical deformation, can be used for simulation and research the non-equilibrium 

response [9]. 
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Figure 1-3 Flowchart of Molecular Dynamics 

N is the number of particles, IC is initial condition, and BC is boundary condition. T is 

temperature and P is pressure. This flowchart was reproduced from reference [9]. 

 

“Newton's laws of motion are three physical laws that together laid the foundation 

for classical mechanics. They describe the relationship between a body and the forces 

acting upon it, and its motion in response to said forces.” [53] Generally, molecular 

dynamics are based on the laws of classical mechanics, specifically Newton’s 2nd law [4]: 

         

where each atom i is constituted by N atoms in a system, mi is the mass of the atoms, and 

Fi is the force acting upon them, resulted from interaction between atoms [3]. The 

acceleration is shown as follows: 

   
    

   
 

[System Setup]  

Sample Selection (N, IC, BC) 

[Equilibration]  

Sample Preparation (achieve T, P) 

 (pot., N, IC, BC) 

[Simulation Run]  

Property Average (run L steps) 

 (achieve T, P) 

 (pot., N, IC, BC) [Output]  

Data Analysis (property calculation) 

 (run L steps) 

 (achieve T, P) 

 (pot., N, IC, BC) 

http://en.wikipedia.org/wiki/Physical_law
http://en.wikipedia.org/wiki/Classical_mechanics
http://en.wikipedia.org/wiki/Force
http://en.wikipedia.org/wiki/Motion_%28physics%29
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Therefore, the technique of molecular dynamics gives an initial set of positions 

and velocities to determine the subsequent time evolution [3]. The molecular dynamics 

simulation “moves” the motion of atoms into the computer.  

There are a great number of numerical algorithms, which can be used for 

integrating the Newton’s Equation of motion in order to derive specific particle positions 

and velocities. The main algorithms include Verlet Algorithm, Leap-frog Algorithm, 

Velocity Verlet, and Beeman’s Algorithm. One of the best for integrating the Newton’s 

Equation of motion algorithm is Verlet Algorithm. The equation of Verlet Algorithm is 

described as follow: 

                              

where t is the time, based on the position time t – Δt, the formula can calculate the next 

position time t + Δt. In molecular dynamics simulations, Verlet Algorithm can be used to 

calculate trajectories of particles. 

1.2 Motivations 

Molecular dynamics simulation can be used in many fields, such as chemical 

physics, materials science, and the modeling of biomolecules. And there have been many 

theory promotions in molecular dynamics simulation. These theory promotions can be 

used for solving issues in molecular dynamics, which become an appealing methodology 

in several research areas [2]. For example, molecular dynamics simulation can be used to 

demonstrate the structure of the interface between liquid water and air in Figure 1-4.  

 

http://www.ch.embnet.org/MD_tutorial/pages/MD.Part1.html#Verlet
http://www.ch.embnet.org/MD_tutorial/pages/MD.Part1.html#Leap-frog
http://www.ch.embnet.org/MD_tutorial/pages/MD.Part1.html#Velocity%20Verlet
http://www.ch.embnet.org/MD_tutorial/pages/MD.Part1.html#Beerman
http://www.ch.embnet.org/MD_tutorial/pages/MD.Part1.html#Verlet
http://www.ch.embnet.org/MD_tutorial/pages/MD.Part1.html#Verlet
http://en.wikipedia.org/wiki/Chemical_physics
http://en.wikipedia.org/wiki/Chemical_physics
http://en.wikipedia.org/wiki/Materials_science
http://en.wikipedia.org/wiki/Biomolecule
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Figure 1-4 Structure of the Interface between Liquid Water and Air 

“This image, taken from a classical molecular-dynamics simulation, reveals the features 

of liquid water at an air-water interface. Most water molecules form hydrogen bonds to 

each other, but some at the surface do not (these are known as dangling bonds). Stiopkin 

et al. report evidence that the surface has a depth of only one layer of molecules, 

contradicting theories that interfaces with water impose long-range order deep into the 

bulk liquid. The surface layer of water molecules thus sits atop a subsurface layer, the 

properties of which approach those of bulk water. Red atoms are oxygen and white ones 

are hydrogen.” [21] This figure was reproduced from reference [21]. 

 

We will demonstrate the research field of molecular dynamics simulation as 

follows: 

First, molecular dynamics simulations can be used to research the internal 

motions and resulting conformation of proteins, characterization of the structural 

dynamics of proteins, protein function prediction, protein folding and unfolding, and the 

role of solvents of protein dynamics [2]. For example, Figure 1-5 is the process of protein 

folding and unfolding. Generally, it uses an approach of atom-based model for force field 

to calculate the folding of protein. The process in a real experiment may take a long time, 

while the process of simulation may take a minute. Thus, molecular dynamics simulation 

saves time. On the other hand, although computers are up to 100 times faster than the 

most recent high-speed processor, we still want to decrease the time scale. However, 

some computer versions are not precise enough concerning protein folding, even with the 
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most accurate and detailed computer versions. Hence, the improvement of force fields in 

simulations may solve the issue of protein folding [8].  

 

 

Figure 1-5 Protein before and after Folding 

Protein folding is an important biological process. This Figure was reproduced from 

reference [40]. 

 

Second, the application of molecular dynamics is the answer for observed 

phenomena, such as relaxation times, enhanced viscosity, and the differences of normal 

stress. Additionally, it shows many significant performances concerning the behavior of 

confined lubricants and fluids at nano-scales [6]. 

Third, the application of molecular dynamics can be used for the resolution of 

structures,  increasing molecular mechanics force fields, planning and growing of drugs, 

and obtaining  insights  into  biological  phenomena, from the molecular and supra 

molecular to the cellular level [2]. 

Therefore, molecular dynamics can be used as a significant tool for 

comprehending the function of biological molecules and the physical structure [2]. It can 

be applied to handle specific problems concerning the model system, which are 

troublesome to access experimentally. 
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1.3 The Need for Visualization Tool and Pattern Mining 

1.3.1 The Need for Visualization Tool 

Visualization is a technique that shows information in the visual form, which 

helps the viewer to better observe and analyze the information. A main point in 

visualization is developing and designing an excellent and suitable visual form that helps 

users to better comprehend and display the information of data [27].  

The system of molecular dynamics simulation can generate trajectories of atomic 

coordinates and dynamic atoms. We also can produce animation of atom motions based 

on these characteristics and performances. But in the process of molecular dynamics 

simulation, there are no real atoms in this system; atom motions are assumed as the real 

atoms. This assumption is based on the data, which has been generated accurately by the 

molecular dynamics simulation. 

Moreover, it is hard to find pattern in the liquid structure from snapshots of an 

animation in a system of molecular dynamics simulation. In order to handle this problem, 

we can use computer animations. In the liquid situation, computer animations express the 

atom’s motions. One method is following the atom motions, taking a long time in this 

process, and applying the average time that displays on the regular pattern. The 

visualization tool can also be used to visualize the particles as individual spheres, and 

surface performances are usually favorable since many interesting phenomena occur at 

the adjacent particle complexes [1].  
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There are three benefits of the visualization tool. First, researchers can analyze 

and visualize the atoms' motions, interaction, and trajectories. Second, experts can use the 

visualization tool to understand the molecular structures of the solid, liquid or gaseous 

material, observe their behavior and predict their performances. Third, it would be 

impossible to observe and gain the research concerning a great number of atoms without 

a visualization tool [5].  

1.3.2 The Need for Pattern Mining  

Pattern mining is the method of data mining and the goal is to find existing 

patterns in data [10]. Sometimes, it represents association rules. Furthermore, researchers 

observe the association rules because they want to analyze transaction data in 

supermarkets and know the customer behavior concerning the purchase of products. For 

example, “an association rule ‘beer ⇒ potato chips (80%)’ states that four out of five 

customers that bought beer also bought potato chips” [47]. 

The technology of pattern mining can be used to identify terrorist activity. “The 

National Research Council provides the following definition: ‘Pattern-based data mining 

looks for patterns (including anomalous data patterns) that might be associated with 

terrorist activity — these patterns might be regarded as small signals in a large ocean of 

noise’.” [47] Moreover, pattern mining has three main categories, including clustering, 

classification, and association. 

