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Abstract

The field of omics encompasses the study of several biological processes that transpire within
cells. Combining all of these covers multi-omics, the entirety of genes (genomics), and
transcripts (transcriptomics or proteomics). The omics data aims to comprehensively
understand how biological processes affect the biomolecules involved. This thesis explores how
an Angular plugin application can visualize metabolic pathway maps, helping to understand the
intricate connections between genes, proteins, and metabolites in omics data. A custom data
generation script is used to generate high-dimensional data representing various levels of
metabolic networks. These subnetworks can reveal meaningful connections between thousands
of nodes for metabolites and reactions. Subnetworks, such as metabolic pathways, interact with
other networks, which can be abstracted into nodes to form a higher-level pathway network. In
the study, this process is repeated over the molecular level, which contains individual
molecules. The module level comprises clusters of molecules working together. Finally, the
organelle level represents a cellular structure with specific functions. This study abstracts these
layers of information. Such networks have yet to be utilized in much research to show omics
data. These multilayer networks have a biological pathway that explains the modifications in
biomolecules within the cells. A web-based API plugin is proposed for omics data analysis to
handle data processing and visualization. This application displays omics linkage relationships
and interactions through a graphical, multilayer network design. Several features, like shortest
path, zooming, panning, callback mode, and different forms of node interactions, are
implemented to make it stand out from existing applications available today. This project plugin
accommodates several functionalities to aid in analyzing each omics layer. The study has also
shown the potential of mapping and the potential for interactive data exploration in the future.
Due to its integration of different visualization types, the study can function as a platform for
omics data analysis. The application is created to be an improved alternative to existing tools.
The results from the comparison have shown that this application is faster at loading large

networks than some existing applications.
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Chapter 1 Introduction

1.1 Motivation

A cell is the basic unit of life and is studied in cell and molecular biology. Cell metabolic
processes, metabolic pathways, and interactions of the cell with its environment are areas of
focus in cell biology. A metabolic pathway is a chain of interconnected chemical reactions
within a cell or organism in which the product can become a substrate for the next. It is
examined both on a microscopic and molecular level, encompassing prokaryotic and eukaryotic
cells. Knowledge of cell components and how cells function is fundamental to all biological
sciences and essential for research in biomedical fields, including cancer and other diseases, as

mentioned in [1].

A molecular network is a conceptual framework used to understand and represent the complex
interactions between various molecular entities within a biological system, such as proteins,
genes, and small molecules, as in [2]. In molecular network maps, nodes represent the
fundamental units or entities; edges represent the interactions between the units or entities.
Understanding the complex interactions and functionalities within biological systems is

essential.

Medicine, biotechnology, and bioinformatics require knowledge of molecular networks.
Complex molecule interactions are essential to biological processes and disease mechanisms.
A metabolic network is a cell's enzyme-mediated chemical reactions that convert substrates into
products. The abundance of omics data and the complexity of molecular interactions make
molecular network analysis and visualization difficult, as mentioned in [3]. Recently developed
network analysis and visualization technologies have improved our understanding of complex
molecular interactions. Integrating multi-omics data with network visualization helps

understand molecular networks across biological contexts.

Omics datasets are produced through a combination of technologies that examine biological
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molecules extensively. "omics" originates from various fields of study, including genomics,
proteomics, transcriptomics, and metabolomics. Given the significance of comprehending and
visualizing omics data, multiple applications have been created, such as MetExplore [4], Fluxer
[5], Escher [6] and MPA-Pathway Tool [7]. MPA-Pathway-Tool is a specialized bioinformatics
application designed to facilitate the analysis and interpretation of complex omics datasets
(focused specifically on proteomics) by concentrating on biological pathways. MPA-Pathway-
Tool uses outputs from the Metaproteome Analyzer to map and visualize proteomics data, as
mentioned in [7].

Genomics Transcriptomics Proteomics Interactomics

— mRNAs Proteins sy Protein
')OOOO(X ¢ networks
Transcriptional / post- gp& b o
transcriptional s - "f". -y
Regulation of regulation B g
chromatin A, Tags
structure and non-coding RNAs
gene Regulatory RNAs:
expression B -Ir\:cRNA \Q’V\Q/\
=miRNA Enzymatic

Epigenomics reactions

= Fpigenetic
modifications

* DNA methylation
* Histone modifications
* Chromatin organization s
. Metabolomics
Environment » Metabolites » Disease

\ Nucleotides | Sugars | Amino acids | Organic acids | Lipids
Z I |
: é

Figure 1: Omics overview of the different layers within a biological system contributing to multifactorial
diseases and their relation to each other. For each layer(e.g., DNA, mRNA, Proteins, etc.), the name of the

corresponding omics technique is indicated in blue boxes as in [8].

The implementation of the application significantly improves the speed of displaying thousands
of nodes in molecular network visualizations. A tiered information abstraction system allows
different user groups to access simplified omics data, enhancing visualization in molecular

networks for improved user engagement and data comprehension.
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Omics covers many biological sciences, from genomics to transcriptomics and proteomics.
These fields study how molecules interact and function in cells. Advancements in high-
throughput technology have generated substantial volumes of omics data. To manage intricate
graphical representations for omics networks, front-end web technologies like SVG and
HTML-Canvas have become increasingly popular. Both options present advantages and
disadvantages. However, HTML-Canvas has demonstrated superior performance, as outlined

in Section 2.6 of this study.

Consequently, it is crucial to create sophisticated tools for visualizing and analyzing omics data.
This study has led to the development of an application designed to manage the visualization

of such data.

1.2 Research Objectives

This research addresses the limitations of current methods for analyzing and visualizing
molecular networks. It aims to enhance the performance of molecular network visualization.
Furthermore, tools that can effectively handle large metabolic networks containing thousands
of reactions and provide insightful visualizations of complex molecular interactions and omics

data are intended to be developed.

As an extension to [7], it is good practice that a good pathway tool should have the following

criteria mentioned in [7],

e It must easily and quickly support the creation of multiple pathways [7].

e The tool should allow for modifying pathway maps as pathways evolve and new
reactions are discovered [7].

e Existing pathways from different databases should be reusable [7].

e The pathway tool must be able to map experimental data and distinguish any changes
[71.

e Taxonomy-specific metabolic reactions need a pathway tool to filter and differentiate
between reactions [7].

e The tool must be independent of operating systems [7].




Introductions 12

In this study, two more criteria are proposed:

e Due to the large omics networks, the pathway tool should have the capacity and speed
to manage extensive networks effectively.
e Since omics data follow a hierarchy, a good pathway tool should be able to abstract data

from multi-level networks.

Through this study, improvements in performance and visualization are pursued by addressing
limitations in some existing approaches, such as the inability to handle large metabolic
networks. Valuable insights into the understanding and interpreting of complex molecular
interactions in omics are sought. For example, existing limitations include an inability to handle
many nodes and edges when mapping omics data, such as networks with 50,000 proteins. As
this field of research is vast, no plugin fulfilling all these criteria is identified in this study’s
internet search. Some popular tools, such as Escher and others discussed in Section 3.1, meet
some but not all of the criteria listed above. The development of this plugin focuses on
functionality and ease of accessibility, ensuring that biologists and researchers can navigate

through the plugin and utilize its features effectively.

1.3 Research Questions

Within the scope of this research, an attempt is made to explore and answer the following

research questions for this thesis:

Research Question 1: Can HTML-Canvas visualization provide a higher fps when
rendering networks containing up to 10,000 nodes compared to SVG?

e During the literature survey on computational methods that significantly increase the
performance of rendering thousands of nodes in molecular network visualizations,
HTML-Canvas had a significantly faster rendering time and loading time advantage, as
discussed in Sections 2.6 and 2.7.
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Research Question 2: In what ways can information be successfully abstracted into
different layers to make complex molecular data more accessible without oversimplifying
the underlying science?

e During the literature survey, few tools are found to take advantage of abstraction for
displaying networks. Displaying networks in one level, rather than layers, increases the
number of entities displayed, making it difficult to process and understand such vast
entities. Dividing the information into subnetworks allows fewer entities to be displayed
at any one time, resulting in better visualization of a metabolic network and enabling
observation of subnetwork relationships.

Chapter 2 discusses the term and basic background terminology that has helped shape this
study and improve understanding of the study. Chapter 3, where related work, tools and
limitations, and corresponding papers that inspired this study are discussed. Chapter 4 explains
the methodology and implementation of this study, including the features and structure of the
application developed in this study. Chapter 5 presents the evaluation and results of this study
and discusses significant findings and results from comparisons with existing tools. Chapter

6 summarizes the study, outlining potential future development possibilities.
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Chapter 2 Terms And Background

This section provides a detailed overview of some key topics, which will help the reader better
understand the technologies used in the application developed for this thesis, such as D3.js
(Data-Driven Documents), Angular, and HTML-Canvas. It will also cover topics related to
multilayer networks and omics data, helping the reader better understand the workings of the
upcoming sections and chapters.

2.1 Investigation of Biological Systems

2.1.1 Systems biology

System biology combines mathematical and computational techniques to develop views and
predictive models of biological systems. It aims to describe the functions of biological
processes.

