Aalto-yliopisto
Aalto-universitetet

W Aalto University

Master’s Programme in CCIS

Performance Challenges with Data Visu-
alizations in Browser Environment

Ravindu Rajatheva

Master’s Thesis
2023



Copyright ©2023 Ravindu Rajatheva



A

Aalto-yliopisto
Aalto-universitetet
Aalto University

Author Ravindu Rajatheva

Title of thesis Performance Challenges with Data Visualizations in Browser Envi-
ronment

Programme Computer Science

Major Web Technology

Thesis supervisor Prof. Petri Vuorimaa

Thesis advisor Nokia, Pekka Suhonen

Collaborative partner Nokia, Matti Kosola

Date 10.03.2023 Number of pages 35+ 17 Language English

Abstract

Information exists in many forms, from text, to equations, videos, audio, and
graphical mediums. With graphical or visual mediums, it is becoming easier
to absorb information where the alternatives are textual descriptions.
Graphs are important vehicles of transporting information. In order to cre-
ate a good graph, certain attributes need to be taken into account, such as
which variables are being displayed over which axis, visual elements, and
their sizes are also important to consider. In modern times with the internet
and the amount of data being generated, how can all this data be fitted into
a single graph? That question is the motivation for this thesis.

Presenting large data in visualizations involves a great deal of thought, effort,
and ingenuity on how to proceed with what information to convey. There are
times when obtaining data for such visualization come with their own chal-
lenges. This thesis investigates the obstacles facing an internal tool within a
company in regard to their data retrieval method. As well as the objective to
research an efficient and easy-to-use method for presenting large data on a
webpage.

Keywords ElasticSearch, Search-After, Canvas Element, Data Visualiza-
tions
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1 Introduction

From 1991 to now, the popularity and number of websites have experienced
massive growth, affected both industries and in part even influenced society.
The World Wide Web (WWW) started with only one website but now that
number is over a billion according to one article [45]. The internet has intro-
duced a new form of communication, new industries, transformed innova-
tion and more. The growth of the WWW has brought along many adjust-
ments or improvements to numerous processes over the past decades. Some
of these adjustments include how media content is consumed. From watch-
ing programs on the television, listening to music on the radio — both can be
achieved through online channels. This was one of the reasons that interested
me to begin researching about web technologies since it has been and will
continue to grow with time.

Furthermore, the WWW is still evolving with new emerging technologies ei-
ther being implemented by the World Wide Web consortium (W3C) or com-
panies developing their own techniques. These new methods can help solve
some of the issues that currently occur when visualizing data. Some of these
technologies that can help are canvas which was developed by Apple.

Data analysis is one field that has been grasped by the internet, specifically,
when it comes to the size of new data. With more and more websites being
present, approximately eleven users come online each second [45]. The
amount of data generated continues to rapidly increase. To make sense of the
data is itself challenging but presenting the data on browser environment
brings forth additional difficulties. When it comes to displaying a large
amount of data there are certain visual challenges that need to be overcome
such as preventing visual clutter. These problems or restrictions require dif-
ferent strategies which include taking into account space or range one has to
depict information. What is the end-user’s goal for the data? Using these
clues, it becomes feasible to draw coherent data visualizations.

It is very intriguing to explore the problems of visualizing data on a limited
space, such as a webpage. This topic of exploring will be the main focus of
this thesis as the problem gives birth to two questions, including the main
question for this thesis. These questions are

1) What considerations should be accounted for when displaying large
amount of data on a web page?
2) What method exists to present such data in a simple manner?

These questions will be covered and answered to extent sequentially in this
thesis. The considerations take into account the end-user’s perspective, ques-
tioning if all the data should be served to the user or only a portion. The



methods and frameworks for attaining data visualization are discussed at the
end of the thesis.

This thesis will explore and describe the challenges and constraints of dis-
playing a large amount of data within a webpage. Topics with visualization
include screen space, visual clutter, as well as investigating methods to dis-
play meaningful data visualizations. Adding onto this topic, existing technol-
ogies that tackle and offer solutions to these problems will be reviewed. Fur-
thermore, there is also the obstacle the company involved with this thesis,
Nokia, is facing. The current implementation of their data fetching process
within their internal tool, M-Sim, consumes an excessive number of re-
sources leading to data retrieval failure. Upgrading the data retrieval process
will be covered in the implementation section. Finally, in implementation
section, a coding script will be explained in steps. These steps describe the
process of producing interactive visuals, which can scale, on webpages while
being relatively easy to implement.



2 Literature review

2.1 Background and Introduction

This thesis will introduce two challenges when presenting large amount of
data on a web page. Large amount of data in this thesis refers to data consist-
ing of hundreds of thousands to millions of datapoints or entries. The first
problem is to retrieve data efficiently for the company given the development
environment. The next challenge is to select suitable methods to visualize
large, and varied data based on conditions given from the company. There
may be many techniques to compress data into a presentable format, but it is
still important to retain useful information which can be extracted from the
visualization. The thesis will cover approaches and solutions to these ques-
tions to certain extent. Data retrieval issue facing the company in association
of this thesis will be the first topic to be explained. Then the practical imple-
mentation will be discussed, including its benefits compared to previous im-
plementation. Lastly, the final topic to be explored are methods of visualizing
data and how to implement the canvas method. Based on the outcome, the
one that is favored most by Nokia will be selected as the visualizing method.

2.2 Constraints

This thesis assumes the reader has previous knowledge or is aware on topics
including Database Management Systems (DBMS), webpages, html docu-
ments, executing JavaScript code, and basic coding knowledge. This paper
will focus on Elasticsearch (ES) with JavaScript Object Notation (JSON) data
(used for analytics and monitoring log information). Other factors to pay at-
tention to is the challenge of visualizing this large amount of data on client
application or on browser. On occasion, the browser will not be able to handle
large sets of data and halt the viewing application due to running out of
memory. Visualizing this data will also have to overcome issues such as visual
clutter and employ data transformations.

2.3 Storing Data

In database technologies, there are schema and schema-less storing specifi-
cations. Schema defines the types of database objects, relationships in data,
and constraints of data fields [12]. The problem with using a schema is that
it forces applications or technologies to consider “schema first and data
later”, which can hinder the progress of growth or starting applications.
Schema-less databases allow data to be stored with no pre-defined standard
that are ready for use right away for application developers. Data used and
stored in schema-less databases are referred to as semi-structured data and
unstructured data. There is support for semi-structured data in Relational
Database Management Systems (RDBMS) and DBMS. However, JSON
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doesn’t have as much support with Structured Query Language (SQL) as
there is with XML (Extensible Markup Language) [9,10] in RDBMS. In
RDBMS, the typical data format is stored in tables, where columns store at-
tribute fields and rows represent an individual entry. These tables have at-
tributes called primary keys and foreign keys that reveal relations between
the data. XML data can be used as if it were relational data [11]. In contrast,
to use JSON data in RDBMS, you would need a schema to exist in the raw
data. That is not the cases most of the time. Instead, to use JSON data in
RDBMS, there are usually work-arounds. With Oracle, JSON data joined
with relational data to be compatible with its RDBMS [9].

With DBMS and schema-less databases such as NoSQL, some trends for data
storage leans more towards JSON. JSON is natively supported in JavaScript,
a language that has increased in popularity over recent years. Resulting in
more adoption of JSON formatting in databases. Ultimately, these factors
combine to favor schema-less database management systems since they sup-
port JSON format [1].

2.4 Schema-less

Schema or schema-less? Both these designs bring their own positives and
negatives. On one hand, schema-less DBMS do not restrict developers to fo-
cus on a standard to store their data. Therefore, “work” can begin right away.
Furthermore, companies or organizations possibly use more than one type of
database technology — which gives another benefit to using schema-less da-
tabase. The reasoning is that each RDBMS have their own query methods
and language. This makes integrating, combining, and scraping data from
different sources difficult. However, schema-less DBMS eases the process of
common query language usage [1].