(1) Clustering 

http://en.wikipedia.org/wiki/United_States_National_Research_Council


 
 

11 

In recent years, a great number of researchers focus on atomic and molecular 

cluster. Moreover, in order to solve the problem of clusters, the technology of computer 

simulation can be used. Computer simulation can have a good performance and 

understanding of clusters [14].  

 “Clusters form a bridge between the microscopic world of individual atoms or 

molecules and the macroscopic world of bulk materials.” [14] The number of clusters of 

atoms or molecules can be changed from three or four to two hundreds. Dynamic 

characteristics of clusters refer to most atoms that are placed on the surface, and the 

deviations from homogeneity can vary from one atom to another based on local ordering. 

For example, when solid structures are heated, they change to liquid structure and atoms 

become loosed.  

Figure 1-6 expresses the atoms’ motions in three time-frames. Some atoms are 

close with each other, while some atoms are distant from each other. Although from one 

frame to the next frame the atom changes to another position in 3-dimensions, several 

atoms move together, while several atoms do not. In this thesis, we mainly focus on 

finding those atoms that move together. Those atoms may have some relationships with 

each other and we think they are abnormal atoms. We will introduce abnormal atoms in 

chapter 2. 
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                  Frame 1                                     Frame 2                                              Frame 3        

Figure 1-6 Atoms Motion in Time-frames 

The x-, y-, and z-axis denote the 3-dimensonal space. Each colored dot denotes one atom. 

Each frame consists of a large number of atoms. From Frame 1 to Frame 2, to Frame 3, 

atoms continuously move, with some atoms moving closer to each other (such as red, 

yellow and blue atoms). 
 

(2) Classification 

Computational sciences focus on developing algorithms and tools in order to 

simulate a large number of data motions. However, it is not easy to observe the data in 

more detailed and realistic simulations and efficient performances. There are several 

challenges needed to be solved, such as dataset size, reasonable response time, and 

modeling.  Actually, classification of molecular dynamics simulation can be used to 

handle these changes. For example, classification can be used as the formation of 

amorphous carbon in a particular sp
3
-rich structure and study the evolution of defect 

structures in materials in molecular dynamics simulation [15]. The decreased size of 

component affects defect deviation. These defects can join in and form bigger defects, 

which is not easy to address and will affect the performances. Some of the defects are just 

temporally formed, but others might become stable for a long time. Thus, researcher can 

use the molecular dynamics simulation to understand the formation and evaluation of 
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defects. Also, the technique of classification can help researchers understand how defects 

are classified in molecular dynamics simulation [13].  

(3) Association  

In molecular dynamics, observing and analyzing spatial data are significant in 

several fields, such as bioinformatics, geographical information systems, and computer 

aided design. However, it is difficult and complicated to analyze and observe the 

relationships among spatial data when the times vary in nature. Thus, it is significant to 

mine spatial relationships of data. Moreover, the relationships can express or predict 

upcoming cases [11]. 

Therefore, pattern mining is an important technique to develop features of data 

interaction. Pattern mining also is a significant hint for local researchers to observe the 

step in an accuracy manner if they can capture the data interaction. On the other hand, 

although most of work finished as single points, the shape of feature still plays a 

significant role in neighbor or related data.  

1.4 The Challenges of Molecular Dynamics 

Molecular dynamics is a powerful technique, but of course it also has several 

issues.  

1.4.1 Time and Size 

Molecular dynamics simulation has large data volumes, including a great number 

of simulations output, millions of particles per frame, and data sets of hundreds thousands 

of time steps [1]. For example, millions of atoms can be used for the field of molecular 

dynamics simulation, and it is possible that the simulation times range from a few 
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nanoseconds to more than one microsecond. The limitations of size and time are 

significant challenges in this condition [3].  

The trajectories of substance are important for researching characteristics of data. 

Generally, the trajectories of substance include hundreds of thousands of atoms in each 

process and these atoms move to the next process instantly. It is troublesome to 

comprehend atoms’ motions.  

This thesis has a great number of atoms to calculate and perform concerning 

visualization and cluster. The data set uses 286,849 atoms in 17 different time frames [5]. 

1.4.2 Interaction of the Atoms 

The observation of atoms interaction is a meaningful topic. But it is a difficult 

task to observe atoms and their interaction with each other. For example, 286,849 atoms 

were used in this thesis and the interaction of these atoms move fast, which made it 

difficult to observe and understand the atoms’ interaction. Although it is hard to observe 

the interaction of atoms, many patterns can be generated to research the motions and 

interaction of atoms. But the research and visualization of atoms interaction in a 3-

dimensonal space is also not an easy task. 

1.4.3 Pattern Mining 

The pattern mining, especially mining relationships among spatial objects, is a 

challenging task. Using the technique of pattern mining to observe the relationships 

among atoms can assist domain experts to understand the processes in an efficient 

manner. Furthermore, for pattern mining it is also important to use temporal information 
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to develop the overall analysis. However, traditional approaches do not work very well 

with huge amounts of data.  

In this thesis, we will propose a framework for a visualization and pattern mining 

tool to solve these challenges. [11] 

1.5 Contribution 

There are three contributions and can be summarized as follows: 

1. We design an abnormal pattern mining and visualization framework for 

molecular dynamics simulation. The proposed framework can visualize the clusters of 

abnormal shifting atom groups in a three-dimensional space, and show their temporal 

relationships. 

2.  Second, we propose a pattern mining method to detect abnormal atom groups 

which share similar movement and have large variance compared to the majority atoms. 

3. We propose a general molecular dynamics simulation tool, which can visualize 

a large number of atoms, including their movement and temporal relationships, to help 

domain experts study molecular dynamics simulation results. 

 

1.6 Thesis Organization 

The organization of thesis is as follows: 

Chapter 1 shows a general introduction of molecular dynamics. It discusses 

motivations of molecular dynamics and the need for a visualization tool and for pattern 
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mining in molecular dynamics. It also talks about the challenges of molecular dynamics 

simulation, and this thesis’s contribution in molecular dynamics simulation. 

Chapter 2 introduces visualization techniques in molecular dynamics simulation. 

It also presents three visualization tools that are currently used for molecular dynamics 

simulation. It also discusses the technologies of pattern mining and abnormal pattern 

discovery in molecular dynamics simulation.  

Chapter 3 presents a framework for the visualization tool for molecular dynamics 

and describes each component and its function for the visualization tool. 

Chapter 4 introduces two clustering algorithms, including hierarchical clustering 

and spectral clustering, provides the names of each component and their functions for the 

pattern mining tool, and discusses the framework for the pattern mining tool in molecular 

dynamics. 

Chapter 5 presents a brief summary and description of this thesis’s contribution, 

discusses implications of this thesis, and finally presents the conclusion and suggests 

future research work. 
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2. BACKGROUND AND RELATED WORK 

2.1 Introduction 

Visualization is a technique that shows information in the visual form, which 

helps the viewer to better observe and analyze the information [27]. A main point of 

visualization is developing and designing an excellent and suitable visual form, which 

helps users to better comprehend the information of data.  

Computer visualization is a powerful technique, which uses visualization 

technique as analysis, observation, evaluation, presentation, research tools, and design 

education. Moreover, computer visualization can be used in the field of bioinformatics, 

chemistry, and physics. 

In this chapter, we mainly focus on the technique of visualization in molecular 

dynamics simulation. We will introduce three visualization tools for molecular dynamics 

simulation in this chapter, including Visual Molecular Dynamics (VMD), UCSF Chimera, 

and YASARA. The main functions for these existing tools include reading molecular 

structures and data in a great number of formats, demonstrating the structures, and 

producing images and animations.  

2.2 Simple Introduction to General Molecular Dynamics Tools 
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 The three main visualization tools for molecular dynamics simulation are the 

following:  

(1) Visual Molecular Dynamics 

(2) gOpenMole  

(3) YASARA 

2.2.1 Visual Molecular Dynamics 

A lot of molecular dynamics systems showed unusual flow patterns, freezing, loss 

of atoms and other unexpected phenomena. Visualization is a significant function for 

molecular dynamics to display these phenomena. And visualization systems can help 

domain experts to observe and analyze abnormal events for molecular dynamics data [23].  