Biological processes are considered to be networks due to the complex and intricate interactions
between various molecules, genes, proteins, and metabolites, as in [9] and [10]. Molecules are
represented as nodes, and interactions are represented as edges in a graph. Many biological
processes exhibit time-varying complex network structures that emerge and self-organize due
to environmental interactions. Therefore, these interactions are best represented and analyzed

as networks, facilitating high-throughput data integration and modelling biological functions.
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2.1.2 Biology on a Cell Level

Cell biology is a fundamental branch of biological sciences that studies cells, structure, activity,
and relationships. It covers several facets, including physiological characteristics, metabolic
pathways, signaling systems, and the cell life cycle. Advancements in biomedical research for

cancer and other disorders depend on a knowledge of cell biology, as in [1].

Single-cell analytic techniques and technical advancements have revolutionized understanding
cellular heterogeneity and function. Systems biology and multi-level models provide new
insights into the complexity of biological systems. Incorporating an evolutionary viewpoint
(knowledge of gradual changes and adaptations in cellular characteristics over time) better
understands the temporal evolution of cellular characteristics. The amalgamation of these
methodologies highlights the importance of cell biology in understanding life at the cellular

level and in therapeutic research, as mentioned in [1].

2.1.3 Metabolism and Metabolic Networks

Metabolic reactions are chemical reactions needed in a living organism to help maintain life
through energy production, growth, and repair. These reactions form the metabolic network,
the interconnected pathways that convert substrates into products through enzymatic
reactions. Understanding metabolism is important because it helps understand human health,

assists in drug development, and predicts treatments.

Metabolism can be investigated through omics data through quantitative metabolic flux analysis
[11]. Bioinformatic web-accessible tools like MetExplore [4] and other tools discussed in

Chapter 3 help construct and analyze metabolic networks.
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2.1.4 Omics and Omics Data

The omics domain examines various types of biological molecules and encompasses genomics,
proteomics, and metabolomics, as shown in Figure 2. Multi-omics integrates data from
numerous sub-disciplines (e.g., genomics and transcriptomics) to comprehend biological

systems holistically, as in [12].

e Genomics analysis examines an organism's whole DNA sequence, including
genes and regulatory elements. This understanding aids gene functioning and
the identification of genetic variation.

e Transcriptomics examines all genome-produced RNA transcripts.
Transcriptomic data shows gene expression responses to different situations.

e Proteomics studies protein structures, functions, and interactions. Biology
requires proteomics because proteins are functioning molecules, as in [13].

e Metabolomics studies all metabolites and small metabolic molecules.
Metabolomics reveals cell, tissue, and species metabolic processes and diseases

that can result from protein or gene dysregulations, as in [14].

Omics data are used in biological research to understand the molecular composition of cells.
Disease biomarkers can be determined, and therapy outcomes can be predicted through omics
data. Gene-environment interactions are studied, and the effect of external influences on gene
expression and metabolism is analyzed. New drug targets are discovered by understanding

complex disease mechanisms. By integrating omics layers, biological processes can be
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comprehended, promoting tailored therapy and improving understanding of complicated

disorders as discussed in this paragraph, as explained in [15], [16], [17], [18], [19].

Genomics Transcriptomics Proteomics
(DNA contains  |-»| (DNA transcribed into | (RNA translated into
genetic RNA) proteins)

instructions)
: i /

Phenotype( traits influenced by genomics,

| Metabolomics

transcriptomics, proteomics, and

(Proteins process metabolites)

metabolomics)

Figure 2: Interactions among Omics layers illustrate the flow of biological information from genomics to
phenotype. Genetic information (genomics) is transcribed into RNA (transcriptomics), translated into proteins
(proteomics), and further used to process metabolites (metabolomics). These interconnected processes collectively
influence an organism's observable traits (phenotype), showcasing the integration of molecular layers in

determining biological outcomes.

Pathway enrichment analysis maps omics data onto existing pathways to find pathways
that significantly change in response to certain situations or disorders, as in [20]. This approach

helps find biomarkers and medicinal targets.

Omics data is crucial for understanding biological systems and disorders. Systems biology and
precision medicine require pathway mapping(visualizing and analyzing the interactions and
relationships within biological networks, such as metabolic or signaling pathways, to
understand cellular processes and their impact on health and disease) to visualize molecular

interactions and biological processes.
Compared to tools like Escher [6], this plugin's development and several existing omics tools,
as discussed in Section 3.1, help advance several areas, including healthcare, environmental

studies, and pharmacology.

e Enhanced Biomarker Discovery and Personalized Medicine as in [8], [21].
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e Improved Validation and Reproducibility Standards as in [22].

e High-throughput approaches in Environmental Health and Occupational
Safety as in [23].

e Challenges in Clinical Translation and Ethical Considerations as in [21].

In summary, omics research has enabled groundbreaking advancements in various fields, with
practical applications ranging from personalized medicine to environmental health. However,
it faces ongoing data reproducibility, integration, and ethical application challenges.
Technology advancements have led to new disease identification processes and personalized
medical insights. Standardized analytical methods are needed to address data integration and
interpretation issues. Integrated techniques should improve the understanding of complicated

biological systems, as in [12].

2.2 Multilayer Network

A sophisticated method in systems biology is utilizing multi-layer networks for omics and
biological networks, which are amalgamated and analyzed to understand intricate biological
systems and diseases using diverse omics data (genomics, transcriptomics, proteomics,
metabolomics). These networks provide cross-layer biological interactions that elucidate

molecular processes and pathways, as in [24].

Cellular processes (e.g., metabolic reactions) can be abstracted as networks to allow their
organization and function to be better understood. The grouping of individual metabolic
reactions into metabolic pathways, which can be analyzed for their hierarchical and molecular
structures, is involved. Small, highly connected pathways organize metabolic networks, which

are combined hierarchically into larger units, forming a blueprint for cellular organization.
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Intralayer connections are interactions among the same kind of omics data. Understanding the
intricate dynamics inside a single biological layer, such as protein-protein interactions or gene-
regulating networks, requires these linkages, as shown in Figure 3.
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Figure 3. Intra-layer representation of omics data [25]. We can observe the intralayer connections as we go
down the layers from genomics to proteomics to metabolomics while establishing a relationship between the layers

and their respective entities.

Intralayer connections integrate many biological data and reflect the hierarchy of biological
systems, the Heterogeneous Multi-Layered Networks (HMLN). Understanding the specific
processes within every omics layer—such as gene control networks or protein-protein
interactions—depends on intralayer linkages inside each layer [26]. One tool that implements

this is PaintOmics 3, further discussed in Section 3.1.4 and mentioned in [27].

Data heterogeneity and complexity provide hurdles, but computational and network-based
methodologies enable deeper biological system insights and personalized therapy as in [24].
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2.3 Web Application Introduction

Web applications are software solutions that create a medium of interaction between the user
and the application through web browsers(e.g., Chrome, Edge, Firefox). These applications
have a client-server model comprising a front-end and a back-end that work together to ensure
a functional user experience. A web application operates within a web browser, unlike
traditional software that executes locally on a device. Web applications offer benefits such as
accessibility and the capacity to deliver a seamless multi-device user experience without the
need for installation and updates. This section explores the basic architecture and tools

necessary for web applications.
Client-Server Architecture and Representational State Transfer

The client-server architecture utilizes web applications by connecting clients( browsers or
applications) and servers (processing and data management sources). A common approach is
REST(Representational State Transfer), a stateless protocol that utilizes HTTP(Hypertext
Transfer Protocol) methods(e.g., GET, POST, PUT, DELETE) to interact with resources [28].

GET retrieves data, POST sends data to create resources, PUT updates or replaces resources,
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and DELETE removes resources from the server, as seen in Figure 4.

q o ETE
GET/POST/PUT/DELETE
REQUEST

1010
1010

XML/IJSON/Other data etc.

N /

Figure 4: Client-Server Architecture (REST). The Client(Browser on a Computer or Mobile device) requests

information from the server through REST and receives a response.

FRONTEND and BACKEND

The front end is the client-side interface, which interacts with the user directly. The core part
of it includes:
e HTML(Hyper Text Markup Language): Provides the structure for the web page by
allowing elements(e.g., headings, images, forms) to be organized.
e (CSS(Cascading Style Sheets): Provides web page styling and layout control, ensuring
device consistency.
e JavaScript: Provides interactivity, business logic, and dynamic functionality in web
pages through animations, data transformation, real-time updates, and process user-

driven interactions.

Modern frameworks like Angular (a platform and framework for building single-page web
applications using HTML, CSS, and TypeScript, developed by Google) take advantage of these

and organize web applications into reusable components and services.
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The backend is the server side, which processes user requests, interacts with databases, and

manages business logic, as shown in Figure 5.

—— CIER < O —
—S> I
User Web Server Application Database

Server

Figure 5: Fronted and Backend interaction. The User interacts with the web server, which interacts with the
Application Server to fetch data from the database and transfer it to the User. A web server uses HTTP requests
and serves static content like HTML and images, while an application server executes dynamic content and

business logic, often supporting various protocols beyond HTTP.

Web applications are essential in modern technology, and they leverage the client-server

architecture to utilize both the front and back.

2.4 Frontend with Angular

Single-page applications (SPAs) exemplify a modern approach wherein most processing
transpires within the browser. Angular (JavaScript framework) is an open-source framework
that simplifies dependency injection(manages services and components by providing them
when needed) and data binding (seamless synchronization of data between the model and the
view) to build a dynamic and responsive user interface. D3.js, a JavaScript library, produced
dynamic and interactive data visualizations. HTML-Canvas and SVG are technologies used for
drawing graphics on a web page, with HTML-Canvas providing a raster-based approach and
SVG a vector-based approach. In this study, HTML-Canvas is used. In designing web

applications, especially visualization tools like those used to map biological molecular
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networks, a developer benefits much from Angular’s robust structure. Dynamic and responsive
visualizations created with Angular using HTML-Canvas and D3.js will help ease and scale

metabolic network data exploration, as discussed in Sections 2.5 and 2.6.