ES is a distributed DBMS. Built from Apache Lucene, it offers simple REST
API’s (Representational State Transfer, Application Programming Interface)
for accessing documents, built for scaling, and compatible with many differ-
ent data types [13]. ES is capable of using schema and working with JSON
data. JSON format is associated with schema-less databases since JSON for-
matted data is loose in structure (semi-structured), so ES has the ability to
be schema-less [3]. The main benefit of schema-less data is that it is suited
for big data analytics, logging, and real-time data [2]. These factors are per-
fectly suited for Nokia’s use case.

2.5 Schema

From ES’ own blog, it is stated that ES uses a schema principle. The schema
is in the form of a mapping that describes the fields in JSON document, and
what their attributes are (data types). The JSON document contains fields
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including document id, as well as text of the document itself storing infor-
mation as key-value pairs.

Faceted search is also another benefit of schema-based RDBMS (Relational
Database Management System). Faceted search or filtered search are queries
made to obtain data with strong relation to other data in order to discover
patterns or trends in the data.

2.6 Nokia Case

Nokia is a global company with customers all around the world. Nokia has an
estimated 100.000 employees worldwide. Nokia produces a massive number
of products where all go through extensive testing. Some of these testing or
quality assurance is conducted through internal tools. These factors combine
to create an environment where large amount of data is produced within
Nokia, whether the data originates from IOT sensors or Base Stations or
other devices there is a lot data from products that needs processing. As tech-
nology evolves and continues to grow, there are an increasing number of
methods for data analysis. Such is the case with Nokia’s case specific internal
tool, which will be referred to as M-Sim or M-Sim tool in this thesis.

M-sim is focused on test automation. M-Sim uses simulated real networks to
test variety of network components through several different types of tests.
Tests include short bench, stability test runs, high-loading tests, and more.
Analytical data is collected from these components to help understand and
analyze behavior of networks. This tool is not involved with external custom-
ers such as everyday consumers, rather the end users are testers and other
workers within Nokia. M-Sim tool’s Graphical User Interface (GUI) main-
tains a dashboard displaying different test-runs and analysis results. M-Sim
collects these data using test runners (Jenkins), data collectors, and analysis
engines. This data is stored in ES but is accessed by ES’ own API and served
on M-Sim GUI.

2.7 Data Retrieval Challenge

To preface the one of the issues with M-Sim, consider the flow of end users
when building a high-level structure for a commercial shopping website. This
will include several components such as starting with a user interface to dis-
play the state of the service, the homepage of a shopping website, the store’s
inventory, and different events for the store. Furthermore, there is the
backend logic to consider which processes user interaction information. Sup-
pose a user who is clicking “add to cart” button on a product page. This in-
formation is read (product added to cart) and the database server of the store
is updated with this new information. The database is connected by the
backend, usually through an API (application programming interface). In
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some circumstances, a customer may request to browse and look at all the
products a shopping website has to offer. If the response for this request is
sent from the server, it could include all products in the shop. If it is a store
with many tens of thousands to millions of products, then the size of this data
can cause the user’s browser or client application to freeze. Or possibly to
terminate. The solution to this problem is to segment the list of products and
send them accordingly based on users’ parameters. One such approach is
called pagination.

Pagination within the context of web development can be understood as tech-
niques to retrieve and send data requested by end-users in segments or in
parts. Suppose an end-user is browsing an online store viewing the front or
home page. There are categories listed on the page and the end-user wishes
to see all products. Occasionally this list of products can range from hundreds
to the thousands. Typically, this transaction would appear as:

HTTP GET
Client/End-User Server
Product Information
Figure 1 HTTP Get Request

However, the request above would likely freeze the customer’s browser or
application. Since the browser itself can only maintain a certain limit of
memory to store all the content of the store’s information. The solution to
this large data load is to reduce the data by sending only relevant or appro-
priate data defined by the user. Other methods include to limit the range of
information returned to user through techniques such as lazy loading with
the help of browser APT’s, which will be discussed further in the paper.
Instead of the store’s server responding to client request with a page contain-
ing thousands of products and potentially crashing the client’s window. The
server responds with a preset number of the most relevant products accord-
ing to end-user criteria.

Relevance refers to products categorized and requested by the user. The
products in the server are ranked based on the end-user’s criteria and the
highest ranked results are sent from database server to client side. This
method of sending partial section of a collection of data is referred to as
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pagination. There are several techniques for pagination, in this thesis offset-
based and cursor based-pagination will be discussed. As well as ES’ own
scroll and search after mechanism will be discussed.

However, there are still many issues to pagination. Specifically, in offset-
based pagination which is generally the same as reading the entire database
until the desired results are found [4]. For instance, an end-user that is
searching for results that are in the middle of a product list would be the same
as the server going through the whole product list. This continues until the
server finds the requested products and sends the information back to the
client. This is quite taxing on computing resources, time, and the main dif-
ference is the data sent back to the end-user. Another efficient pagination
method is cursor-based.

Rather than relying on client-side (user application, browser) cursor-based
pagination uses the server to fetch the appropriate data or documents to send
to the end-user [15]. This is less expensive on resources and uses less time.
Cursors refer to the data that is being read or is pointed to at the moment.

2.8 Retrieving Data in Elastic Search

Similar to most online services, one would need a database to store all the
service’s information such as user logs, product listings, and more. A shop-
ping website might store information on upcoming products, quantity of
items in stock, and customer interaction. Transaction logs help to analyze
trends in these interactions. In this scenario, patterns can be discovered by
analyzing timeseries data of customer action. Imagine that there are devel-
opers working on this online store, where they plan to increase customer en-
gagement. Perhaps by increasing customer retention. To achieve these goals,
transaction information of customers interacting with the store is necessary.
In a similar manner, developers of the M-Sim tool operate the same way, an-
alyzing transaction information and building upon the findings. But these
developers would need a dashboard to retrieve and visualize the stores trans-
actions. However, the size of this information can be too large to load as a
whole in browsers. If there is an application to view the timeseries data to see
patterns or anomalies, it may be necessary to only load parts of the whole
dataset. Occasionally, these sections of data might be in the middle of a larger
dataset. Querying servers to get this data as a whole would require a lot of
time and resources. Hence cursor-based pagination is used instead, in ES’
case, search-after is the appropriate method.

When querying data in M-Sim, one would need to paginate data stored in ES.
One method for pagination is the scroll method. By default, ES has a set limit
for the number of results, called hits, for each request. The limit for responses
is set at 10.000. In order to get more hits, the scroll method or search after

method should be used.
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Another challenge when someone wishes to analyze data in M-Sim is that the
data might be modified by external entities (analysis engine). The problem
with reading data entries is consistency in the data since there might be a lot
of writing to the data that will be fetched by queries. In M-Sim environment,
there are many TA (Test Automation) system collectors and analysis engine
which writes data to ES server.

2.8.1 How Data is Served on M-Sim Tool

There are several operations that can fetch information or documents from
the database server to serve on the endpoint (target website). The GUI is the
visual component, but the information served on the GUI is gathered from
an API. ES has their own SQL REST API (Representational State Transfer
Application Programming Interface) which is exposed to the web service.
End users on websites will select data they wish to analyze leading to the API
to create aggregations to fetch from database. When the transaction is com-
plete the API sends the data to the GUI where it will be rendered on page.

2.8.2 Elastic Scroll

The first pagination process present in M-Sim is the scroll method. Which
calls or pings the ES API where the response would be scroll context id. Con-
text refers to the state of the index of data being viewed and subsequent
changes to the documents are ignored, thus consistency is preserved, and
readers don’t have to worry about writes to the data. The issue with this con-
text is that it reserves memory in ES server. This method can keep reserving
memory until there is no space left which can halt M-Sim tool. Therefore, it
is recommended for GUI services to limit the number of scroll context to 500
[16].