The first main visualization tool for molecular dynamics is Visual Molecular 

Dynamics. It can be used for the 3-dimensions visualization, modeling and analysis of 

molecular dynamics systems, which is designed and developed by the Theoretical and 

Computational Biophysics Group at the University of Illinois at Urbana-Champaign. 

VMD is a powerful and useful tool in scientific research, and is also a highly effective 

teaching tool [22]. Moreover, as a molecular graphics program, VMD has four main 

functions, such as reading and displaying many file formats concerning molecular 

dynamics, visualizing an animation for trajectory files, designing and displaying the 

atoms interaction, and showing any number of molecular structures.  
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2.2.2 USCF Chimera 

UCSF Chimera is a molecular visualization system that can effectively and 

efficiently visualize, observe, and analyze molecules. Chimera can be used for the 

resource for biocomputing, visualization, and informatics. It is granted by the NIH 

National Center for Research Resource. There are several main functions of Chimera, 

including the reading of molecular structures and associated data in a great number of 

formats, demonstrating the structures, and producing images and animations. Moreover, 

Chimera also can be used for expressing density maps, analyzing microscopy data, and 

displaying trajectories of molecular dynamics [25]. 

2.2.3 YASARA 

YASARA is program that can be used for graphics, modeling, and simulation in 

molecular dynamics [36]. It can be used for Windows, Linux, Mac OS X, and Android 

developed since 1993. The main functions of YASARA include visualizing the molecules, 

enabling true interactive real-time simulations with highly accurate force fields on 

standard PCs, pushing and pulling molecules around, and working with dynamic models 

instead of static pictures [36].  

2.3 Pattern Mining for Molecular Dynamics Simulation 

2.3.1 Data Mining 

Data mining techniques observe the suitable data and mine and extract the 

patterns from it. They are also techniques for discovering patterns and analyzing the 
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relationships among the data. Thus, the main issue is how to discover patterns and 

analyze the data [28].  

2.3.2 Pattern Mining 

Pattern mining is the method of data mining, and the goal is to find existing 

patterns in data. At present, the main process is to mine a great number of data sets and to 

discover patterns’ relationships in this process. However, it is not an easy task to collect 

the patterns and extract patterns’ relationships in a huge number of data sets. Therefore, 

the significant part in pattern mining is to research and find a small set of relevant 

patterns [28].  

Although there are many methodologies in pattern mining, it is still difficult to 

find a small set of relevant patterns. Furthermore, there are several ways to define the 

relevant patterns. One approach is through constraints on data and patterns to 

demonstrate the relevant patterns. Thus, the approach through constraints has three 

techniques, including condensed representations, constrain-based mining, and pattern set 

mining. First, the main purpose of condensed representations is to decrease redundancy 

among patterns without wasting too much information. Second, the constraints of 

constraint-based mining are set on the item and transaction sets in order to decrease the 

huge number of patterns. Third, pattern set mining aims at mining a small set of patterns 

based on those given constraints. Moreover, there are three main categories of pattern 

sets mining, including the clustering of all patterns, the classification of all patterns, and 

the association of patterns. 



 
 

21 

2.3.3 Pattern Mining for Visualization 

A hundred years ago, Albert Einstein researched large objects in space and time. 

During the last decade, however, many researchers have paid attention to observing and 

studying much smaller objects in space and time. There are three basic components to 

describe spatio-temporal data, including space, time, and objects. First, the identified 

changes in the attribute of coordinates are related to the space. Second, the identified 

changes in the attribute of different frames are related to the time. Third, recognizing 

changes of thematic characteristics, such as feature values, can be partly expressed by the 

objects [30]. 

In order to understand a spatio-temporal property of the data sets, the technique of 

visualization is needed. The steps of visualization often start at prospecting and 

confirming relationships in data sets from experts and researchers. The process of 

visualization has several steps, such as data relationships, the confirmation of obvious 

connections among data, merging, generalizing, observing, and the introducing discovery. 

Therefore, visualization of data relationships is significant for the development and 

implementation of a visualization framework. 

The result of observation and research is based on a great number of data sets in 

the process in the real world. It also develops and discovers the knowledge of dynamic 

behavior of spatial phenomena. In order to study and understand these data sets, it is 

necessary to observe and analyze these data sets and do research for interesting 

relationships and patterns of these data sets. However, it is not an easy task to discover 

and analyze these interesting relationships and patterns in various data sets. The 
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techniques of visualization can be used to handle this task. Visualization technique is a 

powerful tool to dynamically observe, analyze, detect and interact with the data [30]. 

2.3.4 Pattern Mining for Molecular Dynamics Simulation 

Generally, patterns express the interesting and correlation relationships of the 

parts of data concerning data sets. In a molecular dynamics simulation, researchers need 

techniques to recognize significant spatial patterns effectively based on any time interval. 

Especially, many patterns may be complex and not certainly sequential. The significant 

patterns of molecular dynamics simulation can be decided by clustering, classification, 

and association. Moreover, many rules can be observed and found by association pattern 

analysis [29]. 

2.4 Abnormal Pattern Discovery from Molecular Dynamics Simulation Data 

The temporal knowledge can be developed and understood in a wide range fields, 

such as computer science, psychology, and chemistry. Pattern discovery and temporal 

rule mining can be used for time series data. And various researchers focus on this part in 

recent years. Learning and studying temporal relations of time intervals can be focused 

on physical activities and instrumental activities. These temporal relations also can be 

applied to detect anomalies in molecular dynamics simulation.  

The goal of this thesis is to recognize interesting temporal patterns and to detect 

the anomaly data in molecular dynamics simulation. Although a sensor can generate a 

huge amount of temporal information, it is not easy to analyze and detect anomaly data 

without the techniques of temporal date mining [31]. 
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Anomaly detection is a significant process in pattern mining. And anomaly 

detection includes several approaches, such as statistical and graph-based anomaly 

detection approaches. A statistical approach is a successful approach for anomaly 

detection in many research fields, such as intrusion detection.  The graph-based anomaly 

detection is a recent popular research approach.  

More researchers use the theory of graph methods to observe and analyze data. 

Graph-based approaches can be described as a graph, such as vertices and edges. This 

new approach not only solves the problem concerning that data cannot easily be observed 

and analyzed for traditional approaches of data mining techniques, but also uses graph-

based methods to display data. Therefore, the graph-based method is easier for us to 

display the data and detect the anomalous in molecular dynamics simulation.  

In 2003, Noble and Cook used the system of SUBDUE to observe and analyze the 

issue of anomaly detection, which is based on anomalous substructures detections and 

anomalous subgraph detections [48]. First, anomalous substructure detection analyzes the 

unusual substructures, which are based on the whole graph. Second, an anomalous 

subgraph analyzes how a subgraph is anomalous to other subgraphs. 

Lin and Chalupsky had a different approach that they called rarity measurements, 

which can observe and analyze unusual links within a graph [49]. Various metrics can be 

used to define the commonality of the paths between vertices, and users can determine 

whether two vertices were related or not.  

In 2005 SIGKDD Explorations, several graph-based anomaly detection 

approaches were proposed. Sun et al. proposed a model for scoring the relationships 
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among vertices based on bipartite graphs [51]. This approach used an adjacency matrix 

and relevance score, such as every node x has a related score to each node y. A higher 

score expresses the greater relationship between these two nodes; a lower score expresses 

the more anomalous nodes to that node [37].  

Several approaches described above detected the anomalous relationships. In this 

thesis, the objective is to observe and recognize relations among all the atoms in different 

frames, to predict based on these detected relations, and to discover anomalies in 

molecular dynamics simulation.  