Angular uses a modular approach to software architecture, organizing applications into feature-
specific modules. This includes defining components for the UI( User Interface), creating
services for the business logic and data management, and utilizing Directives(e.g., ngFor, nglf)
for dynamic template(a declarative HTML structure that defines the view for an Angular
component, binding data and handling user events using Angular's directives and expressions)

interaction, as shown in Figure 6.

Module

(container for components)

Component
(renders Ul
element)
HTML template
Service

(defines the structure of the

(business logic and

front end) data management)

Figure 6: Angular internal interaction illustrates the structure of an Angular application, showing the key
components and their relationships. The Module acts as a container for components, which consist of an HTML
template for the view. Services provide shared functionality and data, which can be injected into components for
enhanced capabilities.

An API ( Application Programming Interface) is a set of rules and protocols that allows
different software applications to communicate with each other. APIs are essential for
integrating third-party services, automating workflows, and enabling system interoperability.
SOLID architecture is a set of five principles for designing flexible, scalable, and maintainable
object-orientated software systems that help design APIs. These principles (Single

Responsibility, Open-Closed, Liskov Substitution, Interface Segregation, and Dependency
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Inversion) guide developers in creating systems where each component has a clear purpose.
SOLID helps prevent code dependencies and complexity, resulting in more robust and
adaptable software. Backward compatibility is the design practice of ensuring that newer
software or systems remain compatible with older versions. Backward compatibility ensures
that new features can be added without impairing the system's operation, saving users from
experiencing disruptions as in [29]. SOLID allows legacy applications or data formats to
continue working with updated systems, preventing disruptions for users and organizations
reliant on previous versions. Maintaining backward compatibility is critical for minimizing

migration costs and ensuring a smooth transition between versions.

With Angular's component-based architecture, which is Angular's ability to reuse self-
contained components, each encapsulating its own HTML, CSS, and logic, this modularity
helps maintain, scale, and reuse components. Developers can break down massive projects into
smaller, reusable bits. It simplifies sophisticated applications like molecular network mapping

tools.

The ability of the Angular Plugin to provide interactive interfaces enabling users to interact
with data dynamically. The developers can build customized Angular applications, providing
great adaptability in creating the tools according to user demands or research goals, as
mentioned in [30], [31], [32]. Crucially for keeping current information in dynamic datasets

such as those used in pathway analysis, the approach also provides a smooth connection with

backend services and APIs, enabling real-time data retrieval and changes as in [33].

Scalability and maintainability are essential when developing Angular plugins for molecular
network visualization. Molecular biology datasets are big and complicated; thus, software must
scale well and be easy to update and manage. Modular architecture, component-based design,
and best coding techniques make Angular's software scalable and manageable. Separating the
software into reusable components helps expand it with little coding change. This modular
approach greatly increases scalability and maintainability through components' separate design,

testing, and maintenance, as in [32].

Data management, user interface rendering, and network communication separated into discrete

components or services help simplify the application. TypeScript with Angular guarantees type
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safety, making code easier to rework and maintain. It lowers code modification mistakes and

helps developers identify bugs during development rather than runtime, improving
maintainability and scalability as in [34].

Maintaining stability while expanding visualization tools is essential for system usefulness.
Like other expandable systems, Angular plugins can facilitate best standards like clear APIs,
SOLID architecture, and backward compatibility.
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2.5 D3.js for Data Visualization

Data-Driven Documents (D3.js) is a JavaScript tool that makes it easier to create dynamic and

interactive graphics that work on the web. D3.js implements complex data structures like

metabolic paths and molecular networks in science and data-driven fields, as in [35].

Key Features of D3.js are in the following bullet points:

Methodology Based on Data: The data-driven method is one of the main ideas behind
D3.js. By linking data to DOM (Document Object Model) elements, which are objects
on a web page that represent a specific part of the HTML structure (e.g., HTML tag),
D3 makes it possible for updates and changes to be made dynamically based on data[36].
This method works well for showing biological networks with big, changing datasets
that need to be updated interactively to study how molecular entities interact with each
other. D3.js works with SVG/HTML-Canvas, HTML, and CSS, which help to make
complex and interactive graphics for biological data, like metabolic network maps and
networks of proteins interacting as in [35].

Interactive Graphics: One unique feature of D3.js is that it allows to interact with
graphics. Users can zoom in, zoom out, and hover over entities to see more information
or draw attention to certain network parts. This interaction makes it easier to visualize
data, especially in dense molecular networks where it is hard to find important nodes or
pathways without interaction tools, as in [37].

Scalability: D3.js works well with big datasets in biological networks with many nodes
and interactions. It lets researchers examine biological processes in detail while keeping

performance high, as in [35], [37].

D3.js is useful for this kind of rendering in a few ways:

Molecular networks: Metabolic processes and interactions between proteins can be
represented as graphs with biological entities (nodes) and their connections (edges).
Researchers can see how molecules communicate in the system as in [35] because D3.js

can visualize graphs in many ways.
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Force-directed graphs!: Force-directed graphs use attractive and repulsive forces to
represent relationships between edges (relationships) and nodes (entities) for data
visualization. This pattern cuts down on edge crossings and node similarities, which
makes biological data easier to understand. The library's ability to change the shape of
the graph based on new data makes exploratory network analysis easier, revealing new

paths and important interactions.

Easier data exploration: The zooming, panning (moving), and tooltip features,
implemented in Section 4.6 in D3.js, let users move through large, complicated
molecule networks. These features make pathway analysis easier when the goal is to
look at certain parts of the network to find important biological processes or reactions.
The dynamic parts keep users from getting the "hairball effect” (referring to a situation
where a complex network or data is visualized in a way that results in unreadable data
mass resembling a hairball), which happens when networks get too complicated and
hard to understand as in [35].

D3.js is suitable for showing metabolic routes and molecular networks because it is flexible,

interactive, and data-based. Its ability to handle large and complicated amounts of data,

flexibility, and dynamic display features make it an excellent tool for studying biological

networks. D3.js gives experts who use molecular data an easy-to-use and reliable way to

see, research, and understand complex biological systems.

! https://observablehq.com/@d3/force-directed-graph/2
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2.6 Visualization libraries: HTML-Canvas with

D3.js

Many genomic, transcriptomic, and proteomic omics datasets require resource management for
pleasant user experiences. HTML-Canvas and D3.js are web development favorites but have
different strengths and uses. HTML-Canvas renders complex visuals and massive datasets well,
while D3.js is good for interactive and data-driven visualizations due to its flexibility and

customization by satisfying different visualization requirements.

HTML-Canvas renders visuals and huge datasets well in the browser. Because it manipulates
pixels, it can depict molecular networks with numerous nodes and connections without delaying
the program because of its fast rendering. This is compared to SVG, which has difficulty
rendering large molecular networks due to its complex DOM structures, rendering overhead,
and memory consumption. Molecular structures with hundreds of connections may be

presented easily because of their fast rendering capabilities, as in [38].

It is useful for metabolic or signaling pathway molecular network maps with numerous nodes
[39]. Canvas lets developers draw directly on the browser's rendering surface, giving them more
control over node forms, edges, and colors than SVGJ[40]. It is used in molecular dynamics
simulations to observe molecule interactions in real time [41].

Implementing interactivity is more difficult because Canvas has to track the mouse's position,
while SVG just listens to individual SVG elements. Hover effects and tooltips require additional

scripting, adding complexity to the interaction.

D3.js's data-binding characteristics allow the Angular plugin to display molecular data changes
instantly without impacting HTML-Canvas performance, as in [38]. To conclude, HTML-

Canvas and Da3.js are powerful for visualization and can help implement Angular.




Terms and Background 29

2.7 Data Handling and Performance Optimization

Angular apps depend on state management, particularly when processing big omics data.
Organizing the application state helps developers prevent data discrepancies and unnecessary
re-renders. Memorizing the results of expensive function execution helps improve performance
by saving repetitive computations. HTML-Canvas aided in faster rendering, significantly
boosting the application's performance. These optimization strategies must be correctly

combined to enhance omics data visualization tools with Angular.

Ultimately, comprehensive omics data visualization plugins based on Angular are essential for
superior data management and performance optimization, done swiftly with HTML-Canvas.
State management ensures program responsiveness and scalability, even in the presence of data
complexity. Utilizing these approaches enables developers to construct resilient visualization

tools for real-time data processing without straining system resources.

2.8 Comparative Performance Analysis of

Visualization Libraries

This section discusses why D3.js is preferred to implement for the study. When comparing
Angular plugin visualization libraries, rendering speed, resource usage, and integration

simplicity are important.

Rendering performance is crucial to rapidly drawing molecular network visualizations with
enormous datasets. Due to its direct manipulation of the DOM (Document Object Model), D3.js
is slower than other libraries but has more flexibility and finer rendering control, as in [36].
D3.js is customizable, although the DOM might slow performance with massive datasets.

Canvas-based rendering tools like HTML-Canvas help D3.js process enormous datasets faster.

