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Abstract

Increase in data availability in the last decades started a new multi-disciplinary

and data-driven approach to be taken in research projects. This new approach

requires a matching set of data analytics methods that can target the broadness

of data and mixture of expertise in those research projects. We believe that Large

High Resolution Display (LHRD) based Immersive and Social Visual Data Analytics

system is the solution.

LHRDs are large scale display walls that are built for research purposes, which

are ideal for conducting the visual data analytics these multi-disciplinary data-driven

research approach requires, by providing unique properties in terms of immersion,

collaboration, visualisation and interactivity. This thesis surveyed existing software

in the literature for LHRDs and identified many challenges that needed to be solved,

in order to conduct visual data analytics for this objective. Hence, this thesis intro-

duces and demonstrates its novel Clustered Visualisation Services Paradigm (CVSP)

in its Data Observatory Software Framework (GDO) for conducting Immersive and

Social Visual Data Analytics on LHRDs. This paradigm enables system and visu-

alisation app logics to have components on distributed locations of LHRD, where

these components communicate, coordinate and form functionality through struc-

tured communication using APIs.

Through this paradigm, we enable implementation of immersive and scalable

display of versatile, modular, general, interactive, data-driven data visualisation ap-

plications and we also enable management of them through our underlying operating

system. Furthermore, this paradigm enables collaging and syncing of applications for

creating coordinated data visualisation scenes composed of multi-view visualisations

that can implement complex interaction scenarios on LHRDs.

In summary, this thesis presents architecture and implementation of Data

Observatory Software Framework (GDO), which is used at KPMG Data Observa-

tory, Data Science Institute, Imperial College London; its novel software paradigm:

Clustered Visualisation Services Paradigm (CVSP) and many novel or critical func-

tionality provided by this paradigm that overcomes challenges for conducting Im-

mersive and Social Visual Data Analytics for multi-disciplinary data-driven research

projects.
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‘Bertan’s work has made it possible for researchers to present visualisations
that show profound patterns that would not be possible to take in at smaller scales.
For example, using the entire canvas — roughly 100m2 — to visualise twitter traffic
about Brexit made it possible to show a pattern of increasingly polarised discourse
that is clearly influenced by bots.’

- Dr Mark Thomas Kennedy,
Director of DSI Business Analytics Lab, ICL

‘The Data Observatory is a world-leading visualisation facility providing a
platform to gain unique collaborative insights in the context of many different data
sets, including the blockchains of leading cryptocurrencies. With respect to the
Bitcoin, we have been able to use force-directed layouts to observe the structure of
real-time and historical transactions, exposing many complex relationships between
transactions and studying the evolution of denial of service attacks. With respect
to Ethereum, we have been able to bring to life the increasing adoption of smart
contracts. All of this is made possible not only by the custom display, processing
and networking hardware of the Data Observatory but also its supporting software
stack which makes it easy to deploy and interactively explore visualisations at scale.’

- Prof William Knottenbelt,
Director of Centre for Cryptocurrency Research and Engineering, ICL

‘GDO have been used to present to AMR information to the UK minister for
health, minister for health of Japan, Shinogi pharmaceuticals. We found the visual-
isations very helpful in conveying messages around our ‘big data’ sets to clinicians,
policymaker and commercial partners in a clear and useful way.’

- Dr Ceire Costelloe,
Director of Global Digital Health Unit, ICL

‘The GDO is a great platform for showcasing transport research, including
data visualization and impact analysis, to engage with governmental and industrial
stakeholders. It also adds scientific values through its distributed computing capa-
bilities so that ultra-granular and real-time traffic information can be processed and
seen.’

- Dr Ke Han,
Associate Professor at Center for Transport Studies, ICL
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Chapter 1

Introduction

In the last decades, we have witnessed an increase in interconnectivity and digital-

ization of the world around us; which led to rise of Big Data and emergence of Data

Science. This trend also changed how we approach in general to research projects

in the academia and businesses, as they become more multi-disciplinary and data

oriented. These research became subject to more data that have emerged in their

area and to interconnected data in their surrounding areas. Eventually, increasing

the importance of data analytics and cross-field collaboration in these projects.

We also started to see use of a new generation of Visual Data Analytics with

emergence of Big Data. In comparison to legacy visual data analytics, this modern

visual data analytics uses web-based interactive data visualisations that reads and

processes data at cloud level and visualises data according to user preferences in an

on-demand fashion. It allows users to analyse different angles and perspectives of

data, form logic within data and extract information through allowing visualisation

of multiple data sets with various visualisation methods and various data processing

or filtering, and displaying these in any layout. Although, this is mostly performed

individually and usually displayed on single or multiple monitors. Also, when it is

required to be shared, it is shared as an output or a link thus limiting collaboration.

One of the hardware solutions to Visual Data Analytics for research hubs is

Large High Resolution Displays (LHRD). These are multi-million pixel visualisation

environments that can be constructed using various display technologies such as

LCD tiled displays or projectors. Use of LHRDs for Visual Data Analytics is be-

coming a new trend among research centres as it provides a powerful collaboration

14



15

and data analytics environment for data oriented multi-disciplinary research. We

see that these hardware can be combined with today’s web and cloud based interac-

tive visual data analytics to aid multi-disciplinary data oriented research projects.

Furthermore, using unique properties of these visualisation hardware, such as its

size, ability to host many spectators or users for collaboration, potential interactiv-

ity using various devices; web based and interactive visual analytics techniques can

be extended, where users of the environment can surround themselves with data

visualisations, interact with them, use them as a medium of communication and

exploration. In summary, today’s web and cloud based and interactive visual data

analytics techniques can be deployed to these unique visualisation environments

(LHRDs) and be extended to conduct immersive and social visual data analytics.

Large High Resolution Displays (LHRD) are powered by visualisation and

management software that allows users to deploy and distribute visualisations. These

software aid research through rendering related visualisations on LHRD screens, thus

enabling research team members to collaboratively work with the help of various vi-

sualisations on that research. The research area involving advancement of these

software does not have a commonly agreed name, therefore we will denote this area

as LHRD software research field in this dissertation.

This area existed for decades which during various generations of software

have emerged. The first generation emerged in an era where constraints in storage,

processing, networking and screen resolution existed. Their common characteristic

was that they were based on technologies such as MPI. Their primary purpose

was to power LHRDs of that time for the specific use-cases those research were

interested in. Second generation intended to generalize the use of these platforms

to a certain degree. For this, they focused on render distribution working on top of

more recent networking mechanisms. Unfortunately, this generalisation was limited

to rendering only and did not account other aspects. Third Generation, the current

one, aims to provide scalable, generic, modular, app oriented web based solutions

for rapid development and cloud based management. This generation aims to solve

previous generations’ problems through utilizing web technologies in distribution,

server, screens and interfaces areas of the software. However, later generations

started to lose focus on visual data analytics and shifted their primary objective to

collaboration and productivity, and since older generations cannot provide adequate
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level of functionality that exist on today’s web based and interactive visual data

analytics; we came to the result that, existing software in the literature, past and

today, is widely incapable of performing visual data analytics in desired manner

in these hardware; which is: using web based and interactive visual data analytics

techniques and extending them to LHRD environment through environment’s unique

properties to conduct immersive and social visual data analytics.

Figure 1.1: KPMG Data Observatory architecture (left) and in use (right).

In 2015, Data Science Institute in Imperial College London have constructed

Imperial College Data Observatory (a cylindrical LHRD) also known as KPMG Data

Observatory for conducting Visual Data Analytics. The objective of this environ-

ment was to become a hub for multi-disciplinary research and aid these research

through visual data analytics that utilizes principles of data science. Hence, it re-

quired an immersive and social visual data analytics software built for LHRDs to

operate. This software should be based on modern visual data analytics that is

described here which is web based and interactive, where the target system should

expand the use of this in aiding collaboration for multi-disciplinary research in re-

search centres. Instead of users being able to visualise datasets on their computers,

they should be able to summon various general and interactive data visualisations

on this large display environment and use these visualisations to conduct immersive

and social visual data analytics.

As a result, we came up with a novel approach for providing immersive and

social visual data analytics in LHRDs and implemented it in our GDO Software

Framework, since existing solutions in the literature where inadequate for this pur-
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pose. This framework uses .NET as server back-end, JavaScript and Html for client

front-end and websocket based communication for distributed operation. It is an

app oriented platform, where developers implement general distributed apps for data

analytic purposes and other supplementary uses. Users through web interfaces can

deploy these apps to sections of LHRDs with given data and configuration. Deployed

apps can be controlled and interacted through web interfaces. Moreover, data vi-

sualisation apps on the screen-space of LHRD can be synced and programmed for

collective operation and thus enable us to create collaged data visualisation scenes.

The software framework uses a novel paradigm called Clustered Visualisation

Services Paradigm (CVSP) for LHRDs. This architecture allows system and applica-

tion code to be dynamically distributed among the server of the software, cluster of

display nodes and user control clients; and allow these components to communicate

with each other through APIs both locally and remotely, and provide functionality

through dynamic distributed operation. This is similar to Service Oriented Archi-

tecture or MicroServices although tailored for this specific objective on this specific

type of hardware. Through this architecture, we can provide many challenges and

requirements we identified in the thesis.

Moreover, through this software approach, we intend to create a base platform

for implementing data science oriented apps for LHRDs and be able to deploy various

selections of these apps with different configurations, flow data to them, collage

them, interact with them for conducting research on this visualisation environment.

In this thesis, we will be discussing this novel approach for performing Immersive

and Social Visual Data Analytics in LHRDs and its contributions to the literature.

The next sections lays out the academic justification of this approach by discussing

the problem and thesis statements and its contributions.

1.1 Problem Statement

In our literature survey, we saw that many of the software in the literature

enable Visual Data Analytics to a certain degree in their era, whether their primary

focus is Visual Data Analytics or not. However, we have also found that Visual Data

Analytics methods and expectations have advanced faster that LHRD Software in

the literature. At the same time, focus of LHRD software research have shifted to

productivity and collaboration rather than Visual Data Analytics and its variation
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is decreased.

In the past, the major problem was being able to visualise data in LHRD.

The older generations of LHRD research focused on enabling this, where many dif-

ferent solutions emerged for render distribution on distributed displays. Therefore,

they focused on render distribution of 2D/3D content for either specific or general

visualisations. Basically, if you had a 2D/3D simulation or data visualisation for

a research, you were able to render on LHRD using these software after manual

implementation or integration. Today, our expectations and requirements of Visual

Data Analytics are different.