2.5 Summary 

In this chapter, first, we demonstrated three current visualization tools and their 

main functions. Second, we introduced pattern mining for visualization and molecular 

dynamics simulation. Third, we explained the abnormal pattern discovery from molecular 

dynamics simulation data. 
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3. A FRAMEWORK FOR VISUALIZATION TOOL FOR MOLECULAR DYNAMICS 

3.1 Introduction 

3.1.1 Introduction 

In the previous chapter, we introduced the goals and challenges of visualization 

tools. In this chapter, we will mainly focus on introducing a specific framework for a 

visualization tool for molecular dynamics and discuss each component of this 

visualization tool [5]. In order to handle the problems of efficiency and time for this 

visualization tool, our goal for the visualization tool is to save time and increase 

efficiency. 

3.1.2 The Framework of the Proposed Visualization Tool  

In this part, the main point is to demonstrate the framework and discuss each 

element of the framework. There are five steps of this framework. Figure 3-1 introduces 

the framework along with these five main processes of visualization tool
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Figure 3-1 A Framework for the Visualization Tool 

Based on the required binary data, users can input the required number of atoms and 

select the display approach regarding 2-dimensions/3-dimensions. There are four 

different options to search and display, including atom visualization, search across 

different frames, multiple frame range search, and frame range switch. 
 

Preparation Step: Change the whole .txt file to required .txt file and save as a binary 

format data. 

Step 1: Based on the required binary data, users can input the required number of atoms.  
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Step 2:  Users can select 2-dimensions or 3-dimensions to display the atoms. 

Step 3: The visualization tool will display the atoms regarding the selected atom number 

and dimensions in step 1 and step 2 and the default number of Frame is Frame zero.  

Step 4: There are four different options, including atom visualization, search across 

different frames search across different frames, multiple frame range search, and frame 

range switch. 

• Visualization: display the atoms in that panel based on 17 different frames. 

• Search across different frames: click the frame number to display the atoms in a 

different frame.                            

• Multiple frame range search: input two different frame numbers to display the 

atoms in the left panel and right panel, and compare them together. 

• Frame range switch: click the previous/next button to switch the atoms in 

different adjacent frames. 

Step 5:  Based on all the requirements from step 1 to step 4, depict the atoms. 

3.2 Key Challenges for Our Visualization Tool 

3.2.1 File Reading Latency 

In the original dataset, the data are provided in text (.txt) format. If the 

visualization tool works on the text files, it will need more than 20 minutes to display a 

larger number of atoms. This is a big problem for users because the file reading will 

consume a significant amount of time. Also, it takes a long time to parse and store the 
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huge amount of data as a .txt file in the visualization tool. Thus, we change the .txt file to 

binary format data and read this binary data to handle this issue. The efficiency and 

performance of this method is useful, saves time, and directly reads binary format data 

for the visualization tool. 

3.2.2 Frame Rendering Latency 

The visualization tool took a long time to read and display a larger number of 

atoms based on range of frames concerning a .txt format file. It took more than one 

minute to read each frame data and display a great number of atoms. Thus, it took more 

than one minute to switch a huge number of data based on each frame. This issue can be 

handled by changing the .txt file format to binary format data. When the data reads from 

the binary format data, it takes several seconds to read one frame data. Thus, it almost 

immediately transforms from one frame to another. 

3.2.3 Displaying 3-Dimensional Visualization of Data 

It is a challenge to visualize the data set in 3-dimensions. In this thesis, JZY3D is 

used for displaying 3-dimensions visualization of atoms. JZY3D is an open source java 

library that allows us to easily draw 3-dimensional data, including scatter plots, surfaces, 

bar charts, and many other 3-dimensions primitives. “The API provides support for rich 

interactive charts, with color bars, tooltips and overlays. Axis and chart layout can be 

fully customized and enhanced. Relying on JOGL 2, you can easily deploy native 

OpenGL charts on Windows, Unix, MacOs and integrate into Swing, AWT, or SWT .” 

[20] JZY3D also can be used for other languages/platforms, such as Scala, Groovy, and 

http://jogamp.org/jogl/www/
http://jzy3d.org/community.php


 
 

29 

Matlab. Figure 3-2 and Figure 3-3 display the examples of scatters and cylinders based 

on JZY3-dimensions.  

 

 

Figure 3- 2 Display Scatters based on JZY3D 

This figure was reproduced from reference [20]. It is an example of scatters based on 

JZY3D. 

 

 

Figure 3- 3 Display Cylinders based on JZY3D 

This figure was reproduced from reference [20]. It is an example of cylinders based on 

JZY3D. 
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3.3 Implementation 

3.3.1 Changing the .txt File to Binary 

In order to save time for the visualization tool, we need to change the .txt file to 

binary format data. Thus, in our framework, the first step is to read the data of the .txt file, 

get the required data format, and then change to binary data. This change is a significant 

step so that the visualization tool can save time. If the visualization tool still needs to 

change the .txt file to binary, the performance of the visualization tool has to be affected. 

The visualization tool will use a long time to read the text file, visualize the data, and 

switch the frame from one to another. Moreover, it is difficult for the visualization tool to 

display atoms concerning different frames, which have to read the entire .txt file, separate 

them to different frames, and display them in different panels. And for the visualization 

tool, it is faster and more effective and efficient to read binary data than read .txt file. 

Thus, it is a useful and significant first step that changes the text file to binary format data.  

3.3.2 Dataset 

In this thesis, we focus on researching molecular dynamics simulation, so our data 

set is the molecular data samples in the field of molecular dynamics simulation. The 

molecular data set has 286,849 atoms in each frame, and frames range from zero to 16. 

The features of the data set include atom ID; frame number; mass; position in x, y, and z 

plane; and charge. 

The data set has a larger number of atoms in different frames. It is not an easy 

task to display all of the atoms. Moreover, we mainly focus on visualizing and finding the 
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relationships among the data set, especially the abnormally shifting atoms that move with 

the same pace and direction in different frames. In order to find and analyze these 

abnormally shifting atoms, we calculate and rank the values of variance based on the y-

axis and use the top 256 atoms to visualize and cluster. The processes are as follows: 

Step 1: Calculate the average value of the y-axis. 

     
          

 
 

Step 2: Calculate the variance of the y-axis. 

         
         

 
          

 
            

 

 
 

Step 3: Select the atoms which the values are 150 times higher than the variance. Thus, 

the number of selected atoms is 246. 

                            

Step 4: Rank the values of selected 246 atoms based on the y-axis. 

                  

Therefore, we analyze, visualize, and cluster these selected 246 atoms in 3-

dimensions. Additionally, because the atoms have the larger value of variance based on 

the y-axis, we mainly focus on the x-axis and z-axis based on pattern mining tool in 2-

dimensions 
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3.3.3 User-Interface 

In this section, we will introduce the main interface for our visualization tool and 

the function of each component. Figure 3-4 shows the main interface for the visualization 

tool. 

 

 

Figure 3-4 Visualization Tool Main Interface 

There are five different functions, including dimensions (2-dimensions/3-dimensions), 

search across different frames, frame range switch, multiple frame range search, and 

search. 
 

The visualization tool has five different functions, comprising dimensions (2-

dimensions/3-dimensions), atom number, search across different frames, frame range 

switch, multiple frame range search, and search.  

(1) Dimensions (2-Dimensions/3-Dimensions) 

The visualization tool can display 2-dimensions and 3-dimensions in the panel. 

And each atom has a position on the x-axis, y-axis, and z-axis in the data file. If the 
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visualization displays 3-dimensions, in order to observe the atoms the visualization tool 

displays the atoms based on the x-axis, y-axis, and z-axis; if the visualization displays 2-

dimensions and the data concerning the z-axis, in order to observe the atoms the 

visualization tool displays the atoms based on the x-axis and y-axis; if the visualization 

displays 2-dimensions and data concerning the y-axis, in order to observe the atoms the 

visualization tool displays the atoms based on the x-axis and z-axis; and if the 

visualization displays 2-dimensions and data concerning the y-axis, in order to observe 

the atoms the visualization tool displays the atoms based on the x-axis and z-axis.  

(2) Atom Number 

Users can input the number of the atoms in the visualization tool. If users enter 

multiple numbers of atoms in the visualization tool, all those atoms will be displayed in 

the panel. This value is the numbers of atoms and the input value expresses what users 

want the visualization tool to display: how many numbers of atoms in every frame. The 

fewer atoms set by users mean that the fewer atoms will display. The more atoms set by 

users mean that the more atoms will display.   