D3.js is resource-intensive because of its customization and direct rendering control. The

manipulation of many DOM structures can drain browser RAM when using massive datasets,
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as in [36]. When D3.js uses HTML-Canvas for rendering, memory use is reduced. HTML-
Canvas and D3.js can collaborate to overcome their constraints. HTML-Canvas renders
massive, high-performance molecular networks, while D3.js handles zooming, panning, and
dynamic data updates. Another key reason for selecting D3.js is the implementation of the

force-directed graph, as discussed in Section 2.5, which uses D3.js.
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Chapter 3 Related Work

This chapter investigates the related work of this study, including existing tools and techniques

for omics pathway mapping.

3.1 Popular Existing Tools and Their Limitations

Omics pathway mapping is an essential domain of computational biology that analyzes and
visualizes extensive biological data to elucidate disease mechanisms and cellular activities. This
strategy is necessary because high-throughput technologies create massive data sets that make
integration and analysis difficult. Many omics data visualization and metabolic network
mapping tools exist. Each program has visualization, data integration, and pathway analysis
tools for omics study. This study compares Escher[6], MPA Pathway Tool [7], Fluxer [5],
MetExplore [4], and other multi-omics metabolic network mapping tools, examining their

advantages, disadvantages, and characteristics.

3.1.1 MPA Pathway Tool

It helps researchers focus on significant metabolic changes, which is beneficial in studies. The
metabolically structured MPA Pathway Tool provides unique insights into metabolism's
molecular processes. This ability to discern substantial abnormalities in metabolic pathways

may assist researchers in investigating metabolic illnesses or diseases dependent on metabolism

71

The MPA Pathway Tool facilitates the depiction of metabolic shifts through simple and concise

images, supporting pathway mapping, and drawing metabolic pathway maps.
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This user-friendly interface simplifies difficult data interpretation for metabolic researchers.
The tool's specialization makes finding critical metabolic pathways easier than in broad, multi-

omics investigations.

However, MPA Pathway has limits. It cannot scale large metabolic networks efficiently. The
program excels in metabolic data analysis but does not enable multi-omics integration, a
growing trend in systems biology research. MPA-pathway Tool's metabolic route visualization
tools are good, but Cytoscape's(mentioned in Section 3.1.5) more customizable graphical
outputs are more flexible. This shortcoming might hinder researchers who need precise data
visualizations, as in [42]. Despite these drawbacks, the MPA pathway provides rich insights
and simplifies metabolic route discovery for metabolism researchers, as in [7].

3.1.2 Fluxer

Researchers may simulate and analyze metabolic fluxes in biological pathways using fluxer, a
tool for flux balance analysis (FBA). Fluxer supports metabolic network simulation, enabling
sophisticated metabolic modeling for systems biology and metabolic engineering research.
Stoichiometric matrices and mass conservation are used in metabolic modeling tools like Fluxer
to estimate metabolite flow through a network and reveal cellular activity under different
situations, as in [5], [43].

Fluxer predicts metabolic flux distribution using flux balance analysis (FBA), a popular
computer tool. FBA optimizes an objective function like biomass production or energy
generation to determine the best cellular metabolic route. Fluxer's graphical visualization makes
metabolic pathways and flux distributions easy to understand. Visualizing metabolic fluxes
simplifies complicated network interpretation and helps researchers comprehend metabolic
behavior, as in [5], [43].

Fluxer excels in metabolic engineering and systems biology. This systematic approach to
metabolic network research supports hypothesis testing by replicating circumstances and
treatments in silico. It can combine metabolic database data for a more complete analysis, as in

[44]. Bioengineering allows researchers to test alternate metabolic pathway optimization and
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product yield tactics.

However, Fluxer has limits. This tool is designed for metabolic pathways and may not work
well for non-metabolic pathways or multi-omics data, which need to integrate biological
information beyond metabolism. Due to its assumption of fundamental metabolic modeling
ideas, individuals inexperienced with stoichiometric analysis and FBA optimization may find
the tool difficult, as in [45]. Fluxer supports metabolic simulations well but doesn't integrate
other omics data like transcriptomics or proteomics, which are increasingly relevant in systems

biology investigations.

3.1.3 MetExplore

MetExplore is a powerful multi-omics data analysis tool that explores and visualizes
complicated biological connections. Combining genomes, transcriptomics, proteomics, and
metabolomics information is essential for understanding biological systems' complex functions
in current systems biology. MetExplore's platform lets researchers integrate various omics
layers better to understand cellular activities and molecular networks, as in [4]. Integration is
needed to develop hypotheses that drive experimental studies, especially in large-scale research

when single metabolic networks may fail.

With MetExplore, researchers may map multi-omics data across biological systems and find
hidden molecular linkages. This method links biochemical pathways and molecular entities

from several omics layers to understand biological processes.

MetExplore also provides effective exploratory analytic capabilities to assist users in
developing innovative ideas from complicated datasets and finding biomarkers or pathways

connected to certain biological occurrences.

Additionally, MetExplore excels in data visualization. Its dynamic and interactive interface lets
users visualize integrated data networks in real time, providing a unigue viewpoint on biological
processes. Researchers seeking practical insights from multi-omics data must dynamically

change and analyze networks. MetExplore is suited for exploratory data research, where
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integrated data visualizations show new linkages.

Despite its benefits, MetExplore has constraints. Other systems provide more complex
statistical analysis tools, which may be needed for statistical modeling. While it handles
enormous datasets, it may slow down interactive features when dealing with large or

complicated multi-omics data, as in [4].

MetExplore integrates and visualizes multi-omics data. Its extensive dataset management and
interactive data visualization make it useful for hypothesis building and exploratory study.
Researchers should know its statistical analysis and massive dataset performance restrictions
and may need other tools to finish the study, as in [4].

3.1.4 Pathview/PaintOmics

Designed for the integration and visualization of pathway-based data, Pathview is an
R/Bioconductor package that provides a strong instrument for scientists using omics data, as in
[46]. Pathview lets one visualize gene expression data in the framework of pertinent routes by
mapping user data onto pathway graphs. It offers a complete answer for extensive automated
analysis pipelines, as it fits with several functional analysis tools, as in [46]. Pathview's simple
interface lets researchers enter data, download pathway graphs, and view biological processes
without sophisticated computational knowledge, as in [33]. PaintOmics is a useful instrument
for thorough route analysis across genomes, transcriptomics, proteomics, and metabolomics, as
it enhances the possibilities by allowing multi-omics data integration [27]. This web-based
application lets users investigate the interactions between several molecular levels via
interactive visualization of multi-layered omics data mapped into KEGG pathway diagrams.
PaintOmics is strong in combining several kinds of omics data, including metabolomics and

transcriptomics, thereby providing a whole picture of biological processes.

Pathview and PaintOmics are publicly downloadable, open-source tools that are easy for
academic study. Integrating Pathview into the R environment helps handle several data types
for strong analysis and allows repeatable procedures. However, using these tools calls on R

programming expertise, and their interactive visualizing features are very constrained.
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Furthermore, with big datasets, the computational resources needed may be substantial, which

might create difficulties for consumers who do not have access to high-performance computers,

as in [46].

3.1.5 Cytoscape Mapping and Enrichment

Cytoscape is a widely used open-source software tool designed to visualize and connect
complicated biological networks with any attribute data. It is based on systems biology and is
beneficial for examining molecular interaction networks, gene expression, and protein-protein
interactions. Cytoscape gives researchers the tools to depict and analyze complex networks,

from cellular processes to gene-regulating networks, as in [47].

One of Cytoscape's most important assets is its extensible design. Using this plugin architecture,
researchers may implement specialized tools for jobs like network clustering, pathway analysis,
and interaction with other bioinformatics databases. This capacity includes the Omics
Visualizer and the WikiPathways app, as in [48],[49].

Cytoscape provides sophisticated network analysis tools, including functions that measure
network topology, cluster analysis, and protein interaction networks. These instruments provide
insights into cellular relationships and gene-regulating pathways, thereby helping researchers
grasp the structure and dynamics of biological networks, as in [50].

Cytoscape offers relatively flexible network visualization choices. Users may change node and
edge attributes and layout techniques and merge data from several sources to provide interactive
and dynamic visual representations. These images help scientists to grasp molecular and genetic
networks, as in [42].

Cytoscape is very flexible, with a large community and great documentation. It is supported by
an active community that constantly creates new plugins and offers extensive documentation,
tutorials, and support. This adaptability lets users expand the platform to fit certain research

requirements, making it suitable for new and experienced users, as in [51].




Related Work 36

Supports integration across many omics data types. Cytoscape includes several kinds of omics
data—genomics, proteomics, and transcriptomics—into network models. This capacity enables
thorough investigation of biological systems by mapping many molecular interactions and

processes onto a single platform, as in [52].

Crucially for interpreting complex biological data, interactive and dynamic visualization
capabilities in Cytoscape enable users to change networks in real time, zoom in on certain

components, and dynamically reveal or conceal pieces depending on specific criteria.

Even though Cytoscape is somewhat robust, beginners might find it challenging to follow
higher learning curves. Initially, the abundance of features and plugins may be daunting; users
may need time to become competent, as in [48]. Performance Limitations with Large Datasets:
Cytoscape’s performance may be impacted when handling extremely massive datasets. Large
biological networks with thousands of nodes and edges may cause the software to slow down

or become unresponsive, as in [47].

While Cytoscape has an extensive plugin architecture, specific specialized analyzes may require
the manual installation of plugins. Users must also identify and install suitable plugins for their
study objectives. Cytoscape is still a fundamental instrument in systems biology for visualizing
and studying biological networks. Despite a longer learning curve and sporadic performance
constraints with big datasets, its flexibility, support for omics integration, and dynamic

visualizations make it indispensable.