2.8.3 Elastic Search After

The newer method to fetch large collection of documents (greater than
10.000) is called “search after”. Unlike scroll method which is outdated [14],
this method uses a “point-in-time” id, or PIT id, which is more lightweight in
comparison to scroll context. Using the id, the contents of a data index is the
same as it was when the point-in-time ID was created regardless of whether
other users were writing or modifying the data being read using PIT id, sim-
ilar to scroll context. This is for consistency and robustness, so that if other
parts of the index were modified, the search after call would still work. In
comparison to scroll, this method is lightweight and is not limited.

2.9 Data Visualization Challenge
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One of the general issues with visualizing large sample of data comes from
the size of data. It is not feasible to understand granular information or be
able to recognize patterns in data if there are millions, billions, or more data-
points present in one graph. It is not sufficient to extract useful information
from such a graph. Furthermore, it is also unlikely there would be a graph
large enough on a webpage to render a billion or more datapoints. Therefore,
there should be techniques performed on the data and graph in order to make
a graph easy to comprehend and to convey information. But how does one
decrease visual clutter, what areas of a graph should one focus on? Is it ap-
propriate to compress multiple datapoints into a singular point? Perhaps
data shading is a better method to display trends in the data. This topic will
be discussed further in the literature section.

2.9.1 Limitations of Visualizations and Screen Size

The main problems with visualizing large amount of data comes with, the size
of the data. Taking into account the size of a computer screen there is only so
much space to draw data points on a graph. Another point to consider
whether users who are analyzing the data may have different screen sizes and
may prefer to not have their whole computer screen be occupied with a data
visualization. Workarounds to consider when presenting large amount of
data can be grouped as limiting the scope of the data and using different tech-
niques for data rendering.

Under the category of limiting data and compression are data transfor-
mations. Data transformations refer to the manipulation of data — commonly
known techniques include mean squared distance, normalizing the data, cat-
egorization, and dimensionality reduction. Dimensionality reduction is im-
portant approach for when one’s data contains too many features. A feature
refers to different attributes of data. Consider a dataset containing high-
school students. Each student is an entry of data, or the “y” variable, however,
each student can have characteristics such as height, gender, and major (“x”
variables). It is commonplace for datasets to contain thousands or more fea-
tures. Reducing the data helps to improve the efficiency of analysis as well as
its accuracy. Another problem with high number of dimensions is that they
can degrade the performance of machine learning algorithms and pattern
recognition applications. In order to select the most useful features during
data analysis, it is important to select a suitable representation of the high
dimensional data in the preprocessing step.

Additionally, there is also feature transformation which is the process of
transforming the original list of features to a more compact set of dimen-
sions. This topic can be divided into feature extraction and feature genera-
tion. The former is the practice of combining features into a single feature
thus creating new features (some mapping is required for this selection). Fea-
ture generation is defined as ways to discover missing or new information
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between features from the original data set [46]. Ultimately, there is also fea-
ture selection which refers to choosing the features that are the richest in in-
formation.

Another method for limiting the scope is to actually limit the data one can
see. If it is not possible to drop any features from a dataset, and neither are
transformations of data allowed, then there is still the option to focus on
specified range of data. This perspective is more on web User Interface (UI)
perspective than it is for data analytics. With modern frontend frameworks
such as React or Angular there are many technologies, which can detect
where a user is currently located on the browser window. Therefore, it is pos-
sible to only load a portion of a dataset to an end user. Relaying the appro-
priate range according to user location makes it possible to offer the user a
seamless experience for viewing data.

2.9.2 Limitations on Web Side

Rendering large datasets using tables can already be an issue. Most browsers
have a limit for their maximum pixel count or threshold for an element. Us-
ing CSS styles, one can create an element with a width of 100-trillion-pixel
size. However, when checking the actual size of the element using “DOM-
rect” property, it is around 27-million-pixel size.

¥ DOMRect 6§
bottom: 26843558
height: 26843542
left: 8
right: 26843552
top: 16
width: 26843544
Xz 8
y: 16
®» [[Prototype]]: DOMRect

<script>

item = document
console. lLog(item.ge
</script>

Furthermore, computer screens already enforce a limit to how many pixels
can be rendered on the screen. Especially, when presenting dense datasets
on the on-browser windows, it may not be safe to assume end-users possess
large displays to be able to view a complete dataset. Since the web is
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ubiquitous, the approach should be a general approach to display data such
that any user can gain valuable information.

End-users or client-side are only able to download certain limit of data (in
chrome’s V8 engine the maximum size is 512 megabytes on 32-bit systems
and 1.4 gigabytes on 64-bit systems). Recently, that limit has been pushed up
to 4 gigabytes [5]. With trends of big data only getting bigger this memory
limit will be reached as well and other alternatives are needed.

2.10 Web Standards

Normally, when thinking of images, the format is usually raster bitmap im-
ages. Raster images consists of pixels in a grid formation to create an image.
Color values and tonal information are combined and help to produce an im-
age. The limitation with this format of images are their pixel counts, meaning
they are resolution dependent. Suppose if one wants to enlarge a raster image
without increasing the resolution, the number of pixels in the image will stay
the same. The pixels will get larger, and resolution will degrade [34]. There-
fore, the more pixels a raster image has, the higher quality the image will be.
On the other hand, there is SVG, scalable vector graphics.

2.10.1 SVG

Scalable Vector Graphics or SVG is a web standard. With SVG you can draw
or visualize three types of graphics, which include vector graphic shapes, im-
ages, and text. SVG itself is a language for describing two-dimensional
graphics in XML. Graphical objects in SVG can be grouped, transformed,
styled, and composited into previously rendered objects. Several features of
SVG for these objects are clipping paths, filter effects, nested transfor-
mations, and more [33].

The main benefit of SVG is that it can be both interactive and dynamic. SVG
can be animated, this can be achieved by embedding SVG animation ele-
ments in the SVG content. The animation can be then triggered explicitly, or
through scripting. Event handlers on the DOM can be assigned to SVG ele-
ments. SVG supports properties of CSS and is compatible with HTML [33].
Final content of the SVG result is drawn on the SVG canvas.

In regards, to image quality SVG, unlike with raster images, is able to main-
tain its resolution independent of its viewport size using matrix transfor-
mations. Transformation matrices define the process of mapping one coor-
dinate system to another. SVG holds a user coordinate system to maintain
the locations and distances of the user’s current canvas. Instead of tracking
numerous pixels as raster images do, SVG keeps track of points as well as the
equation for the lines which connects those points. To reiterate, SVG main-
tains the transformations of points. This frees up the resolution boundaries
of raster images and allows SVG images to be re-sized indefinitely.
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However, there are limitations for SVG. A paper by Jen-Chang Liu [35] fo-
cused on converting comic images with text to SVG. Some of the problems
highlighted in this paper discusses the large file sizes created by SVG images.
When converting raster images to SVG, the file size would be too large. This
is due to the information of points and paths present in SVG. Another limi-
tation of SVG is that the “base” image to convert, or image to produce must
be simple. For graphs, it can depend on whether SVG is a suitable candidate,
since it can scale as much as one wants with no loss of information or quality.
Since SVG can be animated, the graph can also be interactive. But as previ-
ously mentioned, large file sizes and large number of datapoints in a graph
can hinder the benefits of SVG. Large number of datapoints require more
points and line transformation data which will increase file size of a graph.
For this reason, it might not be suitable for visualizing large datasets.