In general, visual data analytics today is app oriented, modular, general,

web-based, cloud-based, on-demand, data-driven and linked. Hence, the software

framework to conduct modern visual data analytics of today have to take on these

properties and expand them to LHRD environment by adding scalability, collaging,

collaboration, casting and other related features and capabilities that benefits from

unique properties of these Large Visualisation environments.

As a result, we can start utilizing LHRDs to perform Immersive and Social

Visual Data Analytics for various data-driven multi-disciplinary research projects

using these modern visual data analytics techniques, where users can summon many

general data visualisations to screen-space with given specific data and configuration

from mobile devices, perform presentations, discussions and other session types,

interact with these data visualisations and control the system, even collage and sync

visualisation for comparisons and analytics; and thus enable Immersive and Social

Visual Data Analytics.

However, later generation LHRD software, which are limited in number fails

on meeting these capabilities. Even though, they are app oriented and enable in-

teraction with screen space and apps on the screen space, their focus shifted to

productivity and collaboration. Their software and app paradigms are semi com-

patible with data visualisations as they are not fully scalable or data-driven, their

interaction style is incompatible with desired use scenarios for visual data analytics

and they lack advanced methods and techniques such as collaging, programming

data visualisations on screen space.

As a result, we can conclude that: Expectations and requirements on Visual

Data Analytics of today are beyond capabilities of existing LHRD Software and
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therefore existing software in the literature is incompatible or inadequate for per-

forming Visual Data Analytics on LHRDs, either because use of obsolete technology

or methods or paradigms, lack of functionality, or having a different objective/focus

rather than Visual Data Analytics, and thus they cannot be used to perform immer-

sive and social visual data analytics to aid multi-disciplinary data oriented research

projects that are why research facilities like Imperial College Data Observatory are

built for.

1.2 Thesis Statement

This thesis argues a new approach is required for conducting modern Visual

Data Analytics on LHRDs for new generation of multi-disciplinary data-driven re-

search projects. This approach should solve challenges in the following items on

LHRDs software:

• Immersive and Scalable Display of Data Visualisations

• Visual Data Analytics oriented Operating System

• Application Framework for General, Interactive and Modular Data Visualisa-

tion Apps

• Data-driven and API based Data Visualisations

• Collaged and Synced Visual Data Scenes

• Integration of Sensing and Interaction Research Devices

• Reliable Distributed Operation

• Interoperability with other Web based Visualisations and Projects

• Flexibility on Display Technologies

• Remote Operation Capabilities

• Developer friendliness for Distributed App Development

Thus, it can result in improvement in providing Visual Data Analytics for new

generation multi-disciplinary data-driven research projects.

Each of the current software in the literature offer solutions on few of these

items, however none of these software overcomes most of these challenges to an ac-

ceptable degree. Furthermore, some challenges like general, interactive, data-driven,
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collaged and synced visualisations, that are scalable are not solved by any of these

software. Therefore, we present GDO Software Framework and its Clustered Visu-

alisation Services Paradigm (CVSP) that through it we overcome these challenges

to enable conducting modern Visual Data Analytics on LHRDs for new generation

of multi-disciplinary data-driven research projects.

1.3 Summary of Contributions

Our contributions to the literature is the challenges we solved using our novel

software paradigm Clustered Visualisation Services Paradigm (CVSP) of GDO plat-

form, that through it we enable conducting modern visual data analytics for multi-

disciplinary research projects. To reiterate, this paradigm enables modular and

dynamic distributed components of apps and system on the cluster, server and con-

trol clients of LHRD and while enabling a communication schema for all to all API

based communication between these distributed components, where we can enable

many functionalities we deem necessary, with most significant:

Primary Contributions :

• Immersive and Scalable Display of Data Visualisations: General, dy-

namic and interactive data visualisations and other type of apps can be im-

mersively deployed to a LHRD in any layout and in any size which includes

scaling these data visualisations to tens even hundreds of display nodes.

• Visual Data Analytics oriented Operating System for the LHRD:

A novel underlying operating system is provided for data visualisations that

enables app deployment and operation, session management and distributed

debugging on the cluster, where also the system can be managed from the web

interfaces enabling users to operate the system from tablets/PCs.

• Application Framework for General, Interactive and Modular Data

Visualisation Apps: General, instanced and dynamic data visualisations

that can work with different data and configurations, that are deployed modu-

larly, and be able to scale, which have control interfaces to configure/control/steer

these visualisations, which can be casted to other interfaces, can be imple-

mented by the application framework of CVSP.
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• Data-driven and API based Data Visualisations : Many data acquiring,

processing and distribution scenarios, and also many clustering and distributed

logic can be implemented on applications of GDO using CVSP.

• Collaged and Synced Visual Data Scenes : Collaged and synced data

visualisation scenes can be created using distributed coordination between

applications or using composite applications that use other applications to

visualise.

• Integration of Sensing and Interaction Research Devices: Many dif-

ferent interaction and sensing devices can be integrated modularly to LHRD

environment and their data and controls can be made available to other ap-

plications on the environment and control clients.

Secondary Contributions :

• Reliable Operation: CVSP based operation provides reliability within

a diverse, dynamic, distributed system, where applications are developed by

external developers that are distributed, while using many online libraries and

while many of these applications work in communication to create combined

functionality.

• Interoperability with other Web based Visualisations and Projects:

Other web-based LHRD software following control-server-client paradigm or

many online visualisations can be integrated into GDO.

• Flexibility on Display Technologies and Setup : GDO can work with

any number of screens, resolutions or setup without prior installation on its

clients.

• Remote Operation Capabilities : GDO have capability to be remotely

deployed to remote locations in different scenarios and offer synchronization

capabilities while doing so.

• Developer friendly Distributed App Development: Developers with

different skill-sets can develop basic to advanced applications using many .NET

and C# libraries on backend and web libraries on front-end, where they can

implement also distributed functionality thus deciding how the visualisation

acquires, processes, distributes and renders data and how the users can interact
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with this visualisation using CVSP architecture and software framework of

GDO.

Overall, GDO through its novel architecture and features enable many functionalities

we deemed necessary to enable conducting immersive and social visual analytics

on LHRDs for multi-disciplinary research projects. Most significantly, in order to

enable this level of visual data analytics on LHRDs for data-driven multi-disciplinary

research, many of these contributions should be provided together, hence GDO using

its CVSP paradigm is the only platform that provides all these novel contributions

and other existing but critical functionalities in the literature in a single platform.

Moreover, in alignment with these academic contributions, we also contribute

open source (MIT licensed) GDO Software Framework alongside many of its apps

on https://github.com/bkavuncu/GDO [39] as practical and real world contributions

that have been used by many research at Imperial College London (Contribution

level of the author on the apps in the repository varies).

1.4 Organization of Thesis

Chapter 1: This chapter introduces the thesis, its contributions and the reasoning

behind it.

Chapter 2: This chapter will study various areas that are interest to this thesis

like Big Data, Data Visualisation, LHRD Research.

Chapter 3: This chapter will explore design issues for performing Visual Data An-

alytics and will compose a list of technical requirements for a Visual Data Analytics

platform on LHRDs .

Chapter 4: This chapter will introduce the architecture of GDO

Chapter 5: This chapter will discuss implementation of GDO

Chapter 6: This chapter will discuss Clustered Visualisation Services Paradigm

and how challenges of this thesis are solved using CVSP.

Chapter 7: This chapter will introduce applications of GDO

Chapter 8: This chapter will summarize the thesis, its contributions and its

achievements alongside the future work for this thesis.
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Related Work

This chapter will survey related work in the literature for this thesis. It will start

from a brief summary on the general topics of Big Data, Data Science and Visu-

alising Data for giving an overview for the area of Visual Data Analytics. It will

continue with Large High Resolution Display (LHRD) Systems which are visualisa-

tion environments for research and projects, which we intend to integrate modern

Visual Data Analytics with LHRDs for collaborative use in multi-disciplinary re-

search. Afterwards, it will iterate through generations of existing software for these

specific type of visualisation environments and finally review these software in order

to discover their capabilities in terms of performing visual data analytics on LHRDs.

2.1 Visual Data Analytics

Visual Data Analytics is a key aspect for understanding and working with

research projects that are data oriented. Today many of these projects involve

large amounts of data. Due to increase in data availability and interconnectivity,

data involved for many research project spans to wide areas in their surrounding

fields. This results in emergence of multi-disciplinary approaches for conducting

data-driven research projects. Thus, visual data analytics becomes an important

aspect of this process. It aids research through representing complex data and

information as simple and easily understandable visuals and help researchers to

comprehend common data and information in multi-disciplinary teams using these

visualisations, and finally enable them to communicate and collaborate with each

other through using data visualisations. There are few key topics in Visual Data

23
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Analytics: Big Data, Data Science, Visualising Data, and we will go through them

in order to understand the transformation this area passed in recent years.

2.1.1 Big Data

In the last decades, the interconnectivity and digitalization of world around

us increased incredibly. Today we sense or produce data at an immense way. This

has given to rise of Big Data. Big Data conventionally described through its Vs as

properties. There are various definitions to these, however we will summarize the

most basic 3Vs of Big Data. These are: Volume, Variety and Velocity [157]. Volume

defines the change in size of data. Today we generate more data in a day than whole

data in the world around 1980s. Variety defines the diversity of data. Today data is

highly diverse, we store almost all kinds of data from all possible sources. Velocity

defines the speed of data production, processing and storage. In the past, data was

stored in batches, today we process and store and even turn it into a product as

soon as data gets generated.

Figure 2.1: 3Vs of Big Data: Volume,
Variety and Velocity [157].

The rise of big data also changed

solutions. On the lowest level, it

changed how we store and process data.

Instead of using relational databases,

today we use map-reduce based low

latency, scalable cloud solutions such

as Hadoop, Cassandra or Spark [20].

These systems allow retrieval or process-

ing of data distributed to clusters of ma-

chines in milliseconds. It also changed

high level solutions as data storage, pro-

cessing and analytics became core part

of many research projects. Data avail-

ability on many areas and sectors en-

abled research projects to utilize data in

their surrounding fields to enhance the research, or even find new solutions based on

these newly introduced and linked data. As a result, research projects became more

data-driven and started using new paradigms in their roots such as Data Science.
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2.1.2 Data Science

Data Science is an inter-disciplinary field that aims to create methods for

extracting knowledge and insights from data to be transformed into products and

systems. It is a combination of Data Visualisations, Machine Learning, Mathemat-

ics, Statistics, Computer Science, Communication and Domain Expertise. Through

data science, solutions and analytics are created on a single or multiple domains us-

ing this process [56]. As a result, data science can be seen as a paradigm and guide

for engaging with data for data-driven research projects in given field or fields.