3.1.6 KEGG Pathway Mapping

The thorough and reputable Kyoto Encyclopedia of Genes and Genomes (KEGG) can be used
to analyze biological systems' high-level functions and utility. It helps scientists map gene and
protein data into well-chosen pathways, clarifying metabolic processes, disease mechanisms,
and gene functions. KEGG’s pathway mapping feature provides detailed information on
molecular networks, which are fundamental to metabolic, regulatory, and disease-related
pathways, as in [53]. This system is widely used for analyzing genomic data and visualizing
biological pathways [54].
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KEGG provides a comprehensive database with many paths spanning a broad spectrum of
biological activities, including metabolic and regulated ones. This well-chosen collection helps
to analyze vast amounts of genetic data across several species [53]. Deeper cross-referencing
of functional annotations across multiple biological systems allows KEGG Pathway Mapping
to interact readily with other databases such as KEGG Orthology (KO) and KEGG GENES.
This integration enhances the general bioinformatics tool, as in [54].

KEGG's easy web layout helps users map genes or proteins to relevant pathways. This
accessibility is crucial for large-scale data analysis, as researchers must effectively handle
enormous volumes of genetic data, as in [55].

Highly Curated and Widely Recognized: KEGG is relied upon for its carefully chosen
pathways, which find use in many spheres of biological study, as in [53]. KEGG is a flexible
method for cross-species comparative study as it can show routes across several species,

supporting evolutionary biology research, as in [54].

The program offers batch processing for large-scale investigations needing the mapping of
hundreds of genes or proteins simultaneously, as in [58], optimizing efficiency. KEGG paths
are primarily stationary and provide few choices for users to change visual representations. This
can limit exact customization and improvements in data visualization, as in [54]. KEGG's paths
are primarily stationary, which limits its interactive possibilities with limited interaction
elements. For those drawn to dynamic pathway analysis—systems biology or network
dynamics—this might be a drawback, as in [55]. For academic use, KEGG is freely accessible;
for commercial use, it requires a license, which can provide access problems for industry

researchers, as in [53].

KEGG Pathway Mapping is still a core tool in bioinformatics research due in significant part
to its extensive curated paths and links with other KEGG datasets. Notwithstanding limitations
in interactivity and licensing, it is still an essential instrument for genomic and molecular

biology studies.
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3.1.7 Comparison Table

Table 1: Tools Comparison with primary focus, key strength, limitations, and ease of use of tools discussed in

Chapter 3
Tool Primary Focus | Key Strengths | Limitations
Highly
Network flexible, . i
T . Steep learning curve, performance with large
Cytoscape visualization | extensible,
X . . datasets
& analysis interactive
visuals
Pathwa Integration
Pathview/PaintOmics athway with R, multi- | Requires R proficiency, limited interactivity
visualization .
omics support
Powerful for
Metabolic metabolic - . .
. Specialized  focus  requires  modelling
Fluxer flux studies,
A . . knowledge
visualization | simulation
tools
Comprehensi
oo ve data .
Multi-omics | . . May lack advanced statistics, performance
MetExplore . . integration, .
integration issues
exploratory
tools
Metabolic Detailed
metabolic Limited to metabolism, number of nodes it can
MPA Pathway pathway insiah date. | i2abl
analysis insights, user- | accommodate, less customizable

friendly
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Comparative Analysis

Each tool aids Omics data visualization and route mapping. Escher specializes in customizable
metabolic maps, whereas Pathway Tools combines genomes and proteomics data. MPA
Pathway Tool and Fluxer feature user-friendly interfaces but limits for large datasets or non-
microbial pathways. MetaExplore integrates multi-omics, although performance and

computational needs are high.

Gaps the Angular plugin developed for this study fills

An Angular-based add-on hopes to cover many tool gaps. First, the plugin will optimize data
handling and visualization methods to improve scalability and performance for big omics
datasets. Because the plugin is very flexible, users may combine data from multiple
omics datasets with little configuration. Its current web-based interface makes it easier to use

than most Pathway Tools.

The plugin will also allow real-time route map interactivity to adjust pathways and visualize
metabolic fluxes dynamically. It will also allow grid snapping for cleaner layouts and animation

for better navigation and visualization.
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Chapter 4 Methodology and

Implementation

This chapter discusses and presents the data and methods used in this research to build the
Angular plugin. After the gap in existing methodologies is identified, as discussed in Section
3.1, the application is developed using the flexibility of Angular, the strength of HTML-Canvas,
and D3.js, with the notable advantages discussed in Chapter 2. As described in Chapter 2, a
graph-based approach is employed in the study to provide a structured and efficient way to
model and analyze metabolic networks. This chapter summarizes the overall architecture of the
developed application, along with various design strategies and algorithms used to build this
plugin. Specific problems in molecular network analysis and visualization will be addressed
through this application, which is designed to focus on reproducibility. The final version of the

application code is open-sourced at https://gitlab.com/kay.schallert/mpa-website/-

[tree/pathway visualization/projects/pathway-visualization.

The structure of this chapter is as follows, with a small overview in Figure 7:

e Hardware and Software: Section 4.1 lists the hardware and software used for this
study.

e Data Generation File: Section 4.2 discusses the source and how data is generated for
this study.

e User Interface: Section 4.3 discusses the importance of Ul

e Initializing the Application: Section 4.4 details the interface appearance on the initial
loading of the application.

e Data Ingestion in the application: Section 4.5 describes the process of loading the
data generated in Section 4.2.

e Traversing through abstraction level: Section 4.6 explains the multi-level traversing
feature of the application.

e Functions/Tools: Section 4.7 presents additional features of the application.
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Figure 7: Methodology for this research. Arrows represent the flow, and blue boxes show the actions taken to
move to the next step, starting from the Literature Study and ending at the Analysis. The diagram represents a
research and development workflow for creating the study application. It begins with a literature study to formulate
research questions and specifications. The development process includes comparing existing applications,
selecting the D3.js JavaScript library, and also showing existing libraries that are similar to (e.g., Echart, Chart.js)
D3.js for force-directed graph requirements, and analyzing potential drawing methods (HTML-Canvas or SVG).

The finalized application undergoes testing, and the results are analyzed to complete the process.

4.1 Hardware and Software

Hardware: To implement and execute all experiments, a personal laptop with an Intel Core i7-
13700H (13th Gen) processor, 16 gigabytes of random access memory (RAM), a 1TB solid-
state drive (SSD), and an RTX 4070 graphics card is used.

Software: HTML5, CSS3, Node.js version 22.9.0, D3.js version 7.8.5, Angular version
16.2.12, and TypeScript version 5.2.2 are used to code and implement all experiments. The
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code is written in Visual Studio Code and compiled within a local host on a personal laptop's
Google Chrome browser (version 131.0.6778.33).

Table 2 lists all the packages and versions from inside the Angular application.

Table 2: Overview of Angular packages and package versions used in this research.

Package Version Task

@Angular- 0.1701.3 Provides build and architectural tools for
devkit/architect Angular projects

@Angular- 16.2.14 build system tools for compiling Angular
devkit/build-Angular app

@Angular- 17.1.3 Core utilities and services for Angular CLI
devkit/core

@Angular- 16.2.12 Angular CLI schematics for code generation
devkit/schematics

@Angular/CDK 16.2.14 Component Dev Kit for building Angular

Material components

@Angular/flex-layout

15.0.0-beta.42

Layout utilities for responsive design in

Angular

@Angular/material 16.2.14 Material Design Components for Angular

@schematics/Angular | 16.2.12 Angular-specific schematics (e.g., for app
creation)

ng-packagr 16.2.3 Angular package bundling tool

rXjs 7.8.1 Reactive programming library for Angular

typescript 5.1.6 JavaScript superset for Angular app
development

webpack 5.89.0 Module bundler used in Angular build
process

zone.js 0.13.3 Provides async operations management in

Angular
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Google Chrome DevTools is used to test the performance of this application and compare it

with other existing tools. The following metrics are employed:

e DCL ( Document Content Load): This occurs when the initial HTML document is fully
initialized and parsed without waiting for stylesheets, images, or subframes.

e FP (First Paint): Then, the time the first pixels render on the screen.

e FCP ( First Contentful Paint): When the first content (e.g., text, image) is painted for
display.

e LCP (Largest Contentful Paint): This is when the largest content element visible in the
viewport is loaded, signaling content readiness.

e Time to load the complete metabolic network graph as measured through the network

details in the Chrome DevTools.

1. https://developer.chrome.com/docs/devtools
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4.2 Data Generation File

For this study, a custom data generation! file generated the JSON data file to create the

metabolic networks.

In this study, the file generation process is repeated across three levels: first, at the molecular
level, containing individual molecules; second, at the modular level, representing clusters of
molecules working together; and finally, at the organelle level, representing cellular structures
with specific functions. Data is generated for networks with 100, 1,000, and 10,000 nodes,

respectively.

The files are generated using only two inputs: the level name (e.g.,

molecular/modular/organelle) and the number of nodes.

The generated data from the data generation file had two outputs.
o network file:.The root object contains three primary keys (edges, nodes, level), where
edges and nodes are arrays of objects and level is a string.
The edge object contains several key-value pairs, and the names of the keys are listed
below.
e "dataRef": A unique identifier for the edge.
e "edgeld": A numerical identifier for the edge.
e "edgeType": The type of the edge (e.g., "undirected").
o "flux": A numerical value representing the flux of the edge.
e "label": A string label for the edge.
e "modelElementRef": A reference to a model element.
e "source": The numerical identifier of the source node.
e "target": The numerical identifier of the target node.
The node object contains several key-value pairs, and the names of the keys are listed
below.

e "dataRef": A unique identifier for the node.