2.10.2 Canvas

Canvas was first introduced by Apple in 2004 in Webkit [40]. It was designed
for rendering graphics and animations on the client rather than the server.
This allows for bottlenecks of the server and bandwidth restrictions to be pre-
vented [41]. It was later standardized and supported in the HMTL5 standard
[37]. It is a DOM element which can render two-dimensional graphics on a
defined bitmap. The name canvas refers to the container which will render
the bitmap. Canvas graphics are created using two-dimensional coordinate
system and it is the only context available on browsers supporting canvas.
Canvas is a commonly used low-level technique for displaying graphics in JS
libraries due to its high performance [38]. However, after the visualization is
drawn on canvas, information on the drawn objects is not stored since canvas
is a single DOM element. Immediate mode refers to redrawing the canvas
whenever there are changes made. An advantage of this is the ease of apply-
ing changes to canvas through global properties [36].

In regard to performance, canvas only has instructions on what to draw on
any single frame. The rendering occurs in the client side so graphics heavy
pages render faster [41]. This makes canvas performant, but due to canvas
not retaining information on the graphics within the container, canvas by it-
self is not good for interactive visualization if one wants to gather data values
by clicking on the canvas.

The HTML canvas object itself has many properties and methods that can be
accessed by JS. Main properties define the size of the canvas width, and
height. Next are the available methods, which are used to create visualiza-
tions. These methods include drawing shapes such as rectangles, lines, and
as well as bezier curves. Then are transformations, which can scale, rotate,
and translate. One can also create a clipping region with canvas. Canvas also
comes with several properties to manipulate the context such as “stroke-
Style”, “fillStyle”, and more. The size of a canvas grid can also be accessed
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through CSS styles. However, it is not resizing which occurs when increasing
or decreasing the size of the canvas, rather resampling is done instead [36].
Canvas applications are also self-contained since the canvas grid is displayed
in a defined region of the webpage. Therefore, the canvas should not interfere
with other elements occupying the same page [36]. A paper by Daniel E. et al
from Tufts University compared several data visualization techniques. The
findings showed that a combination of WebGL with canvas was the fastest.
However, in second place was canvas combined with SVG. Due to its low-
level architecture and optimizations, canvas is a good approach for visualiz-
ing large datasets.

2.10.3 WebGL

WebGL is a 3D drawing API for HTML canvas that originated from Mozilla
engineer Vladimir Vukicevic. Vukicevic wanted to create a 3D drawing with
html canvas context, by 2007 there were implementations of canvas 3D for
Mozilla and Opera. Finally, in 2009 Vukicevic was joined with engineers
from various technology companies to create the WebGL working group [43].
WebGL is a low-level API that is based on OpenGL. It is cross-platform and
is exposed to ECMAScript via HTMI5 canvas [42]. WebGL lack few high-level
constructs, but there are open-source JS toolkits that provide high-level ac-
cess to the API to complement WebGL, so it feels closer to a traditional draw-
ing library. [43].

Before the introduction of WebGL, developers had to rely on plugins or na-
tive applications which ask users for their permission to download and install
custom software. For the goal of delivering a hardware-accelerated experi-
ence. It must be stated that WebGL is not in the HTML5 specification, how-
ever, it is shipped with most browsers that support HTML5 [43]. The major
difference between WebGL and Canvas are the dimensions. 3D rendering is
possible with WebGL while canvas is meant for 2D drawings. But both APIs
are accessible through JS API calls. WebGL context is accessed through can-
vas element using special drawing context that is specific to WebGL.
Although WebGL is fast and performant, there are other aspects which might
dissuade it as an alternative for data visualization. WebGL itself uses JS, but
to use it effectively the developer needs to have strong mathematical skills as
well as experience with OpenGL and shader language.

2.10.4 D3.js

D3 is a popular JS library for building interactive data visualizations that out-
put the final graph or chart into SVG format. D3 uses SVG, HTML, and CSS
to apply data transformations directly onto the DOM object. Therefore, there
is no separate charting/graphing software, and it also means no propriety
visualization/representation. Since visualizations are created using web
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standards (HTML, CSS, and SVG) [30]. D3 uses a list of commands or key-
words that are similar to jQuery’s. Although D3 is extremely fast, there are
limitations as there are with any technology. To use D3 effectively can be a
steep learning curve, while other data visualization technologies can even be
drag-and-drop. Meanwhile to use D3 one must be familiar with JS, HTML,
CSS, and in general coordinate geometry.

A paper by Lehka et al. found that D3 was not able to visualize an entire da-
taset containing an approximate of 6 million records [31]. Though the paper
is from 2016 and there have been progress made to improve the performance
and speed of D3, an important issue to be taken into account is that visuali-
zations are in the form of SVG. SVG visualizations in D3 are bind onto DOM
objects. Having too many DOM elements can degrade the performance of
webpages. In general, to optimize a webpage it is recommended to limit the
number of elements in the DOM. Recommendations include to limit DOM
size to 1.500 elements, a tree depth of less than 32 levels deep, and fewer than
60 child/parent elements [32]. Going past this limit can cause the UI of a
webpage to be slowed down since more elements need to be rendered and
more resources are consumed in the process.

This constraint of on the number of DOM elements as well as the learning
curve show that D3.js might not be the best data visualization JS library in
regard to visualizing large datasets. While D3 provides great performance,
support, and more for interactive data visualizations. D3 utilizing SVG to vis-
ualize and render datasets with millions and more datapoints is not yet pre-
sent or tedious to do so. However, there exist numerous alternatives to use
for data visualizations which do not have the shortcomings of D3.js. Some of
these alternatives include Zing Charts, Apache Echarts, or Chartjs. The tech-
nologies used in these libraries include a mix of WebGL, HTML canvas, and
SVG.

2.10.5 Apache Echarts

Apache E-Charts is an open-source JavaScript visualization tool. This library
supports numerous chart visualizations including bar, line, scatter plots, can-
dle-stick, and several more. Charts are rendered using canvas, SVG, and VML
(Vector Markup Language). E-charts can also provide three dimensional vis-
ualizations on top of two-dimensional charts. E-charts has stated to be able
to display tens of millions data on web [44]. On the home website there are
plenty of examples, guides, and walkthroughs to help users get started right
away. E-charts also has a large and active community, which makes E-charts
a perfect candidate for visualizing data in the M-Sim tool.

2.11Proposals/Possible Solutions
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During the exploration of the issues faced by the team at Nokia in regard to
the data visualizing problem, there are frequent topics that pop up. These
include performance, scope of data, and the technique for rendering/drawing
method of the data. These are key steps to consider before implementing an
appropriate data visualization. Although, M-sim tool enforce some re-
strictions, solutions outside this boundary will be explored as well.

2.11.1 Performance

With the use of web-workers it is possible to create separate threads in JS
that manage other work while the main thread handles the rendering of a
web page. The requirement for web workers is more of a consequence to the
structure of working with browsers and due to JS’ single threaded nature. In
JavaScript there is an event loop which helps with reserving processes taken
from the main thread, to execute until after the remaining functions or pro-
cesses in the main thread are executed. Few reasons for the prioritization of
certain functions are due to asynchronous flow of execution when communi-
cating with external data sources.

Asynchronous programming is necessary in the user experience of web
pages. If JS executes network requests synchronously it is possible that when
an end-user checks the live weather in their hometown. They may first pro-
ceed to this weather website, where a container/html element would display
the weather information such as temperature, humidity, and other relevant
statistics. The live information has to be updated periodically, once this oc-
curs, the end-user would be unable to interact with this weather website until
after the weather statistics are loaded once again.

This blocking would impede development since many services depend on
communicating with an external data source. If this communication were to
occur synchronously it would lead to poorer user experience as webpages are
blocked or loading before information can be served to the end-user as well
as interactivity. Asynchronous programming allows JS to execute functions
even though there might be some waiting for responses from external data
sources. This execution flow is similar to what can be achieved with web
workers.