Figure 2.2: Combination of fields that
make Data Science

A significant aspect of Data

Science and Big Data is how they

transformed research projects into be-

ing inter-disciplinary both internally

and externally. Data-driven research

projects that apply data science prin-

ciples require to have team members

from different areas such as comput-

ing, mathematics, statistics ..etc. Fur-

thermore, due to data availability, these

projects are now subjected to new data

surrounding them. Understanding, pro-

cessing and use of this data requires ex-

perts in those domains to directly or

externally join these teams. Thus, re-

search project teams of this age become highly diverse in terms of expertise and

fields; and require to engage in large volumes of data in diverse areas. Due this

trend, data visualisation becomes a key aspect of this process, as communication,

collaboration and comprehension is even more needed within the research teams of

this age.

2.1.3 Data Visualisations

Data Visualisation is a critical aspect to understand and share information

and insights extracted from data. Data contains unlimited angles and perspectives.

Thus visualisations work through questions to light up an angle or perspective of
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data. For example, what are the top producing cities in US in terms of GDP.

Afterwards comes the right selection of visual representation for that query. It can

be represented by charts, graphs, plots, networks, matrix, trees, maps, word clouds

and many other. This gives creation of a data visualisation. This visualisation than

be used to understand the data or one of its angle or perspectives. [99]

Figure 2.3: Microsoft PowerBi as an
example to Multi-view Coordinated Data
Visualisation Dashboard [99][102].

Single or multiple visualisations

are combined to represent knowledge

extracted in a structured way through

forming a logic or model with visualisa-

tions. If these visualisations are interac-

tive and dynamic, it enables provision of

variety of perspectives and angles over

data and enable engaging with data and

exploring data. If multiple coordinated

views of visualisations are provided such

as overlays and dashboards, which are

created through multiform linked visu-

alisations, these can show connections

and logic between multiple attributes and perspectives of data [99], thus enable

data visualisations to be used for communication, collaboration and comprehension

within inter-disciplinary research projects. Adding interaction and dynamicity to

this enable different stages and processes of data driven research to be executed

using data visualisations [87]. The other variable missing in the equation is the

environment to display these visualisations, which can support visualisation of Big

Data with it’s Variety, Volume and Velocity.

2.2 Large High Resolution Displays (LHRDs)

Large High Resolution Displays [12] are multi-million pixel visualisation en-

vironments used for various scientific and commercial purposes. In the literature

they have been named as Scalable Resolution Shared Displays (SRSD) [129], Scal-

able Resolution Display Environment (SRDE) [128], Scalable Display Wall Systems

(SDWS) [24], Scalable Resolution Display Walls (SRDW) [133], Large High Resolu-

tion Displays (LHiRDs) [131], PowerWalls [76], Scalable Tiled Displays [166], Cave

Automatic Virtual Environment or Audio Visual Automatic Virtual Environment
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(CAVE) [142][29], Hybrid Reality Display Environments [109], OptiPortals [146] and

many other general or specific names.

In general, these environments provide large screen areas through multi-monitor

setups, to tiled LCD displays, to seamless projection based displays. These envi-

ronments are used for scientific research, single or multi-site collaboration, virtual

reality applications and many other. They can be powered by various hardware and

software solutions.[12]

Figure 2.4: Origin of LHRDs: Cave
Automatic Virtual Environment
(CAVE), Architecture (left) [142], In use
(right) [144].

Our interest in these visualisa-

tion environments are due to their

unique properties. Briefly, these envi-

ronments have unusually large display

areas, where they can display many

data visualisations simultaneously or

display extremely large data visualisa-

tions. They can also host many specta-

tors in the visualisation environment en-

couraging collaboration and potentially

can enable interaction with the visuali-

sations. As a result, these environments

offer unique opportunity in the area of

Visual Data Analytics, where users of

the environment can surround themselves with various data visualisations, which

they can interact with, and collaborate on, to perform Visual Data Analytics. This

section will discuss the hardware and properties of these visualisation environments,

where the next section will discuss the software systems that power these hardware.

2.2.1 Origins

LHRDs have two origins in the literature. First origin is the large displays that

are used for operational purposes in operation centres. One classical example would

be NASA historic mission control center for space missions [77]. This center have

many Large Displays to show various mission data and visualisations for scientists

to conduct operations of space missions.

The other and more recent historic origin for Immersive LHRDs would be Au-

dio Visual Automatic Virtual Environment (CAVE) [142]. CAVE is a cube shaped
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room where each side in the cube is a projector screen. User wears a stereoscopic

glasses and immerse into a 3D environment surrounding him or her. It was first con-

ceived and designed in Electronic Visualization Laboratory (EVL) at the University

of Illinois at Chicago (UIC) [144] in 1991. From these origins various high resolution

and immersive displays have emerged in last two decades that we can categorize as

LHRD.

2.2.2 Types

There are various types of LHRDs. We came up with a categorization accord-

ing to their layout. This categorization divides these environments into 6 categories:

A. Enclosed Projection Rooms: First of these are projection based rooms.

These rooms come with various shapes but more commonly known for cube shaped

ones within them. They are primarily used for virtual reality purposes. They

are comprised of a room with most sides and walls are projection screens. These

projection screens are usually stereoscopic to give users the sense of being immersed

into the environment. CAVE is the most classical example of these types of LHRDs.

There are various CAVEs built around the world either following original CAVE

design and name or other custom designs and names [103]. There are different

versions and shapes of this type of LHRDs that are built, such as StarCaVE which

is 5 sided projection room or Cornea which is powered by 24 projectors with a

seamless blending of images [144].

Figure 2.5: Various Types of LHRDs Architectures: Cornea Architecture (left)
[144] as an example to projection based LHRDs, CAVE2 architecture (center) [29]
as an example to cylindrical LHRDs and Next Generation CAVE Design (right) as
an example to Enclosed Tiled Display Rooms [58].
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B. Projection Based Walls: These are another LHRD type that uses projec-

tion based technology to create an immersive and interactive screen area. Instead of

creating an immersive environment through surrounding users, they use many pro-

jectors in an array to create a large screen area on a screen wall. These LHRDs use

the similar seamless tiling method used in the previous type in order to accurately

blend images of overlapping projections [24]. There are less examples of these since

the emergence of low bezel LCD tiled display walls.

C. Tiled Display Walls: Tiled display walls are large display systems created by

tiling low bezel LCD screens in a grid format. There are various uses for these walls,

such as science, business, art, education and many others. These can be built by

smaller LCD panels such as 20-30 inch ones used in OptiPortals [133] EVL developed

in the past or large low bezel 46-55 inch screens like in AESOP that uses 46 inch

ultra-narrow bezel panels [92]. Most notable ones for scientific tiled display walls

are OptiPortals [146]. Original OptiPortals were display walls that are composed of

4 to 70 tile, 20 to 30 inch displays. These were connected to a cluster of computers

through high speed networking. They used LHRD software such as CGLX or SAGE.

Tens of OptiPortals were built in the previous decade and low bezel LCD based ones

are still being built in this decade.

D. Curved Tiled Displays: These tiled displays are display walls that are curved

in both X and Y dimensions. They form a shape of partial sphere for immersion

where the user would stand in the center of that sphere. Most notable examples of

these are NexCave [92].

E. Cylindrical Tiled Display Walls: These are cylindrical tiled display en-

vironments that surround users with LCD panels in X dimension. Most notable

examples are early built Varrier ones [67], and recent built CAVE2 [29] and KPMG

Data Observatory [93]. These can surround users with various angles. Varrier sur-

rounds around roughly 130 degrees while CAVE2 and KPMG DO surround users

in 320 and 313 degrees respectively. While Varrier does not provide high square

footage for multiple users to exist in the environment surrounded, larger ones such

as CAVE2 and KPMG DO enable tens of users to be surrounded by high resolution

LCD panels. Therefore, this kind of environment can enable collaborative visual

analytics and research due to their unique immersive properties.
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F. Enclosed Tiled Display Rooms: Last type of LHRDs is enclosed rooms with

tiled display walls as sides. This is another attempt to create surrounding immersive

tiled display based environment similar to last type. These rooms can also host large

number of spectators and users, and surround them with immersive visualisations.

Most notable example to these is Reality Deck which hosts a unique 1.5 gigapixel

room with 416 screens in total of 4 walls [122].

Figure 2.6: Various Examples to LHRDs: CAVE2 (top-left)[29], Stallion
(top-right) [139], Cornea (bottom-left) [144] and NexCave (bottom-right) [144].

2.2.3 Properties

LHRDs can come with various technical properties. These can vary from

display technology used, to screen area, to interaction capabilities, and many others.

These properties define the usability and use-cases available for that LHRD. For

example, a stereoscopic LHRD can be used as an immersive VR environment; or a

high resolution large user and screen area LHRD that is connected to a computing

cluster can be used for collaborative data science.

A. Display Technology: First property is the display technology used. There

are two main technologies that can be used for LHRDs: projectors and LCD panels.
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Projector based LHRDs are usually used for immersive enclosed environments for

Hybrid or Virtual Reality Applications. LCD panel based LHRDs, due to their

high resolution, mostly used for data-intensive research and collaboration. Both

technologies can offer stereoscopic rendering. Users can wear 3D glasses and observe

the immersive and surrounding environment in 3D. In the future, LED Panel Walls

can be expected to replace these technologies, but as of today their pixel per inch

(PPI) ratio is too low to be used effectively.

B. Screen and User Area: Another property is screen area. This property de-

termines the size of visualisations and number of visualisations that can be displayed

in a LHRD. CAVE2, Reality Deck or KPMG DO like large screen area LHRDs can

display tens of visualisations simultaneously due to having large screen areas. These

LHRDs can also scale a single visualisation to unusually large resolutions. Or they

can do a combination of these.

LHRDs that are designed with collaboration in mind require to have a certain

area for users to roam. This is a related property to screen area. Small LHRDs and

Cube rooms cannot host many collaborators, while large LHRDs such as Cylindrical,

Wall and Enclosed Room ones can host many collaborators. The main challenge is

providing immersion. Surrounding users creates immersion, but also reduces the

usable user area. Therefore, while display walls provide large and open user areas,

they lack in immersion. Rectangular shaped rooms provide more immersion in

comparison, however the ideal immersion can be gained through cylindrical tiled

displays as they surround the users uniformly due to having a cylindrical shape

where displays are relatively at a more equal distance to users.