(3) Search across different frames                       

In the visualization tool, users can choose a different frame to display the atoms in 

the panel. Due to the fact that the visualization tool has all the numbers of frames 

represented, users can click and choose the numbers of a particular frame to display the 

atoms in the selected frame.  

(4) Frame Range Switch      
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There are two buttons for the visualization tool, labeled as “previous” and “next”. 

Users can click the “previous” button and switch the frame to the previous continuous 

frame. Also, users can click the “next” button to switch to the next adjacent frame. As a 

result, the data of this frame will display in the panel. 

 (5) Multiple Frame Range Search                   

For a multiple frame range search, users can input any frame number between 0 to 

16 in two different dialog boxes. These two frame numbers should be integers. The 

layout for the visualization tool is so that one panel is on the left and the other panel is on 

the right. This way, users can compare two different frames based on the number of two 

different dialog boxes. 

(6) Search    

The search button is used to display the atoms in the panel. When all the required 

settings are ready and the search button is activated, the atoms will display in the panel. 

3.3.3 Display Window 

(1) 3-Dimensions 

 If users selected the 3-dimensions for the visualization tool, the panel will display 

as Figure 3-5. 

 



 
 

35 

 

Figure 3-5 Visualization Tool 3-Dimensions Panel 

The default frame number is frame 0 and the number of atom is 200. x-axis range from 0 

to 25, y-axis range from 0 to 25, and z-axis range from 0 to 7. 
 

 Figure 3-5 displays the 3-dimensions data for the visualization tool. The displayed 

information is regarding current frame number, current atom number, and the positions of 

current displayed atoms.  Furthermore, users also have several options to interact with the 

displayed data.  

• Input different atom number, and then press the “search” button to display the 

data in different number of atoms.  

• Click the “previous” button to show the atoms in previous adjacent frame and also 

can click the “next” button to display the atoms in the next adjacent frame.  

• Press different number of frame to display the atoms from different frames.  

• Input two different values of frame numbers to display the atoms in two different 

frames, which can easily compare the atoms in two different frames.  

• Click and scroll up and down to display the atom zoom in and zoom out, which is 

based on the values of the x-axis, y-axis, or z-axis.  
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• Press and hold the x, y or z-axis to rotate the atoms.  

(2) 2-Dimensions 

 If users selected 2-dimensions concerning the x-axis and y-axis, the following 

window is showed as Figure 3-6. 

 

Figure 3-6 Visualization Tool 2-Dimensions based on the x and y-axis 

The default frame number is the frame zero and the number of atom is 50. x-axis range 

from 0 to 25 and y-axis range from 0 to 25. 
 

The 2-dimensions data based on the x-axis and y-axis is displayed as Figure 3-6. 

The x-axis shows the values on the x-axis and the y-axis expresses the values on the y-

axis. The values of z are not used.  

If users selected 2-dimensions concerning the x-axis and z-axis, the following 

window is showed as Figure 3-7. 
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Figure 3-7 Visualization Tool 2-Dimensions based on the x and z-axis 

The default frame number is the frame zero and the number of atom is 50. x-axis range 

from 0 to 25 and z-axis range from 0 to 7. 
 

The 2-dimensions data based on the x-axis and z-axis is displayed as Figure 3-7. 

The x-axis shows the values on the x-axis and the z-axis expresses the values on the z-

axis. The values of y are not used.  

If users selected 2-dimensions concerning the y-axis and z-axis, the following 

window is showed as Figure 3-8. 
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Figure 3-8 Visualization Tool 2-Dimensions based on the y and z-axis 

The default frame number is the frame zero and the number of atom is 50. y-axis range 

from 0 to 25 and z-axis range from 0 to 7. 

  

 

The 2-dimensions data based on the y-axis and z-axis is displayed as Figure 3-8. 

The y-axis shows the values on the y-axis and the z-axis expresses the values on the z-

axis. The values of x are not used.  

  All the displayed information in Figure 3-6, Figure 3-7, and Figure 3-8 are 

concerning current frame number, current atom number, and the positions of current 

displayed the data. Users still have three options works for the visualization tool.  

• Click the “previous” button to show the atoms in previous adjacent frame and also 

can click the “next” button to display the atoms in the next adjacent frame.  

• Press different number of frame to display the atoms from the different frames.  

• Input two different values of frame number to display the atoms in two different 

frames, which can easily compare the atoms in two different frames.  
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(3) Atom Number 

 The visualization tool can display the atoms and users can input any value of 

atoms in the dialog box. This value of atoms is the requirement of users. Additionally, 

this value expresses the number of atoms in the visualization tool. For example, if the 

number of atoms is equal to 50 and the following window shows the number of atoms 

that displayed as in Figure 3-9. 

 

Figure 3-9 Visualization Tool 3-Dimensions based on Atom Number 

Each atom can be expressed by different random color in 3-dimensions. The default 

frame number is the frame zero and the number of atom is 50. x-axis range from 0 to 25, 

y-axis range from 0 to 25, and z-axis range from 0 to 7. 
 

(4) Search across different frames 

In the visualization tool, users can choose a different frame to display the atoms in 

the panel. For example, in Figure 3-10, users click and choose frame three and frame six 

to make the atoms display. 
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Figure 3-10 Visualization Tool for Search across Different Frames 

Users click and choose the frame three and the frame six to make the atoms display. The 

left panel is displayed the atoms in the frame three, and the right panel is displayed the 

atoms in the frame six. 

 

(5)Frame Range Switch      

Users can click the “previous” and “next” button to switch the frames. For 

example, in Figure 3-11, if users display some atoms in the frame two, when users click 

the “previous” button, the panel will show the same atoms in the frame one, or when 

users choose the “next” button, the panel will display the same atoms in the frame three. 
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                                                                   (a) 

            

                                  (b)                                                                 (c) 

Figure 3-11 Visualization Tool for Frame Range Switch 

Figure 3-11(a) is the panel for the frame two. When users click the “previous” button, the 

panel will show the atoms of the frame one in Figure 3-11(b). When users choose the 

“next” button, the panel will display the atoms of the frame three in Figure 3-11(c). 
 

(6) Multiple Frame Range Search  

If the multiple frame range search is selected then the following window shows 

the atoms displayed as in Figure 3-12. 
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Figure 3-12 Visualization Tool based on Multiple Frame Range Search 

In this Figure, the left and right panel shows 3-dimensions. The layout for the 

visualization tool is so that one panel is on the left and the other panel is on the right. Left 

panel is Frame six and right panel is Frame 11. 

 

Figure 3-12 displays 3-dimensions data concerning multiple frame range search. 

The x-axis shows the values on the x-axis, the y-axis shows the values on the y-axis, and 

the z-axis expresses the values on the z-axis. Users can input any integer values between 

0 to 16 in two different dialog boxes. The layout for the visualization tool is so that one 

panel is on the left and the other panel is on the right. In addition to this, users can change 

the value concerning multiple frame range search to display the atoms from the frame 

zero to the frame 16, which can easily compare the atoms in every two different frames.  

3.4 Tool Performance 

The data file has 17 frames and each frame has about 300,000 atoms. When 

running the visualization tool, average running time for getting first frame is almost three 

seconds. The average time for a search across different frames is about one second. The 

average time for moving on one frame to another is almost one second. The average time 
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for multiple frame range search is almost one second. The average time of line 

demonstration for atom motion in different frames is almost two seconds. 

Table 3-1 Performance of the Visualization Tool 

Performance Criteria Evaluation 

Average run time of getting first frame 3 seconds 

Average time of search across different frames 1 second 

Average run time of moving from one frame to another 1 second 

Average time of Multiple Frame Range Search 1 second 

Average time of Line demonstration for Atom Motion in 
different Frames 

2 seconds 

 

3.5 Summary 

In this section, we first demonstrated the framework of the visualization tool and 

discussed each element of the framework. Second, we discussed several key challenges 

faced in designing the visualization tool and how we can solve these challenges. Third, 

we reported the main interface of our visualization tool and the function of each 

component. Last, we displayed performance of functions for the visualization tool. 
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4. A FRAMEWORK FOR PATTERN MINING TOOL FOR MOLECULAR 

DYNAMICS  

In the previous chapter, we demonstrated the basic concept and challenges of 

clustering. Now, we will mainly focus on introducing a framework for a pattern mining 

tool of molecular dynamics and discuss each component of pattern mining tool. We also 

will introduce clustering algorithms concerning our pattern mining tool.  