L. https://github.com/voidsailor/network_vis_dummy_data/blob/main/dummy _data.ipynb
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e "isSecondaryMetabolite™: A boolean indicating if the node is a secondary
metabolite.
e "label": A string label for the node.
e "modelElementRef": A reference to a model element.
e "nodeld": A numerical identifier for the node.
e "nodeType": The type of the node (e.g., "circle").
e "X": The x-coordinate of the node.
e "y": The y-coordinate of the node.
The Level key is just a string (e.g., molecular, modular, or organelle)

The network file name even contained information, e.g.
4b61c8h9-24e3-4527-ac93-f16ed416313bnetwork n 9 e 14 | molecular.json
where 4b61c8b9-24e3-4527-ac93-f16ed416313b is the map id,
network_n_9 e 14 represents nine nodes and 14 edges,

I_molecular signifies the molecular level.

e network data file: The root object contains three primary keys: edgeData,

nodeData, and level. EdgeData and nodeData are arrays of objects, and the level is a

string.

Here, in the network_data file, the edgeData contains the key, which is the data reference
to the DataRef value of the edge data from the network file. So, the network_data file
stores a value of edge data from the network file with a reference to it. The same is true
for the node data; the key refers to node data with data as the reference. Keeping
information in two files is advantageous, as the network file loads the network data
necessary for drawing the graph. The data file just brings in extra information about

nodes and edges, putting less information for rendering the graph.

The name of the network data file is as follows: 4b61c8b9-24e3-4527-ac93-
f16ed416313b_data_molecular.json. As we can observe, the first part is the same as map
id in the network_data file, so when the file is generated in the custom data generation

script, it creates two files with the same map id. Thus, the files can be located easily.

L. https://github.com/voidsailor/network_vis_dummy_data/blob/main/dummy _data.ipynb
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4.3 User Interface(Ul) and Internal Structure

The usefulness and functionality of molecular network visualization tools depend on the User
Interface (UI) design. A well-made U1/UX enables quick data exploration, smooth interactions,
and little cognitive burden when grasping difficult networks.

Visual and interface elements must function uniformly throughout the product to facilitate user
comprehension of the system. Users must receive prompt visualization on zooming, panning,
and node selection to understand the results. The design must facilitate activities' visibility,
enhancing intuitive molecular network exploration. These approaches have continuously

improved, resulting in more effective research [56].

In Angular, a service operates as a class to distribute logic and functionality among components
and other entities. As a result, upon analyzing both the network file and the corresponding
network_data file containing the map_id, the information from these files is preserved within

the network-canvas service, as explained in Section 4.2.

An Angular component, a TypeScript class, governs a user interface segment and delineates its
behavior. Components structure the application into smaller, reusable segments. Upon

ingestion, the data is retained in the network canvas service.
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Recyclable Ul

Typescript

Angular Service Data Interaction

Figure 8: This diagram illustrates the architecture of an Angular component in interaction with a data
management service. The Angular Component, a TypeScript class, governs a specific user interface (Ul) segment

by defining its structure.

When the component processes or receives data (e.g., user input or external API responses), it
communicates with the Angular Service, which handles, stores, and manages the data. The
interaction between the component and the service signifies the data flow from the Ul layer
(component) to the data handling logic (service). This separation of concerns allows for better

abstraction and testability within the Angular framework in Figure 8.

Upon loading the application, the user is presented with an application with a structure, as

shown in Figure 9.
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Figure 9: Component Sections of the application. Within the red border lies the parent component, the network-
visualization-root component. The blue borders are the child components. Starting with the Search Bar
Component, which is responsible for searching nodes in the graph, the Network Data Table Component loads the
initial existing molecular network files. Also, it lists molecular network files in a drop-down menu so the user can
select one. One can add personally generated files appearing in the Network Data Table Component. The Toolbar
Component displays all the methods and actions implemented on the network graph. The Network Canvas
Component displays the network graph. The hierarchy Component displays the Hierarchy on which level the

network graph is, which is discussed in Section 4.6.

So, to conclude this section, effective molecular network visualization requires best practices.

Even with complicated biological data, these concepts are necessary for useful discoveries.
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4.4 Initializing the application

Upon initially loading the application in the browser on the personal computer, the user is

presented with this interface, as shown in Figure 10.

v
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Figure 10: The application initially loads, and a network graph is preloaded by default. Upon loading, the
user can view the functions available in the toolbar on the left, the search bar on the top for searching nodes, and
two toggle buttons in orthogonal mode, which allows an orthogonal edge representation instead of a linear one.

The Select file allows one to select personal files from the drop-down menu, as discussed in Section 4.5.
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4.5 Data Ingestion into the application.

As discussed in Section 4.2, one can generate the files and place them in the following

directories, as shown in Figure 11.

~ pathway-visualization
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Figure 11: Folder director to keep the generated files. Please keep the files in the respective folders as generated

for each level(e.g., molecular, modular, organelle) and update the list to add the molecular network file name.

Also, place the name of the molecular network file in molecular-files.json.

Please note that the dataRef of the nodes in the molecular network file must match the map id

of the module network file, as shown in Section 4.2, for the application to trace the node at the

molecular level and open it at the module level. Similarly, the organelle network map id must

match the dataRef of the node in the module. The molecular-files.json contains the list of names

of molecular-network files, which can be selected from the molecular directory inside the assets

folder. Please note that the file naming convention for the module and organelle must be
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and organelle network files from the data file generated. The unique map id can trace the file

needed to load the network.
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Figure 12: Selecting network file from the drop-down.

Upon selecting the network file button in Figure 12, the application takes in the network file,
parses the data, and then stores it. It also locates the network_data file by taking the map _id

from the network file and displaying the graph.
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Figure 13: Loading data file: the data file, upon selection, is loaded onto the canvas to be displayed. The circular
nodes represent metabolites(e.g., 0,1,2,3,4), and the diamond-shaped nodes represent reactions(e.g., 5,6,7,8) on a

molecular level.
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Using physics-based simulation, relationships between entities of nodes(metabolic compounds
or proteins) and edges (relation between these entities) are displayed. The force graph, as
mentioned in Chapter 2, uses attraction and repulsion forces while loading data nodes and

edges, making the visualization look intuitive.

Handling large-scale omics data in web applications like the Angular plugin is easy due to its
volume, complexity, and need for real-time user involvement. The application developed for
this study handles computational intensity and provides efficient visualization of massive
metabolic network data. Volume and heterogeneity make large-scale omics data administration
problematic. Genomic, proteomic, transcriptomic, and metabolomics data from omics studies
is massive. Different data types require different processing and visualization methods, making
real-time web application dataset management resource-intensive. Scalability is needed for data
storage, retrieval, and rendering [57]. This application can quickly scale large nodes due to the

benefits of HTML-Canvas, as discussed in Chapter 2.

4.6 Traversing through Abstraction Levels

Before examining the multi-level hierarchy implementation, the hierarchical concept needs to
be visualized, as shown in Figure 14. Large networks can be decomposed into a hierarchy of
abstraction levels(e.g., molecular, modular, organelle). The subnetworks and data are visualized
on each level of the hierarchy. The application also provides interaction and exploration at each
level, even allowing unique calling of callback mode functions at each level, as discussed in
Section 4.7.
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Figure 14: Hierarchy of abstraction levels. This illustrates the hierarchy of abstraction levels (e.g., molecular,

module, organelle). Each level represents a (sub)network of nodes and edges representing different entities and

interactions.
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Upon clicking node 1 in Figure 15, the user can traverse to the modular layer.
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Figure 15: Traversing multi-level in the metabolic network. The current layer(e.g. module layer) is highlighted

in blue.

This hierarchical navigation on the right side is only displayed when the user goes to the module
level from the molecular level. The dataRef or map id is displayed by the side. So, the molecular
level displays the map id, and when clicking upon a node, the DataRef of the node to open the
module network is opened, which is also the map id of the module network. The Angular plugin
handles large datasets by loading them into HTML-Canvas hierarchical data structures. For
example, this application has three layers of network data: molecular, modular, and organelle.
Instead of displaying all the nodes and edges of the network graph for three layers in one graph,
the application will just display one, and upon expanding upon one blueprint (node), the

blueprint (node) expands to the next level to display only information in that expanded layer.
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4.7 Functions/Tools

Search and Highlight

Upon typing in the search bar, the application suggests possible nodes in the network. This
search involves listing the node labels shown in Figure 16.

H‘ Q 4b61c8b9-24e3-4527-ac93-f16ed416313bnetwork_n_9_e_14_|_molecularjson
node_0

node_1

node_2

2
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/Nt

R & & @ & » & =
H

Figure 16: Search bar initiation. Upon typing inside the search bar, the user is shown 5 nodes out of all the
possible nodes in the network only.

After selecting a node and pressing the search blue icon, the respective node_8 is highlighted,

as seen in Figure 17.
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Figure 17: The search node is highlighted. After pressing the search icon and selecting the node 0 in the search
bar, the node(e.g., node 0) is highlighted with an orange border.