C. Resolution and PPI: Resolution and Pixel per Inch (PPI) affect the use-

cases of LHRDs. While low resolution LHRDs can be used for purposes that are

image-based such as VR, LHRDs with high resolution and PPI can be used for data

visualisations which are both shape and text based in comparison to VR oriented

LHRD usage. For example, in a graph visualisation with thousands of nodes, where

nodes have labels; users in LHRDs with low resolutions will not be able to read

those labels in contrast to the users in LHRDs with high resolutions. Same goes

for spreadsheets, charts and other data based visualisations. Thus, for scientific

purposes LHRDs with high resolutions and PPI are more beneficial as they provide

details in large visualisations and images to be present for users.
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E. Networking: Another important factor for LHRDs is their networking capa-

bilities. Usually, these displays are powered by a cluster of computers connected

on a high speed network. Furthermore, this cluster usually connects to other cloud

resources in order to run its data and computing resources. There might be many

configurations for how data, computing, rendering resources and displays are con-

nected to each other. There are three areas networking can be divided. Internal

network which is between rendering nodes and the server. Internal Connection to

other local cloud and data resources. External connection to global internet, cloud

and data sources.

Internal network capabilities affect the clustering and rendering system’s func-

tionality. The other two categories affect the access to data and processing. Many

data-driven applications might require cloud data resources for processing or stor-

age; or they may require to connect to global internet resources through APIs for

streaming or retrieving data. The speed of these connections affect the overall system

operation speed. For example, slow external connections on systems that require

on-demand data processing or retrieval can break immersion by causing users in

LHRD to wait minutes for visualisations to load.

F. Clustering: Another aspect is how these rendering nodes are clustered. There

is two conventional clustering methods for LHRDs: Master-Slave and Client-Server

[12]:

• Client-Server: A server runs management logic and applications’ core logic and

in charge of coordination of clients, and client nodes form the cluster of the

system which perform rendering and if required certain amount of processing.

• Master-Slave: On the other hand, in master and slave configurations every

node is a client. Each node runs the application but master node runs users

interaction in addition to the application and they have a serverless model.

As a result, the difference is in master-slave configuration the master is also a client

running management logic in comparison to the client-server model where server

does not provide any client functionality. There can also be other modes in between

these two. Clustering also affects and related to which kind of parallel rendering is

performed.
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G. Rendering: Rendering happens on rendering nodes. These are computers

that are connected to displays in an LHRD. These computers are either directly

connected to displays through their graphics card or cards, or use other specialized

hardware for connecting many screens at once. These specialized hardware enable

a powerful rendering node to connect to many displays in a LHRD at once. On the

contrary, conventional rendering nodes are hosted close to displays, they power and

use single or many graphics cards to connect to displays. Depending on software

solution used, these nodes may be required just to render visualisation. Although,

they can be used for their CPU or GPU processing in addition to rendering in some

cases. There are 3 ways parallel rendering is performed [10] in general: Sort-First,

Sort-Middle and Sort-Last; and use of these in LHRDs result differently:

Figure 2.7: Parallel Rendering Mechanisms (G:Geometry R:Rasterization) [10][135]

• Sort-First: in this mode, graphic primitives are sorted and distributed to tiles

before geometry processing or rasterization. This is natural for render clusters

which are tied with displays. Server or cloud sends graphic primitives to render

nodes and each render node renders their part of the screen space.

• Sort-Middle: in this mode, geometry processing happens on cluster and after-

wards sorted to rendering nodes where rasterization happens. Thus, sorting

happens in the middle. As a result, a server or cluster performs certain geom-

etry and other processing, sorts the data, distributes and it gets rasterized on

rendering nodes.

• Sort-Last: in this mode, geometry and rasterization happens in parallel but

the sorting happens at last. thus, the cluster or server performs all rendering
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and finally pixels or frames are sorted and transferred to distributed displays.

For clusters that are tied with displays directly, sort-first is the native mode to

use. A server knows which node will render which section of the tiled display,

distributes primitives as part of sort process and each node does local rendering.

In other two modes, exchange of directives or resulting renders are required as part

sorting. Server requires to distribute primitives to cluster unsorted, cluster processes

either geometry or both geometry and rasterization, and performs a distributed

sort. This requires one communication exchange between server and clients and one

communication exchange between clients in comparison to first mode where there is

only one communication exchange.

There are other variants used in LHRDs. For example, there is a Sort-First

variant where instead of sorting directives, data is being sort and nodes perform local

rendering with given data and view (2D/3D). Another example is Sort-Last variant

without a true parallel processing. In this variant, server processes rendering either

on CPU or GPU resources, parallel or single or multi-thread, and then distributes

pixels/frames to nodes through sorting, which is commonly used for distribution of

video based content.

Finally, remote rendering or in other words cloud based rendering [11] is an-

other solution that could be used in LHRDs. In this type of rendering, cloud hosts

GPU resources and executes different stages of rendering on the cloud, then dis-

tributes the rendering to cluster of nodes. There are several levels this can be

performed. These levels are based on which 3D data is processed on cloud and

which 3D is processed on clients as post-processing and in which order. In order to

utilize this for LHRDs, a powerful GPU cloud should be available for this purpose.

As a result, different local and remote rendering and clustering mechanisms

are available for LHRDs, which should be selected depending on the use-case.

H. Resources: LHRDs are usually connected to cloud resources on local or ex-

ternal clouds. These can be storage, processing, parallel graphics, CUDA based AI

applications, Data streams and many other. These resources enable different uses

and applications for these environments. Of course their use is also based on the

software the LHRD is using and its applications.

Various applications built on LHRD can utilize these resources for functioning.
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For example, they access to databases to pull data to be visualised on screen-space.

They can use processing resources to process data on the way to visualisations in

real or close to real-time. Similarly, they can connect to various sensing devices or

online data streams to flow data through pipelines to visualisations. There can be

many combinations how applications can utilize these resources.

I. Interaction: LHRDs can be connected to various interaction devices. These

vary from stereoscopic glasses users wear to see the environment in 3D, to wands or

joysticks to interact with the environment. There are potentially hundreds of devices

that can be utilized by these environments. These are not standard equipment and

their compatibility with LHRDs are usually related to software system powering the

LHRD.

These devices commonly used for interacting or controlling the LHRD. A

mouse, joystick or wand can be turned into input device for LHRD screen-space.

Similarly tablets or mobiles phones can be used for controlling visualisations in

LHRD. There can be other uses to devices in LHRD environment. For example,

various types of environment or body sensors can be connected to LHRD. The data

they generate can directly or indirectly used by visualisations.

2.2.4 Notable Examples

Many LHRDs (hardware) were built around the world in different eras with

different capabilities and used by organizations and institutions for many research

topics.

Table 2.1: Notable examples to LHRDs (hardware) in the literature

Name Resol-

ution

(MP)

Screen

Area

(m2)

Number

of

Screens

Display

Layout

Display

Type

Ref.

RealityDeck 1532 117 416 Room

(4 sided)

LCD [148]

[122]

Stallion 328 24 80 Wall

(16x5)

LCD [139]

continued on next page
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continued from previous page

HIPerSpace 286 21.7 70 Wall

(14x5)

LCD [158]

[150]

HIPerWall 204 18.6 50 Wall

(10x5)

LCD [123]

NASA

HyperWall

167 21.3 128 Wall

(16x8)

LCD [104]

KPMG DO 130 37.2 64 Cylindrical

(313◦)

LCD [93]

Varrier

(CV-65)

124 13 65 Cylindrical

(132◦)

LCD [67]

Lambda

Vision

100 17 55 Wall

(11x5)

LCD [35]

[150]

Cornea

(C6)

100 55.7 24 Room

(Cube)

Projector [144]

[141]

CAVE2 74 41.8 72 Cylindrical

(320◦)

LCD [29]

StarCave 68 37.9 15 Room

(5 sided)

Projector [144]

Varrier

(CV-35)

67 7 35 Cylindrical

(132◦)

LCD [67]

NexCave

(KAUST)

43 12.2 21 Wall

(Curved)

LCD [92]

AESOP 42 23.2 40 Wall

(10x5)

LCD [92]

[150]

VuePod 25 10 12 Wall

(Curved)

LCD [103]

REVE 18 4.4 9 Wall

(3x3)

LCD [6]

CAVE 5.2 55.7 6 Room

(Cube)

Projector [29]
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2.2.5 KPMG Data Observatory

One of the LHRDs in the previous list has a significance to us, since the

GDO Software Framework is implemented for it. This is KPMG Data Observatory

in Data Science Institute, Imperial College London [93]. It was built in 2015 and

was the largest if its kind in Europe as of today. It features 132.7 million pixel

resolution on 64 screen circular wall with 313 degrees of surround vision. It uses

Samsung UD46D-P ultra narrow bezel professional video wall screens. It is powered

by 32 rendering nodes. It has 16x4 layout with 2.53m height and 6 meter diameter.

It is equipped with surround sound, distributed motion sensing and many other

interaction devices. It has a large touch screen console for collaborative user input.

It runs in 2 modes: one is clustered and the other is sectioned. In clustered mode 32

computer nodes power 64 screens. In section mode, 5 super nodes power 5 sections

of screens varying between 12-16 screens per node. It was designed, built and housed

by Data Science Institute at Imperial College London. It is home to many research

projects in the Imperial College London.

2.3 LHRD Software and Their Evolution

LHRDs are powered by various software systems around the world. The first

software for LHRDs is proprietary CaveLib that run original CAVE system [30]. We

have divided these software to 3 generations. First generation is the legacy genera-

tion that used MPI and OpenMP like clustering technologies for powering clustered

displays. Second generation focused on render distribution and streaming to LHRD

screens. There is a sub generation between 2nd and 3rd. This 2.5 generation fo-

cuses on render distribution, built on legacy technologies but has 3rd generation

properties such as heterogeneous visualisations and applications. Finally, the third

generation of LHRD software focus on web technologies, interaction, app orientation

and collaboration with only one example SAGE2.

2.3.1 1st Generation LHRD Software

First generation was designed and implemented in an era where there were

constraints in every area of resources such as storage, processing power, networking,

screen resolution and many more. They used legacy technologies as their build-

ing blocks while using legacy methods to overcome that era’s problems. The main



38 Chapter 2. Related Work

paradigm of that era was to use MPI based high performance clusters to power sys-

tems like these. These clusters were using OpenGL or other rendering mechanisms

for distributing renders to multiple screens. Another objective of this era was to

find solution for collaboration between different sites that these environments were

built. In order to achieve this, there were both software and hardware attempts to

share large volume of data and information between sites around the world.