4.1 Clustering 

4.1.1 Clustering 

Clustering is a popular research area in computer science, which is greatly 

researched and used widely in several research fields, such as machine learning, data 

mining, image segmentation, document retrieval, and pattern mining.  

Clustering is the method that separates the data into similar groups. The final 

groups are called clusters or classes and the distribution of data samples into clusters is 

called clustering or partitioning of the sample data. The main purpose is to make similar 

data samples in the same cluster and dissimilar data samples in different clusters. In order 

to get the similar data samples, we use similarity approach to get the distance between a 

pair of data in clustering approach.  In this thesis, we research spatial adjacency atoms. 

Thus, it is essential to define an adequate similarity for the approach of our data samples 

to be clustered.  
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The approach that is used to split the data samples to the final clustering depends 

on several reasons, such as the choice of similarity approaches between pairs of data 

samples, or the choice of clustering algorithms. Moreover, the number of clusters can be 

assigned by users or it can be an internal parameter of the clustering algorithm [46]. 

Clustering analysis is the process of collecting patterns into clusters [46]. In 

general, patterns within clusters are similar to each other and patterns belonging to 

different clusters are dissimilar with each other. For example, Figure 4-1 expresses an 

example for data clustering. Figure 4-1 (a) is the input patterns and Figure 4-1 (b) is the 

desired clusters.  The points have the same number label and are classified to the same 

cluster.  

                   

(a)                                                                (b) 

Figure 4-1 Data Cluster 

Figure (a) expresses the input patterns. Figure (b) depicts the desired clusters.  The points 

are classified to the same cluster and have the same number label. This flowchart was 

reproduced from reference [46].  
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4.1.2 Similarity and Normalization 

Actually, there are many techniques for representing data, calculating similarity 

for the data sets, and classifying data sets to different clusters. In this thesis, we focus on 

researching spatial adjacency atoms. Some original clustering methods calculated the 

similarity based on distance of two atoms. Our method calculates the trajectories of pairs 

of moved atoms and the similarity of those trajectories. The approaches of similarity and 

normalization will show as follows: 

 

Figure 4-2 Calculate Distances between Red and Blue Points in Four Frames 

The four different red points are the atom motion from the frame one to the frame four. 

The four different blue points are the atom motion from the frame one to the frame four. 
 

The 3-dimensions coordinates of AtomRed1 is (xr1, yr1, zr1) and AtomBlue1 is (xb1, yb1, 

zb1). 

Step 1: Calculate the value for distance based on these two atoms.  
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Step 2: Calculate the value for angle based on these two atoms.  

                       
     

     
  

                       
     

     
  

                               

                 
     

                                      
  

      
                 

 
 

Step 3: Normalization. 

               
                      

                         
 

            
                

                   
 

                                          

 

After the part of similarity and normalization, each two atoms will have a value 

(the range is from zero to two) based on 17 different frames. A matrix can be built 

concerning all these pair-atoms values. This matrix can be used for different clustering 

algorithms, which can find and observe clusters results concerning different algorithms of 

clustering. The used clustering algorithm of hieratical clustering and spectral clustering in 

this thesis will be introduced as follows. 
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4.2 Methodologies  

Two different clustering algorithms of hierarchical clustering and spectral 

clustering were implemented for the pattern mining tool. Furthermore, hierarchical 

clustering has different linkage approaches, such as single linkage, average linkage, and 

complete linkage. 

In real life, it can test the implementation by using points on a 2-dimensions plane. 

To implement the analysis and algorithm development, Figure 4-1 shows a very simple 

test set for evaluating the performance of clustering algorithm. Figure 4-1 uses randomly 

distributed points, which can be easier to build and visualize the test set. However, the 

good performance of algorithms on the points does not mean it will have a good 

performance for simulation. For simple test sets, it is easy to separate, get clusters, and all 

the algorithms generate quite well, such as in Figure 4-1. In other cases, we should use a 

pattern mining tool to display the performance of clustering algorithms. In the next 

section, we will introduce two implemented clustering algorithms of hierarchical 

clustering and spectral clustering [41].  

4.3 Hierarchical Clustering 

Hierarchical clustering is a cluster analysis method that builds a hierarchy of 

clusters. The results of hierarchical clustering are usually displayed in a dendrogram. A 

dendrogram represents a nested set of clusters, which depends on where the dendrogram 

is cut.  

http://en.wikipedia.org/wiki/Cluster_analysis
http://en.wikipedia.org/wiki/Hierarchy
http://en.wikipedia.org/wiki/Dendrogram
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Hierarchical clustering takes as input an n × n dissimilarity matrix U. There are 

several types of linkages, including complete, average, and single. Any type of linkage 

can be used for the clustering.  

4.3.1 Agglomerative Algorithm 

Based on n samples, agglomerative algorithms start with each single sample. 

Then, two samples will merge based on their closest similarity until the number of 

samples changes to one, or as required by users [42].  

There are more methods to merge the clusters based on the distance between each 

pair of clusters, which is the linkage method. Moreover, the linkage method is the method 

of measuring an association between clusters. Linkage methods are demonstrated below 

in Table 4-1. 

 

Table 4-1 Linkage Methods 

Single Linkage                   

Complete Linkage                   

Average Linkage     
          

 
   

 
   

  
 

 

where d is a distance between two Cluster A and B, Observations Xk are from Cluster A, 

and Observations Yl are from Cluster B. 
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4.3.2 User-Interface 

In this section, we will express the main interface for our pattern mining tool of 

hierarchical clustering algorithm and the function of each component. Figure 4-2 shows 

the main interface for the pattern mining tool. 

 

Figure 4-3 Main Interface of Hierarchical Clustering 

There are several functions, including clustering, dimensions (2-dimensions/3-

dimensions), search across different frames, frame range switch, multiple frame range 

search, search, and line demonstration for atom motion in different frames. 

 

 These functions will be described as follows.  

(1) Clustering based on Hierarchical Clustering Algorithm 

 The pattern mining tool of hierarchical clustering not only can display the atoms, 

but also can show anomaly data clusters. Users can input any value between two to ten in 

the dialog box. This value is the number of clusters from the requirement of users. For 

example, if users selects the 3-dimensions pattern mining tool and the number of cluster 

is two, the panel will display as Figure 4-4. Furthermore, this value expresses the number 

of clusters in the pattern mining tool. The remaining functions, such as dimensions (2-
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dimensions/3-dimensions), search across different frames, frame range switch, multiple 

frame range search, and search, were already shown in chapter 3. 

 

Figure 4-4 Pattern Mining Tool of Hierarchical Clustering 3-Dimensions Panel  

Blue color and red color express two different clusters. x-axis range from 0 to 25, y-axis 

range from 0 to 25, and z-axis range from 0 to 7. 

 

(2) Display Window – 3-Dimensions 

 In this section, we will demonstrate the display windows concerning the pattern 

mining tool of hierarchical clustering in three-dimension parts. The example already 

showed in Figure 4-4. 

 A unit cube displays the 3-dimensions data and the number of clusters is two. The 

displayed information is based on the current frame number (Figure 4-4), current cluster 

number, and the positions of current displayed data. Additionally, users have several 

options to interact with the displayed atoms.  

• Input different cluster values, and then press the “search” button to display the 

atoms in the different number of clusters.  
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• Click the “next” button to display the atoms in the next adjacent frame and also 

click the “previous” button to show the atoms in the previous adjacent frame.  

• Press different frame numbers to display the atoms from different frames.  

• Input two values of different frame numbers to display the atoms in two different 

frames, which can easily compare the atoms in two different frames. 