One problem with visualizing large data sets originates from the volume of
data. There are cases when end-users consider viewing data as well as ob-
serving data through different data transformations. It could be that users
wish to see averages, normalizing, or other functions transforming a dataset.
If this data is presented on a webpage using JS it could be that the main
thread is already consuming a lot of resources, the data visualization webpage
could be slow or unresponsive. This would be an ideal situation for web work-
ers, which can be used to calculate the new, transformed data, message the
values to the main thread which only needs to handle the rendering. This ap-
proach facilitates JS to be more performant when producing data
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visualization since this would take less time, while providing the same func-
tionality. However, limitations on the web workers are that they themselves
cannot affect the DOM. This means that web workers cannot affect page
structure directly, they can only communicate and pass values to the main
thread.

2.11.2 Scope of the Data

Another aspect to consider which has been mentioned several times in this
thesis already, is the scope of the data. Scope of the data refers to the size of
data that will be visible to end-users. Due to the restrictions of screen size,
displaying a whole dataset within an html container or portion of a webpage
could lead to visual clutter. To avoid this issue, data reduction techniques can
be processed on the data such as dimensionality reduction, filtering, and
other transformations. However, an alternative is to visualize the data with-
out changing the dataset, but instead to only show a portion of the data.
Within browsers and with help from JQuery it is easy for developers to track
end-user’s mouse pointer position through DOM API’s such as “mouse
move”, “event.pageX”, and “event.pageY” [47, 48]. The mouse move API will
trigger when a mouse pointer/cursor is within a html container such as a div.
Once this event is fired then other API’s can be used in conjunction such as
the event.page which will return the X and Y position of the cursor within the
html container [48].

Acquiring the cursor positions is one part of learning a user’s location in a
page. In addition to tracking users’ cursor positions, it is also useful to track
mouse wheel events emitted by end-users. Mouse wheel or scroll button is
another tool which can help to move around in a webpage. Using the “mouse-
wheel” API developers can check when and whether end-users’ have used the
scroll wheel [49]. Cursor location and scroll button are information which
can be referenced to understand where an end-user is currently, as well as
their behavior. Behavior relates to what actions the end-user is performing
such as, is the user scrolling down or up, are they dragging the scroll bar hor-
izontally or vertically? By placing your data visualization in a container, it is
possible to check where an end-user is currently positioned in the container.
By learning this location, the data loaded into this container can be a set size
which occupies the container’s size and not the whole dataset. This container
would be interactive as well so that users can drag or scroll within the con-
tainer. Such an example of data visualization for a website would be similar
to the image below.
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Figure 2 Time Series Data Example

A timeseries is as its name implies data over time such as weather data over
multiple years. Timeseries data can be, for example, rainfall throughout the
year in a region, snowfall height, as well as temperature over many decades.
Suppose we have a dataset, which contained the rainfall (measured in milli-
meters) per month for numerous decades. To compress this information and
deliver it to the user is the challenge to solve. Data reduction, transformation,
letting the users’ download the data or only provide the most valuable infor-
mation such as peaks in temperature over the years. But, with the limited
scope method, it is possible to load a portion of the dataset so that users can
see and scroll through the data. The caveat of this method is that to find
points of interest in the data users would have to traverse through the da-
taset. Furthermore, the context of the data can be misrepresentative since
users can see peaks or drops in data, but these are only relative to the data
being visualized and not the whole data. However, it is one viable solution to
loading large data sets.

2.12Problems Presenting Data on Browser
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M-Sim is a testing tool which contains logs data, analytical data — both con-
stituting vast number of dimensions of data. However, what is an efficient
method to display this rich information that is digestible for the users? There
might be many answers to this question but another factor to consider is that
M-Sim is a tool that is occupied in the browser. The limitations of browser
platform will be discussed in this chapter as well as workarounds to some
restrictions that is brought with displaying data on browser.

Tables and graphs will be the focus for displaying data. Since they are the
most common methods within M-Sim tool for data visualization. The tables
in M-Sim containing columns and rows are those that contain more “tall”
data, which means there are more rows in proportion to number of columns
[22].

With browser there are two perspectives to pay attention to when rendering
large amount of data. First consideration is loading the data in memory. In
this context, large data can be referred to an amount that would overload the
browser’s memory causing for browser to “terminate”. Additionally, another
definition includes data that must be stored in a cluster of nodes in a server.
Second part is more involved with JavaScript’s single threaded nature. When
JS executes a network request it is typically done in an asynchronous fashion.
One key issue that takes place before rendering big data in a browser window
is loading the data. Likely, the size of data will be larger than the memory
available to the browser. To circumvent this obstacle, one can split the data
and serve the relevant information on webpage according to user require-
ments.

2.12.1 Lazy Initialization

One of these methods for serving data is called “Lazy loading.” Lazy loading
or rather lazy initialization [23] is to defer the initialization of an object until
the object is first used. This is to prevent loading unnecessary data/objects
thereby consuming resources. This method can be used to optimize
webpages. Use cases include users on shopping sites who don’t navigate to a
store page with a lot of browser events, such as a page displaying all the items
on clearance. Therefore, there is no need to load this page and other expen-
sive processes.

2.12.2 Single Threaded

Another factor to consider as mentioned before is that JavaScript is a single
threaded language [24]. This refers to JavaScript executing functions one at
a time synchronously. Assuming JS script called “foo” which consists of three
functions: A, B, and C in which all are called sequentially. The script will first
execute function A then B and finally, C. When running program “foo”, the
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flow of execution will be A, B, and C. However, problems occur when a
webpage/website contain a script which takes a long time to load or is in the
process of execution. Such cases where it is not known how long some func-
tions will execute for on a webpage can halt and make a webpage unrespon-
sive to user interactions.

2.12.3 Web Workers

Web workers is an API for running scripts in the background threads [25].
Worker is an object that runs a referenced JS file — which is the target file for
the code a user wishes to execute. As mentioned before when executing ex-
pensive processing, which can block the main thread of execution, workers
can be used to run these processes in the background to avoid the UI (in a
webpage) from slowing down or being blocked. There are some limitations
present with using a web worker, direct DOM manipulation is not supported,
and other restrictions prevents running any form of code within workers
[27]. Communication between the “main” script and “worker” scripts are
handled through using the “postMessage()” method and responses are man-
aged with the “onmessage” event handler .

Essentially, when there are expensive processes in a main script, they can be
offloaded to a worker script. This functionality helps circumvent the flow of
execution as previously mentioned.

2.12.4 Current View in DOM

Using JS frameworks to create dynamic single page applications, SPA’s, there
are features such as virtual DOM in react. Virtual DOM is a concept where
the virtual representation of a page’s Ul is stored in memory and later syncs
with the DOM. In react, libraries such as “ReactDOM” facilitate this syncing
procedure, it is called reconciliation [28]. This feature helps developers to
clear overhead of what events to handle, attributes to manipulate and focus
on what the DOM should render at a given time. Essentially, developers can
tell what the current DOM state should render.

Angular framework achieves a similar effect of virtual DOM through the com-
bination of change detection and zones to update the DOM. Angular executes
change detection whenever there are changes to data. Zone refers to preserv-
ing execution context across asynchronous tasks so that values, or data re-
mains consistent [29]. Change detection and virtual DOM makes it possible
to limit a webpage to only what a user requires. This minimizes page sizes,
memory consumption, rendering time, and further reduces bloat on
webpages.

Virtual DOM and change detection are viable solutions to reducing the scope
of data needed to be loaded on a webpage. Suppose end-users are scrolling
through a large dataset. One factor to increase responsiveness of the webpage
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is to only load the data that is currently being rendered on the end-user’s
screen.

The features mentioned in this chapter includes lazy loading, web workers,
and the concept of current view in DOM. These are several solutions which
can be used in combination for different use cases to create responsive
webpages that need to display a large number of data, complex data visuali-
zations, and more scenarios where large amount of data needs to be viewed.
Currently, M-Sim tool uses some of these approaches in several webpages.
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3 Implementation

In this section, two topics that will be covered including the upgraded data
fetching process in the M-Sim tool. While the second topic will provide a sim-
ple process of using the HTML canvas to facilitate interactive visualizations.
Other methods for data visualization on the web use SVG formats, while oth-
ers use WebGL. Due to certain restrictions from both of these technologies
they will not be pursued further for use in M-sim.