Figure 2.8: First Generation Examples: JuxtaView (top-left) [90] Vol-a-Tile
(bottom-left) [166] and JuxtaView Infrastructure (right) [91].

A. CaveLib: CaveLib [30] [4] [27] is a proprietary closed source library that was

developed for CAVE system. It abstracts applications of CAVE from the system

and manages display process such as handling distributed perspective or issuing

synced swapbuffer commands. These applications use various CAVE provided call-

back functions to both render and access to CAVE specific hardware such as sound

system or wands to operate. It is an advanced system compared to its time and can

be seen as origin to other EVL libraries such as SAGE.

B. JuxtaView: JuxtaView [90] is a first generation LHRD software created to

power distributed displays like GeoWall2. It retrieves data from data storages and

pushes it to a distributed shared memory infrastructure called LambdaRAM (which

is built on QUANTA networking API). LambdaRAM than feeds this to MPI which

renders as OpenGL on screens. It has been used by US Geological Survey (USGS)

in the past for geographical data visualisations and The National Center for Medical

Imaging and Research (NCMIR) for medical visualisations[91].
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C. Vol-a-Tile: Vol-a-Tile [166] is a parallel application that uses MPI, QUANTA

and OpenGL to render large volumetric data on distributed tiled displays. It receives

data through QUANTA from OptiStore and Vol-a-Tile slaves and master using MPI

coordinates the visualisation using OpenGL with synced frame swap.

D. AURA: AURA [124] is a parallel rendering software for OpenSceneGraph

[145]. It can be deployed in multiple instances and thus enable parallel rendering of

OpenGL on LHRDs. It is similar to early versions of WireGL, however uses MPI

thus it can be categorized in 1st generation. It has two modes: Multiple Copies and

Broadcast. In multiple copies mode each node has a copy of the applications and

perform local render. In broadcast mode, only master runs applications and graphic

commands are distributed to nodes and transformed into OpenGL renders.

E. OptIPuter: OptIPuter [147] [13] is a conceptual hardware infrastructure for

implementing many to many Mux/deMux photonic switch hardware. These devices

designed to be used to create an optical network that can use various sources like

data and visualisation clusters, and distribute data and graphic streams coming from

these sources to compute and render clients and thus displays across the network.

It is a specialized hardware and middleware solution to replace existing networking

between clients of LHRDs and servers, data sources and compute cluster of LHRDs

by easy and fast switching and multicasting.

F. LambdaBridge: LambdaBridge [94] is an experimental architecture that uses

optical switches to create data and graphic IO network for large areas. It was en-

visioned that LHRD research hubs on different cities can send data and graphic IO

between each other using optical network composed of optical switches and special-

ized hardware on nodes (research hubs) to decode these. These systems can also be

used for optical multicasting which can scale images to tiled displays. Today, this

type of hardware is widely obselete as general networking solutions are sufficient to

perform the objectives of this architecture.

2.3.2 2nd Generation LHRD Software

Second Generation LHRD software were designed to distribute rendering of

2D/3D content mostly based on OpenGL. These libraries were not encumbered by

constraints on resources as much as the first generation libraries and thus dismissed
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use of legacy technologies such as MPI and instead used conventional networking.

They used various OpenGL and other graphic libraries and expanded them to dis-

tribute rendering in an LHRD using different methods.

Figure 2.9: Second Generation Examples: Garuda (left) [71] Equalizer (center) [59]
and CGLX (right) [32].

A. Distributed OpenGL and Virtual Display Driver: Princenton University

for their Scalable Display Wall project made a display wall out of 8 projectors

behind a screen. This system aligns projectors and performs parallel rendering where

projector images are optically blended. They developed 2 libraries for this wall:

a virtual display driver on Windows2000 for distributed desktop and Distributed

OpenGL driver for running OpenGL based applications such as classic games of

that era. In order to power these 8 projectors, a display cluster, computer cluster,

input cluster, a storage server and a sound server was used. [24]

B. TeraVision: TeraVision [140] is many to many video stream software de-

signed for LHRDs. Graphics rendered in cluster using TeraVision servers and clients

streamed to displays and LHRDs over TCP and UDP. It uses hardware aid to scale

to Tiled-Displays called VBoxes.

C. DMX: Distributed Multihead X Project [53] is a project to distribute X win-

dowing system to multiple displays that mainly used unix based operating systems.

It works through setting a single X server as a proxy to multiple X servers that

render on multiple displays. Through this a single continuous desktop can be drawn

on multiple displays. It is a broadcast based system where all X11 request and

OpenGL request are sent to X11 server nodes to be rendered. This system can be

run together with Chromium too. Although, this system has scalability issues with

large amounts of displays [2].
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D. CGLX: Cross Platform Cluster Graphics Library [32] is an OpenGL distribu-

tion based second generation LHRD software. It was developed for X-based operat-

ing systems and utilized GLX for direct rendering (AGL or Carbon in Mac OS X). It

features programming interface for hardware-accelerated rendering of OpenGL visu-

alisations on distributed display clusters. It works through providing a unified and

scalable distributed OpenGL context for users which modifies OpenGL directives

for distributed rendering. It uses Master-Slave architecture.

In CGLX, users interact with an application on the master node and generated

graphics events are distributed to slave nodes and rendered in sync. For allowing

multiple OpenGL graphics, CGLX has ”World Concept” which allows multiple sim-

ulation worlds to run on different parts of the tiled display. It also comes with a

program to manage nodes and servers of tiled-displays for using CGLX.

Figure 2.10: OpenGL (left), Equalizer
(center), Chromium (right) architecture
[60] as an example to second generation
architectures.

E. Equalizer: Equalizer [60] [59] is

toolkit for OpenGL scalable parallel

rendering for LHRDs. It is written in

C++. It uses client-server based clus-

tering. It performs sort-first or sort-

last parallel rendering. It has a hierar-

chical clustering where the system op-

erates through nodes (machines), pipes

(graphic cards), windows (display seg-

ment on screens), channels (rendering

area on a window). It uses a com-

pound paradigm where compounds are

data structures to describe parallel ren-

dering and compound trees are logical

description of rendering pipeline. For example, a tile compound describe in unit

how tiles should be rendered in the screen-space, a 2D compound describes how

unit 2D content should be distributed and rendered parallel, Pixel compound does

this for pixel to pixel. There are various compounds for enabling a catalogue for

different kind of visuals to be rendered in parallel. Compound trees utilize this to

create complex logical rendering pipelines with decomposition and re-composition.

This framework does not send OpenGL commands over the network. Instead all
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rendering is executed on OpenGL context where rendering tasks are sent over the

network. Moreover, Equalizer allows application development. Developers can cre-

ate C++ based applications that render on OpenGL. These applications have to base

on the provided C++ classes from Equalizer such as node, pipe, window, channel

to utilize Equalizer.

F. WireGL: WireGL [172] is a solution for scalable interactive rendering on a

cluster of machines. Its primary purpose is to enable parallel rendering to a single

display. However, in networking mode, it can render from multiple applications,

on multiple renderers to multiple displays. It conducts sort-first parallel rendering

using OpenGL API. It is comprised of application and rendering nodes. Clients

submit OpenGL commands in parallel to distributed renderers called pipeservers

which performs the parallel rendering. Through an image composition network,

these parallel renderers can serve images to multiple displays in a LHRD. This is

done through partitioning images that are designated to be displayed in LHRD into

tiles on pipeserver. Each pipeserver can manage multiple tiles. Final image will be

composed in parallel through image composition network. This pipeline will stream

OpenGL commands into renders from multiple applications to multiple renders to

multiple displays. The development of this project is currently suspended and it has

been rolled into Chromium.

G. Chromium: Chromium [34] [2] is another OpenGL distributed virtual graph-

ics pipeline (not to confused by web browser by the same name). It works in three

modes: One to many, many to many and many to one, applications to render-

ers. In chormium OpenGL applications can run unmodified. It uses a client-server

model and enable sort-first and sort-last parallel rendering options. It is successor

of WireGL as mentioned.

H. HiReD: HiReD [76] is a high-resolution multi-window visualisation environ-

ment for cluster-driven Displays. It is developed in C++ an uses OpenGL for visu-

alisations and VRJuggler[168] for middleware. It utilizes VNC for remote control of

the windows. It is not open-source. It is another conventional example of window

based second generation LHRD software.

I. Garuda: Garuda [71] is client-server based LHRD software that distributes to

client nodes geometry of visible objects through multi-casting. It can run OpenScen-
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Graph (OSG) [145] based applications without any modification as Garuda provides

underlying system for distribution. In Garuda, server upon receiving a new view-

point determines visible objects in the scene and send visibility information to nodes.

Nodes determine if the objects are still in the cache or not and report back to server.

Server than sends missing objects through serialization, form scene-graphs and mul-

ticast them to clients. Clients upon receiving this wait for swap order from the

server and when server broadcasts a swap order, they swap buffers to change frame.

J. CalVR: CalVR [26] [25] is an OSG based VR software designed for utilizing

clustered GPUs for 3D VR use. Although, it also supports displaying OpenGL

renders on tiled display walls. It is using a similar rendering distribution to WireGL

since WireGL is also designed initially for utilizing clustered GPUs to display on a

single screen. In design it has equivalents to pipeservers. It is programming language

is C++ and it supports plugins.

K. Infiniviz: Infiniviz [84] is a virtual machine based high resolution display soft-

ware for tiled displays. It renders desktops of operating systems run in virtual

machines. It distributes these desktops to virtual GPUs and these monitors send

frames to a frame buffer manager which encodes them with H.264. The manager

sends encoded frames over the network to display nodes of the tiled display which

renders these frames after decoding. It enables virtual desktops to be distributed

and rendered on tiled displays.

L. IceT: Image Composition Engine for Tiles [78] [138] is a system that performs

sort last parallel rendering to compose images for LHRDs. It is written in C. It is

designed to overcome the problems of software that uses sort-first approach which

renders frames at higher rates but has bottleneck on input for large data sets such

as WireGL. IceT has ParaView support, which enables scientific visualisations to be

visualised using IceT or system that enable IceT support.