• Click and scroll up and down to display the atom zoom in and zoom out, which is 

based on the values of the x-axis, y-axis, or z-axis.  

• Press and hold the x-axis, y-axis, or z-axis to rotate the data.  

(3) Display Window – 2-Dimensions 

 The pattern mining tool of hierarchical clustering can also display windows in 2-

dimensions. Because the atoms have the larger value of variance based on the y-axis, we 

mainly focus on the x-axis and z-axis using the pattern mining tool to display two 

dimensions. Additionally, the number of clusters is two. The panel will display as Figure 

4-5. 
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Figure 4-5 Pattern Mining Tool of Hierarchical Clustering in 2-Dimensions 

Blue color and red color show two different clusters. x-axis range from 0 to 25 and z-axis 

range from 0 to 7. 
 

The 2-dimensions data is displayed as Figure 4-5. The values of x express the 

values on the x-axis and the values of z show the values on the z-axis. The values of y are 

not used. The displayed information is based on the current frame number, current cluster 

number, and the positions of current displayed data.  

 (4) Search across Different Frames 

In the pattern mining tool, users still can choose a different frame to display the 

atoms in the panel. For example, in Figure 4-6, users click and choose the frame one and 

the frame four to make the atoms display. 
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Figure 4- 6 Pattern Mining Tool for Search across Different Frames 

Users click and choose the frame one and the frame four to make the atoms display. The 

left panel is displayed the atoms in the frame one, and the right panel is displayed the 

atoms in the frame four. 

 

(5) Frame Range Switch 

Users can click the “previous” and “next” button to switch the frames. For 

example, in Figure 4-7, users can display the atoms in the frame two, and when users 

click the “previous” button, the panel will show the atoms in the frame one, or when 

users choose the “next” button, the panel will display the atoms in the frame three. 
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                                                                      (a) 

       

                                 (b)                                                                       (c) 

Figure 4-7 Pattern Mining Tool for Frame Range Switch  

Figure 4-7(a) is the panel for frame two. When users click the “previous” button, the 

panel will show the atoms of the frame one in Figure 4-7(b). When users choose the 

“next” button, the panel will display the atoms of the frame three in Figure 4-7(c). 

 

(6) Multiple Frame Range Search  

If the multiple frame range search is selected then the following window shows 

the atoms displayed as in Figure 4-8. 
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Figure 4-8 Pattern Mining Tool based on Multiple Frame Range Search 

Left panel is displayed the atoms in the frame one and right panel is showed the atoms in 

the frame 12. 
 

 (7) Line Demonstration for Atom Motions in Different Frames based on 3-Dimensions 

In this part, Figure 4-9 will introduce the different atom motions. Each point has 

17 different frames concerning each atom. Line up these 17 points and it will change to a 

line, which has 17 nodes. Figure 4-9 reports one atom motion based on 17 different 

frames concerning scatter lines. Additionally, the same cluster gives the same color. 

 A unit cube displays the 3-dimensions data and the number of cluster is two. The 

displayed information is based on the current frame number, current cluster number, and 

the position of current displayed data. Figure 4-9 is the line demonstration, which 

displays the data concerning lines in different frames. Each point is the coordinate of 

each atom. Each atom has 17 different frames, so if we want to show one atom’s motions 

in 17 frames, we need to have the coordinates of atoms in the 17 different frames.  Based 

on the coordinates in the 17 different frames, we line up the atoms, and then it will show 

the atom motions in these 17 different frames as 17 points with 16 lines connecting them. 



 
 

57 

Blue color and red color indicate two different clusters. x-axis range from 0 to 25, y-axis 

range from zero to 25, and z-axis range from zero to seven. Moreover, users also have 

several options to interact with the displayed data. We introduced those function in the 

previous section.  

 

 

Figure 4-9 Line Demonstration for Atom Motions in Different Frames 

The line demonstration button is used to display the data concerning lines in different 

frames. Each point is the coordinates of each atom. Based on the coordinates in the 17 

different frames, we line up the atoms. Blue color and red color express two different 

clusters. x-axis range from 0 to 25, y-axis range from 0 to 25, and z-axis range from 0 to 

7. 

 

4.4 Spectral Clustering 

4.4.1 Spectral Clustering 

In this section, spectral clustering algorithm that uses graph cuts for data splits is 

introduced. Spectral clustering expresses samples as a graph. Samples are represented as 

nodes, and weights of edge express the similarity among samples. Moreover, the 

objective of spectral clustering is to observe and find clusters. Then the goal is to 
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determine where the graph can be cut into separate samples. One characteristic of spectral 

clustering is based on shapes of clusters. Moreover, spectral clustering can be used for 

similarity functions and anomaly detection.  

When using the spectral clustering algorithm, we mainly focus on the viewpoint 

of graph partitioning. A set of n data samples are given as {x1, …, xn}. A set of 

similarities has been given and named as wij that can be described as Similarity(xi, xj). We 

can create a similarity graph called G. In this graph, each vertex is the data sample, and 

the edge is similarity wij. If the values of wij are equal to zero, that means there is no edge 

between a pair of data samples [44]. The similarity can be expressed as adjacency matrix 

W of the graph with elements wij. Let          be the degree of a vertex and D denotes 

the degree matrix and is equal to diag(d1, …, dn). 

The purpose of spectral clustering is to find a cut through the graph. The spectral 

clustering algorithm can divide the data samples {x1, …, xn} into m clusters, C1, … , Cm. 

Let                   
   express sum of costs of all edges based on Cluster C1. In 

this thesis, we focus on the normalized cut method for spectral clustering. The main 

function is needed to find a cluster that can be graph cut and split into large segments. 

The formula is showed as follows: 

          
        

         
 

        

         
 



 
 

59 

4.4.2 User-Interface 

In this section, we will introduce the main interface of our pattern mining tool 

concerning spectral clustering and the function of each component. Figure 4-10 shows 

the main interface. 

 

 

Figure 4-10 Main Interface of Spectral Clustering 

There are several functions, including clustering based on spectral clustering algorithm, 

dimensions (2-dimensions/3-dimensions), search across different frames, frame range 

switch, multiple frame range search, search, and line demonstration for atom motions in 

different frames. 
 

 The pattern mining tool of spectral clustering has the same functions as 

hierarchical clustering, comprising clustering based on spectral clustering algorithm, 

dimensions (2-dimensions/3-dimensions), search across different frames, frame range 

switch, multiple frame range search, search, and line demonstration for atom motions in 

different frames. It will describe as follows.  

(1) Clustering based on Spectral Clustering Algorithm 
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 The pattern mining tool can display the atoms and show anomaly data clusters 

based on spectral clustering algorithm. The number of clusters can be input by users in 

the dialog box. Moreover, this value between two to ten and expresses the number of 

cluster in the pattern mining tool. We already showed the remaining function in chapter 3, 

such as dimensions (2-dimensions/3-dimensions), search across different frames, frame 

range switch, multiple frame range search, and search. 

(2) Display Window – 3-Dimensions 

This section will introduce the display windows regarding the pattern mining tool 

based on spectral clustering algorithm in 3-dimension parts. For example, if users selects 

the 3-dimensions and the number of cluster is two, the panel will display as Figure 4-11. 

 

 

Figure 4-11 Pattern Mining Tool of Spectral Clustering of 3-Dimensions Panel 

Blue color and red color show two different clusters.  

 

 

Figure 4-11 displays the 3-dimensions atoms and the number of cluster is two 

based on spectral clustering algorithm. Based on the selected frame number and cluster 
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number, the panel will display the positions of the atoms. Moreover, users have other 

options to interact with displayed atoms in the pattern mining tool. For example, users 

can input different cluster values, and then press the “search” button to display the atoms 

in different numbers of clusters. Users also can click the “next” button to display the 

atoms in the next frame and click the “previous” button to show the atoms in the previous 

frame. Furthermore, users can press different numbers of frames to display the atoms 

from different frames; input two values of different frame numbers to display the data in 

two different frames; click and scroll up and down to display the atom zoom in and zoom 

out, which is based on the values of the x-axis, y-axis, or z-axis; and also users can press 

and hold x-axis, y-axis, or z-axis to rotate the data.  