Orthogonal mode

The hierarchy component has a toggle button. Upon toggling it, the changes can be seen in

Figure 18.
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Figure 18: Orthogonal Mode is toggled in blue at the top right corner, which changes the network's edge

shapes, as observed in this figure.
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Zoom and Pan

HTML-Canvas with D3.js allows Angular metabolic pathway map plugins to zoom and pan.
These methods may be used in bioinformatics applications requiring sophisticated data analysis
at various levels of detail to efficiently and interactively show extensive metabolic networks.

Search by ID Q 4b61c8b9-24e3-4527-ac93-f16ed416313bnetwork_n_9_e_14_|_molecular json
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Figure 19: Zoom in/out and Panning. When zooming in a certain amount, the nodes are snapped onto the grid,
and snapping is released when zoomed out. The nodes are released from snapping and return to the original

network. The pan feature allows the user to move the graph.

D3.js handles interactivity. Mouse drags and touches actions modify canvas size and
translation. While moving across the map, D3.js zoom preserves node-edge spatial interactions.
Nodes and edges are dynamically rendered using D3.js while ensuring data integrity. The
information is retained for linkages between molecules and their interactions while zooming or

panning in a metabolic pathway.
Images created using HTML-Canvas fit metabolic networks with nodes and edges. HTML-

Canvas allows considerable network interaction by directly controlling pixels and removing

DOM overhead. HTML-Canvas zooming in employs context-based panning.

Dynamic Animation mode
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As can be observed in the application snapshot in Figure 20, the dynamic feature allows edges
in the metabolic network to be animated, with dots traveling from the source to target nodes.
In a big network, it might be hard to see the arrows, so creating such an animation can help the

user easily see the dot's movement and understand the source and target between nodes.
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Figure 20: Dynamic Animation Feature. In the figure, dots travel from the source to the target nodes(Section

4.2), adding to the visual clarity of understanding the movement across the network.

Textbox mode

The textbox mode in Figure 21 allows the user to take notes near respective nodes, which can

help the user retain knowledge of a specific node or edge.
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Figure 21: Text box mode. Helps in taking notes near desired nodes or edges.
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If the textbox mode is not required, it can be deleted. Also, textbox mode stays active while
using other tools in the toolbar. So, the information is retained when a user takes notes and
wants to test something with the different features.

Shortest Path

The Dijkstra method emphasizes molecular connections by finding the optimum path between
the user's selected nodes. The approach calculates cumulative costs for each edge along all paths
from a starting node. The lowest-cost node is chosen, and its neighbors are updated. It continues
until the destination node has the shortest path [58]. Most biological network analysis uses these

approaches to uncover the most direct links between genes, proteins, and metabolites.

Table 3: Dijkstra Algorithm used to calculate the shortest path between nodes in the graph. d(s, v): The shortest
distance from the source node s to the node v. E: The set of all edges in the graph. V: The set of all vertices (nodes)
in the graph. s: The source node x,, 1 if the edge (u, v) is part of the shortest path from s to v or O otherwise.

w(u, v) Represents the weight (or cost) associated with the edge (u, v).

Algorithm: Dijkstra Algorithm

1 Minimize

2 d(s,v) = min YLunee W, V) * Xpu)

3 Subject to

4 vv eV \{s}:d(s,v) <d(s,u) +w(u,v) V(u,v) €EE
5 Xy € {0,1}

6 e X,y = lifedge (u,v) is part of the shortest path.

e Xx,, = 0otherwise

~

Initial condition

8 d(s, s)=0

Using molecular network mapping pathfinding, users can compute the shortest pathways
between network nodes. This feature is excellent for exploring how two entities (nodes) in a
route are connected or how one entity impacts another through interactions. Dijkstra is used in

many biological network tools to find the shortest path between weighted edge nodes.
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Figure 22: Shortest path using Dijkstra. When entering details from and to nodes, the shortest path connecting

two paths is shown in the figure from node_1 to node_3.

Dijkstra's technique helps molecular networks identify direct and indirect molecule links.
Molecular interactions like gene regulation and metabolism are edges, whereas molecules are

nodes.

Tooltip and multi-node display

These two features help the user display node information, either upon hovering using the
tooltip, as shown in Figure 23, or selecting an area of nodes to display information for a list of
nodes, as shown in Figure 24.
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Figure 23: Tooltip, hovering over node_0, displays its information while in tooltip mode.
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Figure 24: Multi-mode select: Upon selecting the area with nodes inside, all the information about the nodes is
displayed at the top left of the canvas.

Event listeners (special functions that wait for and respond to specific actions/events within an
application) are on nodes in the application. These D3.js or HTML-Canvas components
function when clicked or hovered. For dynamic user experience, the app displays this data in a

tooltip, sidebar, or modal window.

Snapping on to grid mode and refreshing the canvas

Users can snap nodes and attach or move them according to their desire, clearing the layout and
organizing their position. This makes it easier to view the relation between nodes and edges

when visualizing many nodes. The Refresh mode removes the graph, as shown in Figure 25.
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Figure 25: Refresh Canvas and Grid Snapping mode. Refresh canvas clears the layout, and grid snapping mode

helps move the nodes by just dragging.

Callback mode

The changes to the callback modes(callback exploration and callback editing) are only observed
in the console log. Each level of callback mode can have unique exploration and editing

functions.

Figures 26 and 27 show the workflow diagrams for callback editing and exploration. The

events(right click, double click, left click, and hover) are unique for each level(molecule,
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Figure 26: Work Flow diagram of Callback editing. Upon selecting the tool, it retrieves information on which

level it is on, and then, upon using one of the four actions(hover, right-click, double-click, left-click), it retrieves

a unique function.
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Figure 27: Work Flow diagram of Callback exploration. Upon selecting the tool, it retrieves information on
which level it is on, and then, upon using one of the four actions(hover, right-click, double-click, left-click), it

retrieves a unique function.
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Callback modes as shown in Figure 28, there are two callback modes.
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Figure 28: Callback editing and exploration. Upon selecting either of the modes, a predefined function is
injected depending on which level and what kind of callback is being called based on the event(e.g., hover, double

click, single click, right-click).

This unique feature is not found in other existing tools, making it stand out and more flexible.
The developer can modify it to fetch any function, providing various functions triggered

through callback modes.
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Chapter 5 Results and Discussion

Qualitative benchmarking is performed to evaluate the developed application against existing
tools, comparing the feature set of each tool and performance benchmarking. In this Angular-
based molecular visualization application, this study used a custom-made data generation file
mentioned in Section 4.2. This application has been developed for molecular, modular, and

organelle levels in this study.

The following assessment approaches evaluate this study's qualitative and quantitative aspects.

e Qualitative Comparison of Features Against Other Tools: Section 5.1 discusses
features and highlights.

e Performance Evaluation and Computational Efficiency: Section 5.2 Discusses the
performance and efficiency of the application.

e Significance of Findings and Comparison: Section 5.3 Significance of findings.

5.1 Qualitative Comparison of Features against

other tools

This section highlights the features of this project and what makes it stand out or unique

compared to some of the major visualization tools for omics data, as discussed in Chapter 3.

Even though PaintOmics, as in [16], offers a wide range of clustering and grouping of molecules
and genes, it needs more navigation and user experience flexibility. It requires a standard of
multiple files, which must maintain a specific file naming convention and particular data format
to work; the same is true with Escher, as in [6]. Even for the developed plugin, the complexity

of navigating is less, and the user only selects the network file as discussed in Section 4.2; only
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JSON input files can be put in and displayed. The primary objective is to visualize proteomic

data on metabolic networks.

The application developed for this study offers more than just basic features like zooming
infout; SAMMI interactively shows metabolic networks using similar techniques. SAMMI
enables zooming and switching metabolic pathways without losing context, as in [59]. POlsam
also proved that zooming and panning need object visibility and selection for effective large-

scale representations, as in [60].

This application also helps snap the grid nodes for better visualization and navigation. The
tooltip is basic and displays information about nodes. This has a node selection tool to select a
group of nodes and get the information as a list. One can even write text near the desired nodes
on the graph generated and find the shortest path(relations), in other words, the relation between
nodes and edges, which can expand several reactions and be hard to trace. Most popular tools
do not offer this feature, and it limits the range of connectivity. This application uses the
callback mode features, as discussed in Section 4.7, which is unique. Features like orthogonal
mode, as mentioned in Section 4.7, dynamic visualization, and arrow animation are some
unique features present while conducting this study. Unlike other tools, it offers multi-level data
abstraction where one can navigate relations moving up and down the layers to better

understand them without loading the graph with too much information.

To conclude, overall, this is quite a unique approach. The idea of developing it as an Angular
plugin makes it stand out from what currently exists and also provides a wide range of

groundwork for further development with just this plugin.
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5.2 Performance Evaluation and Computational

Efficiency

This plugin, built for this study, supports the visualization of metabolic networks, as discussed
in Chapter 4. For performance measurement, different files are generated using the custom
data generation in Section 4.2. The files generated consisted of 100 nodes, 1000 nodes, and

10,000 nodes, respectively. The goal is to observe the speed of loading data.

The performance evaluation is mainly carried out using the Google Chrome dev tool. The study
is tested on a local server.

Chrome DevTool Evaluation
DCL (Document Content Loaded), FP (First Paint), FCP (First Contentful Paint),LCP (Largest Contentful Paint)
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Figure 29: DCL, FP, FCP, and LCP results of the study are computed in Google Chrome Dev Tool in ms
(milliseconds). Terminologies explained in Section 4.1.