2.3.3 2.5 Generation LHRD Software

Previous (2nd) generation LHRD software primarily focused on render dis-

tribution to LHRDs. However, they lacked application development or multi-user

interaction or collaboration support which 3rd generation focuses on. There are

few platforms that provides such functionality without the new technologies and



44 Chapter 2. Related Work

paradigms used in the 3rd generation such as web technologies. These platforms

were ahead of their time and provided advanced functionality using conventional

technologies. Therefore, we will denote these software as 2.5nd generation. There

are three main examples to these platforms: DisplayCluster, OmegaLib and SAGE.

Figure 2.11: 2.5 Generation Examples: DisplayCluster (top) [51]
OmegaLib(middle) [109] and SAGE (bottom) [73]

A. DisplayCluster: DisplayCluster [51] [50] is a cross-platform multi-user inter-

action oriented environment for LHRDs. It provides a virtual desktop for High-

res imagery, desktop streams, videos and parallel 3D rendering. It can connect to

gamepads, smart phones, touch screens, kinect and other interaction for multi-user
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interaction. It is window based and users can summon various applications anywhere

on the LHRD. It uses master-slave clustering. It is built on C++ and uses python

for scripting. It supports IceT applications, which can link to DisplayCluster and

stream directly, thus indirectly supporting ParaView visualisations.

B. OmegaLib: OmegaLib [109] [108] is a application framework for LHRDs. It

uses Equalizer for rendering pipeline and focuses on application support. It support

both 2D and 3D application development (OpenGL). Applications have replicated

execution on nodes that power the tiles they are on. If the application is not on

that part of the screen-space it does not run, or if it is on background, it runs just

on CPU. OmegaLib is built on C++. It uses a master slave clustering. It has a

custom template for applications which are developed on C++. It uses message

passing communication system to manage execution of applications such as starting

or stopping instances of them. Applications modules also use the same system to

communicate with each other. As a result, OmageLib applications can run on a

distributed manner.

C. SAGE: Scalable Adaptive Graphics Middleware [125][73] is a software system

for LHRD based collaboration and visualisation. It is a window based LHRD soft-

ware that is written in C++. It uses screen-space as a canvas and users interact

with the screen space directly through a pointer application. It has a file server

where users can place various file types such as audio, images, office documents,

videos and 3D apps. Users than use SAGE apps to display these files. It uses three

main libraries: one for streaming pixels (libsail), one for streaming audio (libsac)

and one for networking (QUANTA), which is used and evolved from OptiPuter. It

has an application interface called SAIL: SAGE Application Interface Library. Apps

using SAIL stream pixels to SAGE receivers (distributed) that renders the apps on

LHRD. Sage Receivers and SAILs are synced for this process. They also commu-

nicate with the window manager for organizing the distributed continuous desktop.

This manager is also connected with UI clients which users can utilize to open apps,

move or resize windows.

2.3.4 3rd Generation LHRD Software (Current)

Third generation LHRD Software development, current one, is focused on web

based and app oriented platforms. This generation aims to provide scalable, generic
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web based software. It intends to enable rapid development of applications through

using web technologies and thus provide versatility. There are only one example to

this generation: SAGE2 which is developed in EVL.

Figure 2.12: SAGE2 Architecture (left) and Examples to SAGE2 uses in different
display configurations (right) [129]

A. SAGE2: Scalable Amplified Group Environment [129] [128] [126] is a local and

remote collaboration and visualisation software for LHRDs. It originates from SAGE

and other EVL software developed over years. It provides similar functionality to

SAGE, although it uses web technologies and javascript instead of C++. In SAGE2,

LHRD screen nodes are run by web based display clients that can run on browsers.

These clients are connected to a SAGE2 server which is a node.js based javascript

server. These clients render visualisations through various mechanisms. Common

content are rendered through using HTML, videos are pixel streamed in YUV blocks

and for 3D WebGL is utilized. There are also interaction and audio clients and

other input servers that connect to this server. It uses web sockets to communicate

between clients and server. SAGE2 is window based and similar to SAGE in use.

Users can open application instances using UI page and on-screen virtual desktop.

They organize and control these applications through an on-screen pointer called

SAGE Pointer.

SAGE2 also provides an application development framework alongside an app-

store which is hosted in their webpage [126]. These applications are developed in
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javascript and utilize SAGE2 rules and API to render on LHRDs. For this to hap-

pen, SAGE2 provides API and context for rendering various HTML based and other

typed content. Developers using javascript program how canvas provided by SAGE2

is utilized. In SAGE2, developers are not given direct access to HTML content on

nodes and have to use SAGE2 context to manipulate given canvas. Although, a

workaround is provided by SAGE2: which is webview based applications, that en-

ables running web pages distributedly in SAGE2. Thus, developers can create a

visualisation web page and try to run it in SAGE2, although there might be scaling

and interaction issues with complex web pages. Furthermore, instead of rapid devel-

opment, developers can choose to implement complex applications within SAGE2.

They can utilize various external libraries or non-native language and create com-

plex, multi-user and interactive applications.

There are various applications developed for SAGE2. These include unity de-

mos, to image browsers, to ParaView[116] integration for scientific visualisations[75],

maps applications to charts applications and many others. These applications allow,

users to deploy various visualisation content on the virtual on-screen canvas/desktop

SAGE2 provides. Furthermore, they can use the SAGE2 UI to have an on-screen

pointer, share their screen as a window, load multi-media content as a window, ar-

range the windows on the canvas or configure settings. There can be multiple users

doing this simultaneously.

As a result, SAGE2 is a good example of 3rd generation LHRDs software.

It provides various content to be visualised, has app development, is web-based

and allows multi-user interaction. Thus, it provides a collaborative environment for

LHRDs.

2.4 Critique of LHRDs Software Platforms for Visual

Data Analytics

In summary, we have explored three research areas in this chapter. First of

these research areas is Data-Driven Multi-disciplinary Research Projects that are

trending with emergence of Big Data and Data Science. These projects utilize the

increase in data-availability in last decade and try to find new solutions through

collaboration of cross-field teams. Imperial College Data Science Institute and other

similar newly built research centres aims to target these multi-disciplinary research
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as an objective.

Second area we explored is Visual Data Analytics. This area intends to help

research by providing data analytics through visualisations. This area, which we

see as one part of the solution to data-driven multi-disciplinary research projects,

also evolved in last decades. It now uses web-based, interactive, app oriented, on-

demand, cloud hosted visualisations and analytic methods to conduct visual data

analytics.

Finally, the third area we explored is Large High Resolution Display Envi-

ronments (LHRDs). This is the second part of the solution to aid data-driven

multi-disciplinary research projects. These are multi-million pixel LCD tiled dis-

plays or projectors that are used in research centres as visualisation environments.

The software powering these environments have few generations. Older generations

are mostly obsolete in technology and methods. Over the years the research in the

area have slowed down and only few examples stand still on later generations. Unfor-

tunately, these examples also shifted their focus to productivity and collaboration.

Combining these areas, we set our objective to enable performing Immer-

sive and Social Visual Data Analytics and Data Science on Data-Driven Multi-

Disciplinary Research utilizing collaboration and unique display properties of LHRDs.

This requires existing techniques of modern visual data analytics to be integrated

into LHRD environment and then extension of these techniques to further utilize

LHRDs unique properties for given purpose. We also want to utilize existing research

on LHRDs software as well.

In order to do this, we have explored design landscape for a Visual Data

Analytics software on LHRDs and identified the challenges it has to solve. This

is discussed in length in 3rd chapter, since it is a new and novel approach. Here,

we will briefly introduce these, so we can evaluate the existing software on these

requirements/challenges and justify our decision to take a new and novel approach

to enable Immersive and Social Visual Data Analytics on LHRDs for given objective.

We can divide these challenges into 4 aspects, these are:

1. Collaborative Use of LHRDs in Visual Data Analytics: LHRDs should

be utilized in various types of sessions with users with different roles for Visual

Data Analytics. Furthermore, they should be able to enable various use-cases
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such as: Data Exploration, Collaborative Analytics, Design, Simulation, Op-

eration and Control, Research and Development, Presentation, etc. The re-

quirements of this aspect is very diverse. In summary, LHRD software should

have app deployment; layout, interaction and control capabilities; management

functionality focusing on visual data analytics; presentation utilities or capa-

bilities; distributed debugging utilities; flexible setup for various deployment

options; external library freedom for versatile app development for satisfying

designated roles; session types and use-cases in general.

2. Immersive Display and Management of Data Visualisations on LHRDs:

LHRD platform should provide various display, management and interaction

capabilities for Visual Data Analytics purpose. They should be able to create

unified display area out of distributed display nodes, enable deployment of

visualisations on this area. They should employ management mechanisms for

visualisation deployment, setting layout of visualisations, saving and restoring

sessions and providing user interfaces for management of the system. They

should be flexible on display technology and setup, and enable remote deploy-

ment.

3. Data Visualisation Apps and their Development on LHRDs: LHRD

software should allow development of data visualisation apps. These apps

should support a certain list of properties. Most significantly, these apps should

work as plugins and can be instanced. They should be deployable with various

data and configurations. Users should be able to interact/steer/control or

configure these applications. They should be able scale to any section of nodes

on LHRD. They should be able to utilize various internal or external libraries,

data or APIs. Their front-end should be web-based and rapidly developed.

They should follow certain standards so global utilities can work over them.

They should be distributed and API-based and thus they can coordinate and

have distributed operation.

4. Data-Driven, API based and Collaged Data Visualisations on LHRDs:

LHRD system should connect and utilize many data sources, enable many data

processing and distribution mechanism. It should also enable programming

functionality over dynamic distributed components over API on the system

thus users or developers can script complex session types. Finally, system
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should allow syncing deployed data visualisations on certain parameters and

enable creation of dynamic and interactive data scenes that are composed by

collaging and syncing heterogeneous data visualisations.

When we evaluate existing LHRD software on these key aspects, we discover that

they show significant lack of capability in this type of use.

A. 1st and 2nd Generations: The first and second generations of LHRD soft-

ware, only able to satisfy certain items on first and second aspects and lack on other

two aspects completely. These generations usually can create unified screen-space

and enable distributed rendering where a large visualisation can be scaled. However,

they do not provide app-orientation and hence enable implementation or integration

of general data visualisation apps, do not provide mechanisms for interacting with

visualisations, do not provide mechanisms for management of data visualisations or

creating layouts. The visualisations that can be used with these generations usu-

ally have to be implemented in OpenGL or other libraries which are not developer

friendly and in some cases they should be implemented part of system code and not

as plug-ins. There are no mechanisms for data-driven visualisations, linking visu-

alisations or logic, or collaging synced visualisations. Finally, they are based on or

use obsolete technology or methods, thus cause compatibility problems with more

recent resources and libraries that developers may want utilize. Therefore, we can

conclude that they are highly incompatible with this purpose.