To use a canvas element in a webpage simply use the “<canvas>” tag in an
html document. Canvas elements on default have a width of 300 pixels and
height of 150 pixels [51]. The canvas itself is simply a drawing surface, which
is used to render context — which are used to manipulate and create the con-
tent within the canvas. A canvas is initially empty and requires a script to be
able to render content. This canvas surface can be used to generate graphs,
charts, and other data visualizations since it uses its own cartesian plane for
locating pixels within the grid. The origin of the canvas grid begins in the top
left section [52].

The “getContext” command is used to get the rendering context as well as
associated drawing functions. To create two dimensional renders, one would
use “getContext(2d)” paired with the associated canvas to instruct the canvas
to render a two-dimensional drawing. To be able to draw shapes in canvas
element, the “fillRect” command is used which requires four parameters (x
coordinate, y coordinate, width, height). “fillRect” is used to draw rectangular
regions on the canvas drawing surface. Similarly, the function “strokeRect”
can be used to draw outlines, and lastly there is “clearRect” to remove the
drawn shapes. It is also possible to create a path in canvas, essentially a series
of points connected by a line. Nevertheless, in this thesis the focus will be on
the “fillRect” command.

With the purpose of displaying interactive canvas elements, a simple bar
chart will be used as an example. There are plenty of resources and libraries
online which simplifies the process of rendering canvas elements without
needing to use “fillRect” commands. Instead, one would just type data values
and data indices to render graphs or charts. For this example, however, a
skeleton code is used from Tanu N Prabhu’s article on plotting bar charts
with JS and canvas [53]. Using the column values from the code, the bar chart
below is rendered.
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Figure 3 Bar Chart made in Canvas

“GetImage” data is the attribute, which enables the html canvas element to
have interactivity. This command returns color and other detailed infor-
mation on a specific pixel within the canvas grid. Therefore, it is possible to
attach an event listener to a canvas, meaning that wherever the target canvas
is clicked, information about the canvas on that specific location can be read
and stored. If the canvas element above has an event listener and a user clicks
on one of the grey columns, RGBA information from that click would display
the color as grey or 128,128,128,1 (RGBA values). This makes canvas a pow-
erful tool since it allows developers to utilize the pixel information. The can-
vas color information is bidirectional — meaning that pixel value information
is given through a numerical array, and it is possible to modify the same array
and apply the changes back to the canvas. This allows canvas to easily control
and change displaying information on canvas. “Getimage” specifically re-
turns the current state of the canvas as a list of integers. The list of integers
relating to the number of pixels in each row of data, number of pixels in each
column of data, and the actual red-green-blue [55] as well as the alpha
(RGBA) values of the pixels.

However, manipulating the canvas is not needed in this section. Only retriev-
ing the color information will be relevant in facilitating canvas interactivity.
The parameters in the “getimage” function allow to specify a rectangular re-
gion so it is possible to read the color values of one specific pixel. To locate
the component values of any pixel at given coordinates x and y simply use the
formula below:

» Red component: ((width *y) + x) ¥ 4

« Green component: ((width *y) + x) ¥4 + 1
« Blue component: ((width *y) + x) * 4 + 2

« Alpha component: ((width *y) +x) * 4 + 3
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The formula is given in the textbook “Using the HTML5 Canvas API”, chapter
2 page 58. To replicate the effect canvas interactivity, the first step is to show
a bar graph where each column is a unique color. In summary, a graph as
pictured below.
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Figure 4Multiple Column Bar Chart

There are 5 columns present in the graph with their own unique colors. The
colors represent individual indexes, columns or datapoints. But in M-Sim en-
vironment, datapoints or columns in graphs will have only have one color.
Additionally, for data visualizations to be used in M-Sim tool they should be
capable of interaction. For instance, when a user hovers their cursor on top
off or clicks column 3, they will receive an alert or text block displaying the
value in column 3.

To keep the example, brief and simple, a bar chart format will be used for
demonstration. When there are a small number of elements (tens to thou-
sands of columns), one canvas should be sufficient. But when data reaches
sizes of thousands to million datapoints, one canvas element would be a bot-
tleneck and rendering would take too much time or browser runs out of
memory, or the webpage where the canvas occupies can be slow to respond
— all of which are unfavorable conditions. Although, there is a limitation on
the number of datapoints possible in a single canvas element since there is a
set pixel size which is possible to display in one canvas element. That size
limit, however, with RGBA values is 16777216 color values excluding the al-
pha parameter, which will further increase the size. On the other hand, there
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is the restriction with these numbers since most end-user’s screens will not
be able to handle such a large number of pixels.

3.1 Interactive Behaviour

To create interactive canvas elements for use in M-Sim tool, two canvas ele-
ments will be used. One for the actual display while the other will act as a
dictionary. Before the dictionary can be created, we used the unique color
values to generate a bar chart with 4 different colors on a webpage, similar to
the multiple column bar chart.

Figure 5 Canvas Bar Chart with Unique Colors

The unique colors will be the key to retrieving which column was clicked, in
essence this can translate to a user clicking a specific point or pixel in the
canvas and they will know the values thus we are able to gain interactivity
through html canvas. These unique colors will be used on the hidden, invisi-
ble canvas as their column’s colors. The unique colors act as distinct keys to
find the values of columns in the visible canvas. The obstacle with this pro-
cess is connecting the two canvases.

By using a dictionary object to store indexes with unique colors, it is possible
to take advantage of the bidirectional pixel information when using the
“getlmageData” command. The main reason for using two canvas elements
is due to the nature of data visualizations. Having too many colors can hinder
rather than aid processing visual information. Therefore, the hidden canvas
— the canvas with unique colors has their display attribute set to “none” so it
is invisible on a webpage. While the uniformly colored, or “main” canvas will
be the only rendered canvas. The goal to achieve with two canvases is the
process as presented below:
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Figure 6 User Journey

If a user clicks or hovers their cursor on a column or point, they will be able
to retrieve information on the data. Either through a tooltip notification, pop-
up, or other methods. Although, the process seems simple, another canvas is
needed to process the cursor coordinates and retrieve the correct values at
the cursor location.

To achieve this interactivity requires the use of a dictionary object to connect
the visible canvas and the hidden canvas. This dictionary object, as its name
implies, functions as a dictionary where column entries or indexes point to
unique colors. These are key-value pairs, where the unique colors point to the
column information.

The dictionary object stores the unique colors as keys while the associated
column/data information is in the value field.

{

“uniqueColor1”: {column 1 information},
“uniqueColor2”: {column 2 information},

“uniqueColor3”: {column 3 information},

b

In the user journey, the missing step was the hidden canvas. The hidden can-
vas is the same size as the main or displayed canvas that is shown to the user.
With the only difference being that the hidden canvas is invisible. The hidden
canvas possesses the unique colors for each column value. Using the mouse
coordinates gathered from the click location on the main canvas, these coor-
dinates can be translated onto the hidden canvas. These coordinates will be
used as parameters in the “getImageData” function to retrieve the unique
color at the cursor location. From then on, this color can be used to find the
corresponding column information by using the using the dictionary object.
The missing sequence in the Figure, “User Journey” is that cursor coordi-
nates are grabbed from the click event. The whole sequence is presented be-
low:
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Figure 7 Render Two Canvases

The first step is to create two canvases but to render only one, the main can-
vas. The hidden canvas will generate unique colors for each column entry.