The experiment results show that DCL increases because Angular change detection runs more
frequently and takes longer as the number of nodes in the graph increases. The graph has two-

way binding, Angular checks, and update components, especially because of the force chart

1 https://github.com/swimlane/ngx-graph

2 https://github.com/magjac/d3-graphviz
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animation application. The FP value increases because the fps drops from rendering many
nodes, which increases the computational overhead for redrawing the HTML-Canvas. The FCP
values increase because larger graphs take longer to calculate, render, and paint on canvas, thus
delaying the browser’s ability to display meaningful content. The LCP metric captures the time
it takes to render the largest visible graph; this increase in graph complexity(more nodes/more
edges) leads to slower rendering, resulting in higher LCP values with increasing graph size.

Depending on the size and structure of the metabolic network, showing complicated metabolic
networks can take a long time. The data loading and rendering speed of diverse metabolic
networks and their complexity are used to quantify this parameter. Responsiveness is how
quickly the visualization system responds to user inputs like zooming, rotating, or translating

molecular models.

5.3 Significance of Findings and Comparison

HTML-Canvas is used to draw the graph multilayer network in this study. It outperforms most
applications that use SVG when displaying or loading many data node points on the Ul. This
chapter focuses on comparisons with existing node-edge graphs in platforms like Graphviz?,
and Ngx-Graph?.

When rendering a large number of nodes in web-based visualizations, as discussed in Chapter
2, HTML-Canvas generally outperforms SVG-based methods, especially when it renders large
amounts of data, as seen in this section, such as those used in Ngx-Graph® and Graphviz?.
Canvas’s raster-based approach directly manipulates pixels, which leads to significant
performance advantages when handling high volumes of elements. By contrast, SVG’s vector-
based approach introduces inefficiencies, as it requires creating and managing each element as
a separate DOM node, which increases memory use and slows down rendering and interactivity,

especially for large datasets.

1 https://github.com/swimlane/ngx-graph

2 https://github.com/magjac/d3-graphviz
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One primary advantage of HTML-Canvas over SVG is its ability to manage graphics efficiently
in high-resolution and complex visualizations. Studies have shown that when handling intricate
data, Canvas performs faster due to its independence from the DOM [61]. For large-scale
visualizations, where displaying millions of nodes in SVG would cause substantial delay, this

makes Canvas especially suitable [61].

Another benefit of HTML-Canvas is its low-level visual control, which lets developers optimize
rendering by just redrawing the changing areas of the canvas. This functionality is particularly
useful for interactive applications or dynamic visualizations that update often, as it removes the
need to repeatedly re-render each node separately, a problem that SVG-based rendering

encounters with large datasets [61].

A GPU can also speed up HTML-Canvas for rendering using WebGL, as in [62], a JavaScript
API that provides a context for drawing 2D and 3D graphics with GPU acceleration., which
helps create complex graphics. Canvas reduces latency and increases efficiency by managing
the computationally taxing tasks of drawing many nodes. However, SVG's higher CPU
consumption might be a disadvantage when displaying large data sets in interactive or real-time
settings, as in [63]. SVGs are not inherently GPU-driven like WebGL, but some browsers(e.g.,
Google Chrome, Firefox, Safari, Microsoft Edge) offload complex SVG tasks to the GPU to

improve performance.

In a small comparison, it is observed running two git repositories, one with NGX-Graph! and
GraphViz?, while comparing to this study tool using the Google Dev tool. The time taken to
load the files was recorded. | loaded the application following the instructions on the GitHub

pages and edited the code to generate several nodes for testing.

1 https://github.com/swimlane/ngx-graph

2 https://github.com/magjac/d3-graphviz
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Figure 30: Comparison between SVG'?, and the developed Plugin for loading data. Using the Chrome
DevTool discussed in Section 4.1, the time it took to load the complete network graph is recorded and displayed

in this figure. Ngx-Graph could not compute 10,000 nodes.

In conclusion, HTML-Canvas is a better option for visualizations with many nodes due to its
clearer DOM, better memory management, and support for GPU acceleration. These
advantages make Canvas ideal for real time applications and high-performance graphics,

whereas SVG would be slow and inefficient.

1 https://github.com/swimlane/ngx-graph

2 https://github.com/magjac/d3-graphviz
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Chapter 6 Conclusion

This study developed an Angular plugin to enable fast rendering of the huge metabolic networks
and understand the taxonomic characterization of microbial communities using different
abstraction layers to visualize different granularities on a molecular scale, modular scale, and
organelle scale. It is done in layers instead of displaying it all together in a 2D plane. Omics
data, in general, is the cornerstone to understanding the interconnection of molecules. Given
that the data set generated with a custom script behaves like omics data, this study demonstrated
that, like most omics visualization applications, it has basic features and some extra features
that make it unique and stand out from the rest of the existing applications. Like zoom in/out,

panning, shortage path, and callback modes, to name a few.

This application is unique because of its many standalone features and features adapted from
existing tools. It traverses through layers across metabolic networks, allowing only the required
information to be displayed. Callback functions allow for many functions and interactions to be
implemented. Several types of interactions and animations to play around with the graph

network make this unique.
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6.

6.

1 Discussion of Research Questions

Research Question 1: Can HTML-Canvas visualization provide a higher fps when
rendering networks containing up to 10,000 nodes compared to SVG?

In this study, testing comparing against SVG in Ngx-graph* and GraphViz? showed that
it performs well for nodes containing up to 10,000 and consumes less time than SVG at
node 10,000.

Research Question 2: In what ways can information be successfully abstracted
into different layers to make complex molecular data more accessible without
oversimplifying the underlying science?

This study demonstrated that information is retrieved in JSON data and with a level of
abstraction, with only required nodes displayed on one layer instead of representing all
nodes in one graph. This leaves room for less data to be displayed, giving the user better
visualization with less cluttering of unnecessary data nodes. Upon request to see the
network of a particular node, the application can be extracted to the next layer so that
the user can visualize expanding down.

2 Future Direction in Molecular Network

Visualization

This chapter discusses the possible ideas for improving upon and extending this plugin in the

future.

Integration with MPA Pathway Tool: The plugin is developed so that any other tools
could integrate it, including the MPA Pathway Tool, which can solve its scalability issue

with some added functions using this application.

1 https://github.com/swimlane/ngx-graph

2 https://github.com/magjac/d3-graphviz
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e Backend Integration: Given the scope of callback modes, it is just console logging
information according to hierarchy. It is created to implement unique functions that can
be called from a backend server.

e VR and 3D work: Moving from 2D to 3D molecular network visualization is
considerably advanced. Three-dimensional representations can help understand
complicated biological networks, especially those with several levels of interaction
(genes, proteins, metabolites). Virtual and augmented reality are interactive, strong
visualization techniques. Immersive technology may let researchers browse and modify
complicated networks more naturally than standard interfaces. Despite these benefits,
VR adoption is limited because of high development costs and requiring specialized

equipment.

e Managing Multidimensional Data: Biological records, especially those from omics
studies, often have more than one layer, such as gene expression levels, protein
abundance, as in [64], and metabolic flow, which allows for possible expansion into

such network graphs.

e HPC and cloud computing solutions: Scalable, high-performance computing will be
needed as omics data grows. HPC and cloud-based systems will help handle large
datasets, notably multi-omics studies that include genomic, transcriptomic, and
proteomic data. Grid computing and GPU acceleration can speed up dataset analysis
and visualization. These advances should accelerate biomolecular data assimilation into
therapeutic applications, as in [17]. Scalable storage and processing capabilities in cloud
computing will help researchers manage and process large datasets. Cloud infrastructure
allows colleges to collaborate and share data, boosting research. However, data security
and cost issues continue as cloud-based solutions gain popularity.

¢ GNNs and ML: Machine learning is the field of artificial intelligence that enables the
learning of patterns and the making of predictions or decisions based on data without
being explicitly programmed, as in [65]. Then there are Graph Neural
Networks(GNNSs), a neural network specifically designed to work with graph-structured
data and can improve molecular network analysis and visualization, as in [65]. GNNs

are designed for graph-structured data and may be used to study biological networks
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such as protein-protein interactions and gene regulatory networks, as in [65].

Deep learning algorithms and graph neural networks anticipate patterns and functions
in large biological networks, which help in drug development, illness diagnostics, and
personalized therapy. Machine learning techniques and visualization tools can automate

hub and regulatory module finding, improving complicated network interpretation.

e Dynamic/Multi-Omics Data Integration: Omics data visualization may use dynamic,
real-time systems to manage several kinds of data and changes. Dynamic visualization
lets researchers study network evolution throughout sickness progression and
therapeutic response. Integrating epigenomics, metabolomics, and proteomics data will

help researchers understand biological systems.

In addition to the above-specified future work, the ever-changing landscape of technology and
computational ease is opening up many possibilities. As time progresses, computational power
is becoming cheaper, which may open up future possibilities with this plugin and provide the

groundwork for future applications.
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Appendix

During this study of Angular application development, two versions of the project are

developed, both of which are open-source.

The old version of this project is in

https://github.com/saiyudhaplhaomega/old pathway

The Readme provides instructions on how to run it. The script( dummy_data.ipynb) used to
generate the data files is kept in the repository, and the data files used are kept in the assets
folder. The old version has the data files with width, flux, and varying node sizes implemented.

The new and final version of this project.
Due to structural readjustments and file generation differences. A new version is made. This is
linked below.

https://qgitlab.com/kay.schallert/mpa-website/-/tree/pathway visualization/projects/pathway-

visualization

The data files are in the assets folder, as discussed in Section 4.5.