B. 2.5 Generation: In the 2.5 Generation, we have DisplayCluster, OmegaLib

and SAGE. These platforms again satisfy certain requirements in first and second

aspects, similar to 1st and 2nd generations, as they can create a single display area

out of distributed display nodes and offer deployment of visualisations. What is

improved from first and second generation is layout options as these can create

visualisation scenes in many layouts like a desktop and offer system level interaction

such as on-screen control. However, management of the system do not take data

visualisations or visual data analytics into consideration. So, they do not have

configuration, control or interaction over applications, saving or restoring sessions.

On the third aspect, even though they provide app development, these platforms fail

on many properties. Most significantly, they fail on providing apps that are general,

interactive, distributed, web-based, collagable, data-driven, API-based; where these
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properties are essential to data visualisation apps that are to be used in visual

data analytics. In all 3 of these platforms, applications are developed in C++ and

therefore they are not very developer friendly and also not enable rapid development

as much as web-based technologies. Finally, for the 4th aspect, they completely lack

on enabling data-driven, API-based, collaged or synced applications.

C. 3rd Generation: In the 3rd Generation, the only platform is SAGE2. This

platform satisfies certain requirements of the first and second aspects. It creates

a unified display area out of web pages and allow deployment of visualisations as

windows to the display area. It contains many management functionality mostly fo-

cused on on-screen control of visualisations. It is more flexible on display technology

and setup than 2.5 generation since it uses web technologies. However, management

functionality is again oriented around desktop like use and not visual data analytics.

Applications are interacted on screen-space and in a very limited fashion. Another

problem is session management, where it is limited with sage2 as users can not save,

load and program sessions containing multiple apps. However, we can also see that

this generation has major improvement in collaboration in terms of roles and session

in general, but still lack in satisfying use-cases that we target.

SAGE2 allows more properties than the 2.5 generation on the 3rd aspect.

It allows application development and has library of applications. Although most

of these applications are collaboration and productivity oriented instead of data

visualisations. These applications are scalable to screen-space, although SAGE2

limits scalability of applications, such as resizing them, so they come in given sizes.

Still, developers can implement applications that can span to most of the displays.

This pre-defined scaling approach creates problems on creating collaged data visu-

alisations in layouts, where users may want to create different layouts out of data

visualisations. Another problem regarding app scaling on SAGE2 is it uses pseudo

scaling and distribution. SAGE2 application runs in copy on all nodes with very

limited coordination. As a result, they do not run in a distributed manner where

they coordinate properly. They only differentiate on parameters. For example, an

image is deployed to SAGE2 screens, every node displaying the part of the image

loads the whole image and zooms to corresponding part. If there are 64 nodes dis-

playing the image, that means each node loads 64 times more data or resources than

they need to and thus creating a potentially disruptive overhead, which can slow the
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system to a point where browsers on the display nodes no longer respond.

In terms of interactivity and generality, SAGE2 applications show limited

interaction options as they can only be interacted through on-screen. SAGE2 in-

teraction focuses on desktop style use. This creates problems in data analytics pre-

sentations as users cannot control and interact with applications through tablets,

but instead deploy them through tablets and interact with them through virtual

pointers. Therefore, SAGE2 applications cannot be configured/controlled or steered

the way our use-scenario intends. In terms of generality, these applications are not

designed to be general data visualisations. Their system paradigm do not support

configurations, templates or data selection for applications, furthermore their dis-

tributed app paradigm have limitations on dynamic distributed operation due to

their serverless app design, thus it is not possible to provide different data and con-

figuration to app logics on the displays nodes without major overhaul on the system,

thus seriously limiting implementation of general data visualisations.

As a result, we can conclude that none of the existing solutions are compatible

to be used in immersive and social visual data analytics on LHRDs for data-driven

multi-disciplinary research projects including only third generation software SAGE2.

Therefore, in the next chapter, we will explore in depth the design issues and chal-

lenges for a novel approach for this objective.



Chapter 3

Design Issues and Challenges

In the previous chapter, we have surveyed existing software platforms on LHRDs.

We have concluded that performing modern visual data analytics bares significant

problems on existing platforms for data-driven multi-disciplinary research projects.

As a result of this, this thesis took the task of searching for a new software ap-

proach for enabling immersive and social visual data analytics on LHRDs for this

objective. But first of all, this approach should identify which capabilities, features

and properties should be suitable for a platform with that orientation. Therefore,

the purpose of this chapter is to layout design landscape and issues for a software

framework for performing immersive and social visual data analytics on LHRDs for

multi-disciplinary data-driven research. Furthermore, it should identify technical

challenges that needs to be solved which these findings impose on this platform.

In order to do this, we divided this landscape into several aspects. This chapter

will go through these aspects to identify design issues and challenges for implement-

ing a platform for the given task. Afterwards, in the final section of this chapter, we

will transform findings of these aspects into a list of technical challenges that needs

to be addressed. These aspects are:

• Collaborative Use of LHRDs in Visual Data Analytics: Explores dif-

ferent types of users, session and use-cases.

• Immersive Display and Management of Data Visualisations on LHRDs:

Explores various display, management and interaction functionality for this

purpose.

53
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• Data Visualisation Apps and their Development on LHRDs: explores

app-orientation of the system, its development and properties of applications.

• Data-Driven, API-based and Collaged Data Visualisations on LHRDs:

explores data-driven property, API based distributed operation and scripting,

syncing and collaging visualisations.

3.1 Collaborative Use of LHRDs in Visual Data Ana-

lytics

LHRDs potentially can provide an environment where research teams are sur-

rounded by data visualisations, which they can interact to conduct visual data ana-

lytics. Therefore, they can use this environment as a medium to perform discussions,

decision making, analytics and other collaborative activities. It enables the mem-

bers of the research team to communicate and work through data visualisations.

This considerably new way of communication and work style increases collective

understanding of data, ideas, concepts, logic and information on the research sub-

ject. Considering most of the research are performed by cross-field teams in recent

years, this becomes significantly beneficial, since the collective understanding of each

other’s field to a degree is required during working in a cross-field project. Thus,

these environments can be used as a hub, where cross-field projects’ analytics and

discussions are performed through on-demand interactive data visualisations. In this

aspect, we would be identifying user and activity types, session types and potential

use-cases of these visualisation environments under visual data analytics use. The

purpose of this section is to align the software framework’s features and properties

to this targeted type of use and extract requirements by this more abstract aspect,

in comparison to other aspects in this chapter which are more concrete.

3.1.1 Roles on LHRDs

First topic is the user and activity types. This topic will help us understand

what kind of interactivity would be needed in a LHRD platform for visual data

analytics. During our experiences in KPMG DO, we have encountered with mainly

4 types of user roles. These are Administrator, User, Spectator and Developer.

A. Administrator: In our experiences, administrator should be a super-user that

has access to management functionality of the environment. These include system
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settings, configuration, visual layout of apps, casting functionality and other utili-

ties. Admins are expected to be tasked to perform management activities on the

environment such as preparation and execution of sessions through setting overall

configuration of the visualisation environment. Furthermore, they are expected to

be tasked controlling the environment during sessions and supervising the session

both digitally and physically by administrating spectators and users. As a result,

they would need administration interface to control and manage the system. This

interface should have all the functionality mentioned above and moreover it should

be available on a mobile device where they can carry such as a tablet, so admin can

also administer spectators and users on foot while managing the system.

B. User: User is an entity that interacts with visualisations on the LHRD. Users

should be able to deploy and control visualisations through interfaces on laptops or

tablets or other interaction devices. They should have a control interface made avail-

able to them which can be used to change visual layout of apps, launch apps, control

parameters of apps, deploy data to apps or steer visualisations. Users through these

activities can perform data exploration, presentations and collaboration based ses-

sions. In these sessions, user can summon up various visualisations and data to

express themselves or back their ideas up through visualisations. As a result, users

should made available with a similar interface to admins. In addition, this interface

should enable control, configuration and steering of visualisations.

C. Spectator: In contrast to other visual environments, spectators benefit from

interactive and coordinated approach of the environment in addition to its size

which can be configured to deploy various layouts with tens of visualisations on the

display area. This gives a new perspective to spectators as they can both see a larger

picture on data provided by visualisations and go near the visualisations and see finer

details on data on large visualisations, or compare many different aspects of data on

multiple visualisations. Spectators in the environment can host a discussion related

to visuals. Being surrounded with related visualisations can enhance the experience

of that discussion and act as a base to the discussion that is being hosted. Existence

of multiple visualisations or interactive visualisations can be used to enrich even

further the discussion’s effectiveness.

However, in data analytics orientation, use of screen-space should be different

than other examples on the literature. It should not be in a desktop style where



56 Chapter 3. Design Issues and Challenges

visualisations represented as windows and moved around. First of all this creates

nausea on users in a large environment from our experiences, and secondly it re-

duces efficiency on usable screen-space. Since the purpose is visual data analytics,

instead of windowing the focus should be on a dynamic collage of visualisations like

a dashboard, which enables users to compare and contrast. Thus, this mechanism

will enable more efficient use of screen-space.

Moreover, spectators or users in the environment can be subject to research.

This is performed by reading data of spectators through various devices. The usual

research type for this is behavioural research to learn how spectators or users engage

in visualisations or respond to them. The resulting requirement of this is being able

to integrate sensing devices to the software, where visual applications can make use

of the data generated by these devices, aligned with what is being displayed.

D. Developer: Developers should be able to use these environments for testing

or debugging applications. They should have elevated access to the environment in

order to perform their duties. Usually, core developers are given full access, while

app developers are given limited or supervised access during their test or debug-

ging session. This involves deploying and testing components and applications in

distributed environment. Furthermore, developers should have debugging utilities

to ease performing testing on this distributed system. Developers should be able

to know what is happening on each display node or on the server, be able to ex-

ecute actions on any of these distributed locations to effectively perform testing

and debugging. This involves enabling a more permissive and accessible distributed

system where distributed locations and components can be accessed and debugged

remotely and they should be able to display their status and events on screens during

the process.