-

Main Canvas

/

Clicked at mouse X 232
Clicked at mouse.Y 118

Figure 8 Main Canvas Click Event

When a user clicks on the main canvas the coordinates will be stored for later
use on the hidden canvas.
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1_getimageData(mouse X mouse Y)
2_unique color is rgh(255,0,0)

3. Refer to the dictionary to get column index

Figure 9 Hidden Canvas Click Event
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In this part of the process, the cursor coordinates will be used in
“getImageData” which will return a unique color. This color can then be used
as a key in the dictionary object to get the correct column index.
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Figure 10 Dictionary Lookup on Canvas Colors

1. Dictionary lookup for rgb(255,0,0)
2. Lookup returns Column index 3
3. Notify user clicked on column 3

The dictionary lookup returns the index of the columns which can then be
passed onto the user. The popup can be through notification, popup, or other
method.

To reiterate how the whole process functions, the main steps will be listed
below:

Render two canvases on a webpage/html document, one is visible (main can-
vas), and one is invisible (hidden)

Generate or gather the data for the canvases

For each entry of data generate a unique color and populate it onto the hid-
den canvas

Store the unique colors and their index onto a dictionary object

Attach an event listener onto the main canvas, for example “onclick” or “on-
hover” events

Grab the user’s cursor event coordinates on the canvas

34



7. Use “getImageData” with cursor parameters to retrieve the hidden canvas’
column color. “getImageData” works in this scenario since both canvases are
of same size

8. Refer to the dictionary object to get the column information using the unique
color as a key

3.2 Data Fetching Upgrade

The M-Sim tool had previously been using ElasticSearch scroll function,
which is not the recommended method for deep pagination. The documen-
tation on ElasticSearch has stated to use search-after instead [57]. In this
chapter, I will discuss pagination in ElasticSearch explaining “from + size”
pagination, scroll query, and search-after query.

The appropriate pagination request needed for users can be determined by
user behavior. Are users traversing through a large array of elements, per-
haps a table of inventory in an online store, or instead, a small list? Depend-
ing on the size of elements — the most appropriate pagination request can
change. Performance of both requests play an important part on when to use
which specific request. In the ElasticSearch environment, a smaller table or
list would be one with less than or at most 10.000 elements. For this size,
appropriate pagination requests include the “from-to-size” pagination re-
quest. This pagination request works as mentioned in introduction section,
by slicing the list of elements from the desired point. The “from” keyword
points to which element should the return list start at. The “size” keyword
will specify how many elements to return.

To work with ES there are several available tools, one of which is called
Kibana. Kibana is a visualization tool, which can create requests or queries to
the ES API, which display corresponding responses. These same requests can
be executed in M-Sim tool and chrome developer tools can be used to analyze
information on the requests.

Before we discuss pagination methods, it is important to understand scroll
context in ES. Scroll uses context, which maintains a state of all the docu-
ments which matches requirements stated by a given query. The list of docu-
ments can contain documents, which may be currently opened or in use by
other users. To prevent modification from other users, scroll queries contain
a keep alive parameter which tells ES how long the scroll context should be
active for. There are also background processes which optimizes index by
merging smaller segments to create new and bigger segments. But open scroll
context prevents the older and smaller segments from being deleted. Result-
ing in more disk space and file handles being required. There is also a limit
to how many open scroll contexts there can be, which is 500. It is also rec-
ommended to allocate sufficient heap space in nodes according to the docu-
mentation [16].

3.2.1 Pagination
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3.2.1.1 From + Size

In ES the “from + size” or cursor-based pagination is well suited for paginat-
ing document tables with at most 10.000 elements. Beyond that it is referred
to as deep pagination which cannot be handled by “from + size”. The problem
with using “from + size” pagination starts early since search requests span
through multiple shards [16]. Moreover, each of these shards load up its own
query results and results from previous pages in memory. For large sets of
results these factors can combine to degrade performance as well as cause
node failures due to the depletion of sources.

Below is an image of a “from + size” search request (query parameters are
censored for confidential reasons).

{
"from": @,
"size": 100,
"track_total hits": true,
"query": {
"match": i

}

1
I

}
Figure 11 From + Size Query

As mentioned above, performance is degraded and this happens when there
are not enough resources, and due to poorly structured queries. Search re-
quests with “from + size” take heap space and time proportional to “from +
size” queries and this will limit memory [56]. In other words, suppose there
are two queries, query A and query B. Query A has parameters of “from o,
size: 100” while query B is structured as “from: 5000, size: 5000”. Typically,
Query A should perform better than query B with parameters “from: 5000,
size: 5000”. However, that is not always the case. As can be seen in appendix
where memory consumption of query B consumes less memory (A1). Alt-
hough the timing of these requests reflects that the Query A is more efficient
than Query B due to the lower total time to fulfill request.
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Figure 12 From Oth Element, Size 100

Figure 13 From 5000th Element, Size 5000

3.2.1.2 Scroll Request

Moving on, if we wish to paginate a larger list, suppose 100.000 elements the
type of requests would include scroll and search-after. Scroll request and
search-after pagination is different than typical “from-to-size”. Since these
requests will need a unique value as a frame of reference when creating pag-
ination requests in order to get the batches of data that are next in line. To
create scroll requests, an initial request is made to the ES server to get a scroll
id. Response from the server will contain a scroll id as well as results from
the initial query. The transactions between user and ES server can be seen

from the image below.
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Figure 14 Scroll Request Interaction

The image above depicts how scroll queries/requests are used with ES. First
an initial request to get a scroll ID, which acts as a key to unlocking the rest
of the desired information, so long as the scroll ID is kept alive. The process
goes on until the all the data matching the query is fetched, or until the user
keeps the scroll query alive. But this comes at a cost since as long as scroll
contexts remains open, more memory is consumed. Leading to the perfor-
mance of the system is slowed down.

108s

Figure 15 Initial Scroll Request

The image above shows the timing. The timing of the initial scroll request is
roughly the same as a “from + size” request. But there is the added of benefit
to add subsequent requests, such as the “Next batch of results” from Figure
16. These requests are shown below.
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Figure 16 Subsequent Scroll Requests

The subsequent requests are relatively quick in comparison to initial scroll
request. Additionally, from appendix (A1) it can be noticed that with the toy
example, the size of data in memory is not too large. The problem occurs
when the size of the data being read is in the range from hundreds of thou-
sands to millions.

3.3 Search After

Search-After (SA) is another pagination technique, which shares similarities
to scroll query. SA queries are stateless meaning that when querying data, it
is possible that updates to the target data are made [16]. So, when one user,
user 1, is in the process of fetching data, other user(s) may modify the data.
Leading to user 1 fetching data that is modified. This is appropriate in real-
time data analytics, but if one wishes to maintain the state of data such that
there are no changes once a SA request is made, it is possible to add a Point-
in-Time attribute to the search query. Point-in-time (PIT) is a view into the
target data as it was when the search query was initiated. PIT ID values needs
to be created before a search query can use it to maintain state of target data
[59]. Similarly, to scroll query, PIT prevents background process of merging
in ES. A shard in ES is a Lucene index, and these indexes are further divided
into segments. Segments are internal storage elements which stores the in-
dex that contains document data [61]. In typical queries, smaller segments
are merged into larger ones while the small segments are deleted to free up
resources, or to optimize the system. Both scroll context and PIT creation
prevents this merging process which creates overhead and more resources to
be consumed. However, PIT is a more lightweight approach to maintain the
state of data when compared to scroll context [16].
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Figure 17 Search After Request Interaction

The above image shows the process of SA query, which shares multiple char-
acteristics to scroll query. One of the differences being that the initial query
does not contain any parameters rather a simple post request to an index with
a PIT field specified. Since, there is no initial query, the response just con-
tains a PIT ID. The PIT ID is then used on the first search query and no index
is required to be specified as all the context for the search is stored in the PIT
ID. The responses from the first search query (query number 3 on the figure
above) will include sorting parameters specified by the search query. These
sorting parameters need to be unique values, usually a timestamp value or in
the internal shard doc value, which is included implicitly. The data matching
the search query will include the matching results/hits, which will be referred
to as initial set, includes sorting parameters. To use SA to get the next batch
of results, simply use the last sorting parameter values in the initial set. These
values act as a frame of reference to get the subsequent set of data and are
included in the SA query field called “search after”. (See appendix Figure A9
for sorting values, and A10 for search-after query using sorting values from

A9).