(3) Display Window – 2-Dimensions 

Pattern mining tool based on spectral clustering algorithm can display windows in 

2-dimensions. In 2-dimensions, the pattern mining tool can display the atoms concerning 

the x-axis and z-axis and the number of cluster is two. The panel will display as Figure 4-

12. 
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Figure 4-12 Pattern Mining Tool of Spectral Clustering 2-Dimensions 

Blue color and red color express two different clusters.  
 

The 2-dimensions data is displayed as Figure 4-12 based on spectral clustering 

algorithm. The values of x show the values on the x-axis and the values of z express the 

values on the z-axis. The values of y are not used. Based on the selected frame number 

and cluster number, the panel will show the position of atoms.  

 (4) Search across Different Frames 

In the pattern mining tool, users still can choose a different frame to display the 

atoms in the panel. For example, in Figure 4-13, users click and choose frame 12 and 

frame 16 to make the atoms display. 



 
 

63 

         

Figure 4-13 Pattern Mining Tool for Search across Different Frames 

Users click and choose the frame 12 and the frame 16 to make the atoms display. The left 

panel is displayed the atoms in the frame 12, and the right panel is displayed the atoms in 

the frame 16. 

 

(5) Frame Range Switch 

Users can click the “previous” and “next” button to switch the frames. For 

example, in Figure 4-14, users can display the atoms in the frame 13, and when users 

click the “previous” button, the panel will show the atoms in the frame 12, or when users 

choose the “next” button, the panel will display the atoms in the frame 14. 
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                                                                     (a) 

        

                                 (b)                                                                     (c) 

Figure 4-14 Pattern Mining Tool for Frame Range Switch  

Figure 4-14(a) is the panel for frame 13. When users click the “previous” button, the 

panel will show the atoms of the frame 12 in Figure 4-14(b). When users choose the 

“next” button, the panel will display the atoms of the frame 14 in Figure 4-14(c). 

 

(6) Multiple Frame Range Search  

If the multiple frame range search is selected then the following window shows 

the atoms displayed as in Figure 4-15. 
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Figure 4-15 Pattern Mining Tool based on Multiple Frame Range Search 

In this Figure, the left and right panel shows 3-dimensions. Left panel is displayed the 

atoms in the frame 13 and right panel is showed the atoms in the frame 16. 
 

(7) Line Demonstration for Atom Motions in Different Frames based on 3-Dimensions 

In this part, Figure 4-16 will introduce the different atom motions. Each point has 

17 different frames concerning each atom. Line up these 17 points and it will change to a 

line, which has 17 nodes. Figure 4-16 reports one atom motion based on 17 different 

frames concerning scatter lines. Additionally, the same cluster gives the same color. 
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Figure 4-16 Line Demonstration for Atom Motions in Different Frames 

The line demonstration button is used to display the data concerning lines in different 

frames. Each point is the coordinates of each atom. Based on the coordinates in the 17 

different frames, we line up the atoms. Blue color and red color express two different 

clusters. x-axis range from 0 to 25, y-axis range from 0 to 25, and z-axis range from 0 to 

7. 

 

4.5 The Framework of the Proposed Pattern Mining Tool 

In this part, the main point is to demonstrate the framework and there are three 

main steps of framework. Figure 4-17 demonstrates the framework of pattern mining tool. 
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                                  Selection based on 2-dimensions                            
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                               Selection based on 3-dimensions 
 

                                                                                                                  
                                           cluster  
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                             input two frame number 
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         click Top Lines  

                      button 
 

                                                                                                                                   

   
                                                                                                                      Step 3 

             
Figure 4-17 A Framework for the Pattern Mining Tool 

Based on the required binary data, users can input the required number of cluster and 

select the display approach concerning 2-dimensions/3-dimensions. There are five 

different options to search and display, including cluster visualization, search across 

different frames, multiple frame range search, frame range switch, and line demonstration 

for atom motions in different frames.  
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Preparation Step: Change the whole .txt file to required .txt file and save as a binary 

format data. 

Step 1: Based on the required binary data, users can input the required number of cluster. 

Also, user can select the methods of 2-dimensions/3-dimensions to display. 

Step 2: Based on the cluster number and selected dimension in step 1, the pattern mining 

tool can search and display the atoms and the frame number is the value of default frame 

zero. Additionally, there are five different options, comprising cluster visualization, 

search across different frames, multiple frame range search, frame range switch, and line 

demonstration for atom motions in different frames. 

• Cluster visualization: display the atoms in the panel based on the cluster number. 

• Search across different frames: click the frame number to display the different 

frame.                            

• Multiple frame range search: input two frame numbers, display in the left panel 

and right panel, and compare the atoms of these two panels. 

• Frame range switch: click the previous/next button to switch the different frames.         

• Line demonstration for atom motions in different frames: click the “top lines” 

button to display the atom motions based on 17 different frames. 

Step 3:  Based on all the requirements in step 1 and step 2, it will display the results in 

the panel. 
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4.6 Summary 

In this section, we first demonstrated the two clustering approaches of hierarchical 

clustering and spectral clustering. Second, we expressed the main interface of our pattern 

mining tool and the function of each component. Last, we introduced framework of the 

pattern mining tool and discussed each element of the framework. 



 
 

70 

5. CONCLUSION 

5.1 Research Summary 

This study has presented techniques for the visualization and pattern mining for 

molecular dynamics simulation. The goal of this thesis is to visualize, cluster, and detect 

abnormal movement of atom-based on different frames.  

The main approach and framework can be summarized as follows: 

First, we designed and implemented the visualization and pattern mining tool on 

JZY3D for displaying the atoms in 3-dimenisons. Moreover, this tool used the results of 

simulation .txt format data and changed them into binary format data. Thus, the 

visualization and pattern mining tool can read binary data, which is faster, more effective, 

and more efficient than reading the .txt file. Therefore, this function saves a lot of time. 

Second, visualizing and clustering were the main functions for the visualization 

and pattern mining tool. The tool could visualize and cluster atoms in our selected dataset, 

which was calculated and ranked by the values of variance on the y-axis. Furthermore, 

our tool can provide following functions: atom number, cluster number, dimensions (2-

dimensions/3-dimensions), search across different frames, frame range switch, multiple 

frame range search, search, and line demonstration for atom motions in different frames.
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Third, the tool also supports several features, such as rotation along x-axis, y-axis, 

or z-axis and zooms in or zooms out in 2-dimensions or 3-dimensions.  

We identified the following three contributions: 

First, we designed an abnormal pattern mining and visualization framework for 

molecular dynamics simulation. The proposed framework can visualize the clusters of 

abnormal shifting atom groups in a three-dimensional space, and show their temporal 

relationships. 

 Second, we proposed a pattern mining method to detect abnormal atom groups 

which share similar movement and have large variance compared to the majority atoms. 

We proposed a general molecular dynamics simulation tool, which can visualize a 

large number of atoms, including their movement and temporal relationships, to help 

domain experts study molecular dynamics simulation results. 

5.2 Implications in the Field of Molecular Dynamics  

This work can be used in the field of chemical physics, materials science, and the 

modeling of biomolecules with the visualization and pattern mining tool for molecular 

dynamics simulation outcomes. This tool changes the .txt format data to binary format 

data. Thus, it saves time for the researcher and directly reads binary format data to 

observe results. There is no lag in reading the data from the binary format data and 

displaying the data, which improves the efficiency of the tool. Furthermore, user interface 

will equip researchers to search on the particular atom and cluster of interest and display 

them in two-dimensional or three-dimensional panels. 

http://en.wikipedia.org/wiki/Chemical_physics
http://en.wikipedia.org/wiki/Materials_science
http://en.wikipedia.org/wiki/Biomolecule
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5.3 Future Work 

 This framework can provide the visualization and pattern mining tool from 

molecular dynamics simulation studies. Here is a list of future research: 

• The tool can be improved for more types of read file formats. 

• The visualization tool can add more features, such as showing atom 

coordinate and atom ID. 

• The pattern mining tool can be further used for different cluster algorithms to 

detect the anomaly atom motions. 
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