3.4 Data Fetching Problem in M-Sim

Even though the performance of scroll requests, based on Figures 16, does
not seem bad. The load on the server as well as resources consumed by the
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query affects the M-Sim application negatively. On contrary, SA queries do
not stress the server as much and consume fewer resources.

Figure 18 Initial Search After Request

Even though performance of scroll requests can cause performance deterio-
ration, according to testing with small queries, there were no significant
changes in performance between SA and scroll queries. According to appen-
dix A6 and A7, the performance difference between scroll and SA queries can
be seen. Further testing has shown similar results, where SA queries con-
sume more memory on the browser side, but on average take fewer requests
than scroll queries. In appendix, a small test run containing 23.000 results
took 10 scroll requests to load all the data. But, for SA query only 9 requests
were created. Testing with bigger test runs, the difference in number of re-
quests using scroll method when compared to SA showed an increase in size
based on the size of the test runs. Resulting in large test runs to create more
requests when using scroll rather than SA queries.

Additionally, in M-Sim tool using scroll query places a burden in the back-
end side of the environment. Therefore, an artificial limit is set on scroll
query as well. This also provides conditions to update the data fetching pro-
tocol to use SA queries as an alternative. According to chrome developer
tools, SA query on average consumes more memory than scroll, however,
manages to fetch desired data without placing stress in the system.

3.4.1 Implementing Search After

In order to use search after in M-Sim tool there were several obstacles that
had to be completed beforehand. These included using Angular framework
and familiarizing with the M-Sim environment. Angular also uses RXJS,
which stands for Reactive JavaScript, which include a special feature called
observables. Observables can be used to manage and structure ES queries.
From Figure 17 it can be seen there is an initial query to create a PIT id and
then subsequent queries can be made using the PIT id. To replicate the query
transactions in Figure 17, there would be two observables made, one for the
initial query and another for the subsequent queries. RXJS have special func-

» «

tions called “subscribe”, “expand”, and more. These functions can be used in
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conjunction to achieve complex functionality, which can produce SA queries.
By subscribing to the data-stream of the initial PIT query, ES server sends to
web client the initial results/hits. It is possible then to use “expand”, which is
similar to subscribe, but uses an index to iterate itself so you can subscribe to
the query results more than once.

As mentioned earlier search after queries consume less resources and create
fewer requests (see appendix A5 and A6), although this can depend heavily
on how the code for fetching data is configured. Within M-Sim tool, however,
SA queries were the preferred method to retrieve data rather than scroll que-
ries. With the current architecture or implementation of M-Sim tool, queries
are needed to execute so log or transaction data can be fetched and displayed.
These queries are executed in parallel fashion, the number of these queries
as well as how many queries will be executed over time have not been taken
into account. However, M-Sim will continue to grow resulting in more and
more queries needing to be executed. But due structure of M-Sim tool, there
was no internal handling on queries and their search context limit. Eventu-
ally, as the number of open search contexts (created by scroll queries) exceed
the limit, data fetching queries will begin to fail. While scroll queries could
be managed with M-Sim tool if there was handling for open search contexts,
this is extra overhead. On the other hand, SA queries do not have a limit for
their search contexts, which leads M-Sim tool to begin using SA queries as
their method for data fetching.
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4 Conclusions

The results from this paper have explored and answered both of my questions
when it comes to visualizing data on a webpage environment. The consider-
ations with regards to displaying large amount of data include memory con-
sumption, ease-of-use, responsiveness, and overall user experience. Certain
expectations should be reached before deciding the data visualization
method.

The main expectation was that it is relatively easy to implement for those are
familiar with front-end web development, or JavaScript. These were the con-
siderations when it comes displaying a large amount of data. Finally, which
methods exist at present to visualize data based on the expectations — firstly,
WebGL was eliminated as a choice since it is not simple to implement and
use. Several other frameworks, which are simple to implement, are D3.js and
Apache Echarts, where the latter has already been chosen to be implemented
within M-Sim tool. Apache Echarts uses both canvas and SVG for visualiza-
tions. Apache Echarts uses canvas for visualizing datapoints in the magni-
tude of millions. However, the custom approach for visualizing large quantity
of data (chapter 3.1), the method detailed in Yannick Assogba’s blog was
used. The technique uses two canvas elements where one is hidden while the
other is visible. The visible (main) canvas would be the data visualization
while the hidden canvas is coloured with unique colours for each pixel. When
the cursor is on the visible canvas, the coordinates are stored and mapped
onto to hidden canvas. The hidden canvas element uses the mouse coordi-
nates as a key value to find the pair value, the column value, or data value in
the data visualization. This method creates a seamless experience for inter-
acting with data.

The final obstacle was upgrading the fetching protocol in M-Sim for receiving
more data. The current implementation (scroll query) was outdated since it
used more resources. Through Angular and RXJS it was possible to replace
the scroll query relatively quick with no compromises. The final implemen-
tation of SA query using RXJS operators solved the limit issue for data re-
ceived as well as reduce the consumption of resources and strain placed on
the M-Sim tool.
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Appendix

Surmmary ¥ Class filter Selected size: 4.3 kB

200 s dI).'le. I 600 s

1 kB

Al: '
From Size Memory 5000, 5000

Summary ¥  Class filter Selected size: 15.8 kB
200s 400 = Iﬁ:ﬂ 5 IOO H

102 kB

From Size Memory 0, 100

Summary ¥  Class filter
200= 400= E.IDEII:

102 kB

A3: .
Queries Size 100, 3 iterations

A4

summary ¥  Class filter Selected size: 12.0 MB

200 s 400s 6.00 s 8.00s I

1.0 MB

Scroll All Data Memory, 23.000 hit example

Summary ¥ Class filter Selected size: 46.7 MB
IE.DCI; 10005 1500 s 20005

5.2 MB ‘ | ‘

Scroll All Data Memory, 73.000 hit example took 10 requests
Ab:
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Selected size: 343 kB

o

o

ICIs

Scroll

10.00 s

o



Summary

5.2 MB

¥ Class filter Selected size: 49.1 MB
IDCIS 10005 1500 s 20003 25005 30005

Search After Memory, 73.000 hit example took 9 requests

AT:

ot /N - *keep_alivessn B2

Initial PIT request

AR:

POST /_search > Q)

{

}

"size": 1eeee,
"track_total_hits": true,
Ilquer‘yll: {

"pit": {
"id" : "idvalue",
"keep_alive": "1m"
s
"sort": [
{
"timestamp": {
"order": "asc",
"format": "yyyy-MM-dd HH:mm:ss||yyyy-MM-dd||epoch_millis"

}
}s

| {"_shard_doc": "asc"}

1,

_source":["timestamp", "metrics.*"]

Search Query with PIT

A9:
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_index"
““type"
"oid"
" score”
_source”

"timestamp”

- type
" score”
" _source”
| tlmestamp : "2021-83-01708:41:39,6185597"
s
‘"sort" 3 I
]
}
]
b
}
Results from Search Query with PIT
A10:
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POST / search

{

"size": 10000,
"track total hits": true,

"query™: {

"match": {
swbuite : [

Ilpi_trl : {
"id" @ "idvalue”,
"keep alive": "im"

sort": [

"timestamp": {

"order":
"format":
¥
¥
| {" shard doc": "asc"}
1,
" source":["timestamp”, "metrics.*"],
"search_after” : |
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