3.1.2 Sessions in LHRDs

There are certain types of sessions we have encountered during our experiences

in KPMG DO, which are different in terms of layout of spectators, communication

style and how the environment being utilized. Identifying these will help us under-

stand what kind of usage scenarios that we should enable in LHRDs in contrast to

other platforms. These session in general are Unsupervised, Supervised, Presenta-

tion, Debugging, Partitioned and Remote.
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Figure 3.1: Examples to Sessions in LHRDs (on GDO).

A. Unsupervised Session: Unsupervised session is a session where multiple users

are free to launch and interact with various visualisations in order to perform tasks

at hand. The common use case for this session type is exploration and free flow

discussions and meetings. In comparison to the conventional discussions, users uti-

lize the environment to launch various visualisations to support their ideas, show

interesting aspects, compare to other users’ visualisations and perform many other

collaborative activities. Thus in general, visualisation space is used as a medium

and aid for communication and collaboration. The boundaries where each user can

deploy visualisations or control visualisations can be determined both digitally and

verbally, or they can just deploy wherever is available and control all on-screen

visualisations (simultaneously). Generally, this type of session better suited for ex-

ploration, fact-finding, discussion and other brain-storming and creativity sessions.

Specific requirement arising from this session type, other than visualization deploy-

ment and management capabilities, is availability of concurrent user interfaces that

can interact with display area simultaneously, thus multiple users can interact with

display area using their designated UIs.
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B. Supervised Session: Supervised session is where the environment control is

not free for all like unsupervised session. In this session, a person with administrator

role has the control of the environment. Admin has the decision over casting controls

to spectators and making them users over decided apps on screen-space. Admin

casts these controls to user tablet or laptop. In case admin decides not to share

control, spectators can request to see different aspects of visualisations or data, and

admin through his or her control interface decide to perform those changes. This

is preferred session type when spectators are unskilled or untrusted for operation of

the environment or when the discussion should be performed on a given structure

or flow. One way of having this supervised control is to have a touch console on the

grounds of the environment, where users can interact with the environment under

supervision. Also, user devices can be given with a limited functionality UI, where

only admin can cast controls to users. In comparison, the large touch console enables

many spectators to engage collectively, and admin can teach how to use the system.

C. Presentation Session: This session type is used for presentations. There is

almost no direct control given to spectators. Presenter either directly through an

interface or by the help of admin guide the presentation. In comparison to conven-

tional presentations, presenter can benefit from heterogeneous visualisations that

can be used to show multiple perspectives of data, can take multiple paths on the

presentation due to interactivity such as summoning up visualisations on-demand

or program interaction or animation to visualisations to enhance its effectiveness

on spectators. In order to perform this session type, either a complex presentation

application should be built for carrying presentations or existing apps should be uti-

lized and admins should be enabled with scripting functionality over app deployment

and control of deployed apps. For example, admin loads a scene with certain visuali-

sations, trigger interactivity or actions on deployed visualisations on that scene such

as animations or change of data-sets. Admin can move to next scene (slide) through

loading another set of applications. Thus, admin can perform a presentation on

system level rather than inside an app.

D. Debugging Session: This session is used to debug and test apps and com-

ponents by developers. Developers may not always get same results for their codes

that they build on single screen setups in comparison to distributed display envi-

ronments. Therefore, they may need to deploy and test on the environment itself.
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Developers use various utilities not available to users to ensure correct operation of

their coded parts. They test for:

• Generality and scalability

• On screen discrepancies, undesired artifacts and anomalies

• App or component launch and clean up

• Interfaces

• Touch controls if any

• Distributed operation

• App risk for epilepsy or other user health or comfort issues

In order to test and debug these, developers should be given certain distributed

testing utilities. First of all, they should be able to see what is happening on

each node and their status. They should be able to see what is happening on

user devices where UI are displayed and also on the server. Furthermore, they

should be able to react to problems by executing actions on the distributed locations

and components where the problems can arise during distributed operation. This

emerges the requirement of API based distributed operation, so a developer can

execute dynamic actions on distributed locations.

E. Partitioned Session: Partitioned session is where different sessions are per-

formed on different partitions of the screen space. This is possible only for tiled

and large displays. This is highly recommended for medium and large screen spaces

as they may be highly desired for use and thus it might be required to schedule

them and this schedule is usually busy. Thus solution is to group non-priority ac-

tivities that does not require full screen space or environment area together. In the

partitioned session, users and admins are given control of different partitions of dis-

play area to operate. This can be determined verbally under same server or through

other mechanisms where multiple deployments made possible under same server. On

each partition, the team given the partition performs their session. If partitioning

is tried to be performed digitally, than the system should be flexible on setup and

thus multiple server deployments can run on cloud and power different partitions of

display nodes without manually reconfiguring display nodes. If this is powered by

a single server instance, than multiple user control/management interfaces should
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work concurrently and they can interact with apps on screen space without having

conflicts while they can agree on areas verbally.

F. Remote Session: Remote session is where two remote sites collaborate using

these environments. Generally, there can be one server in charge of displaying vi-

sualisations on both sites, or two servers in communication between each other to

display visualisations on their site only. On the first case, remote site has to connect

local server and be able to duplicate display nodes on local server in their location.

So in this case, both sites are showing the same display area by duplicate operation

of nodes. So, each node display is open on all sites, and server broadcasts data to

display nodes on all sites. Another case is, there is still a single server, but it is

configured to host display nodes on both sides. For example, site A has 16 nodes

and site B has 32 nodes, thus the server is configured to operate with 48 nodes,

powering displays on both sites. Also, collaborators on both sites can deploy visu-

alisation on both sites. In the final case, where there are two servers, one for each

site. Servers has to communicate with each other to exchange commands for this

dual operation. Another issue on this topic is, individuals interacting from remote

sites. In this case, an individual should be able to open a control interface from a

remote location and control visualisations on the local site. This session type also

related with interoperability, where remotely hosted visualisations deployed to local

displays and interfaces. The challenges raise by this session type is regarding flexi-

bility of deploying clients of the system. For example, in a web based solution, the

screen interfaces on display nodes can be deployed anywhere in the world or have

duplicates operating at the same time. Same goes for user interfaces deployed to

web clients on user devices. Thus, using web clients and flexible deployment, first

two cases discussed here can be supplied. For the final case, the servers should be

able to communicate and this has to be manually implemented on server code.

3.1.3 Use-cases

We have explored various use-cases that LHRDs under Visual data Analyt-

ics use can be utilized for. This exploration helps us to understand system and

visualisation needs and requirements for these use-cases.

A. Exploration: In this mode, users can deploy several data visualisations to

visualise their datasets. They can use any visualisation on any section of the screen
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space on demand. Furthermore, visualisations can be controlled through control

interfaces. Moreover, visualisation can be linked together on a logical level for

coordinated visual scenes. This mode enables users to explore data from many

perspectives. Data exploration mode is a generic mode and can be utilized by many

areas. Basically, any entity that has to research on large amounts of data can make

use of it. Furthermore, this mode can be utilized as a complementary to other

modes as data exploration can be required time to time to the remaining modes

in this list. The advantage of using LHRDs for this purpose is the screen space

and dynamicity. Users can be subjected to both details and big picture, perform

on screen comparisons as many visualisations can exists simultaneously and thanks

to the dynamicity provided they can move visualisations around, open and close,

dive in or focus out at will or script them to do various animations. Finally, they

can change how data is connected and processed and visualised on-demand, such

as changing datasets, visualisation styles, processing elements on will. In order to

enable this mode, users should be able to deploy general data visualisations with

any configuration or data on any screen area and be able to control and interact

with them. Furthermore, these visualisations should be able to sync and operate

collectively on-demand.

B. Collaborative Analytics: In this mode, users of the environment use the

system as a digital visual aid to collaboration. They can project any visualisa-

tions on screen-space to back up their discussion, demonstrate a problem, present

an idea and conduct many other collaborative activities. They can control collec-

tively the visualisations in the screen-space, changing parameters, data and other

variables. They can interact with visualisations using various interface and inter-

action methods. Various collaborative activities and sessions can be performed in

LHRDs. Therefore, users can use the visualisation space and interfaces as a sup-

plementary system for collaboration and utilize it as a medium for communication

using data, visualisations and analytics. This mode is suited for data science and

multi-disciplinary projects as it enables researchers from different backgrounds to

express themselves to other researchers through data visualisations and perform an-

alytics not based on abstract conversations but using visual screen-space. This mode

requires, in addition to the requirements of exploration, a management functionality

on the system that is purposed for visual data analytics. Furthermore, since it tar-
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gets multi-disciplinary projects, it would require custom app development in order

to accommodate those projects’ visualisations on the LHRD.

C. Design and Simulation: In the first part of this mode, LHRDs can be used

as a 3D design studio. This can be industrial design, architecture, city planning,

physics, video games, etc. Main advantages over conventional visualisation tech-

niques is if the design project contains data, this data can be visualised at the same

time on the screen space and effectively monitored during the design session, through

using other apps and overlays. Furthermore, renders of different angles or filters can

be displayed simultaneously for comparison. Being able see multiple angles and fil-

ters alongside with data on same screen space greatly enhances and speeds up the

decision making process on every step. As a result, 3D design mode will provide

unique capabilities especially for design projects that has to consider lots of per-

spectives during design process, such as AR, VR development, architecture, system

design, industrial design in many sectors and many other areas. In order enable

this part of this mode, 3D visualisation libraries should be enabled in the system,

where they can create 3D scenes using distributed displays with proper scaling and

without any performance issues. Moreover, the apps should operate over API, and

thus accept stream of contents and control.

Simulation part, takes design mode one step ahead and enables the simula-

tion of design (Not necessarily have to be 3D). In this mode users can visualise

simulations. Through this mode, users can utilize large screen space to display the

results of the simulation or simulations compared to the actual data on the same

screen space. The main advantage here is that LHRDs allow researchers to compare

results and existing data on many aspects. Furthermore, the on demand deploy-

ment of visualization modules allow researchers to investigate events of interests.

Moreover, these simulations can be easily connected to research data and over API

can be used to enhance or program simulations. In order to enable this part of the

mode, this 3D visualisation library or app can be inherited or customized for further

interactivity rather than being a 3D demo or design studio and hence have specific

app logic and interaction functionality designed for simulation.

D. Operation and Control: There are many organizations that have to manage

large operations like traffic, factories, hospitals, cities, space technologies, etc. Since

these operations have an ever evolving nature due to their size and cost, they have
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to be actively monitored, researched and improved. If LHRDs are connected to

the systems that manage or store operational data, these studios can act as an

operation and control center. However, unlike the other operation centers, due to

their versatility the research on the operation and development on the systems that

the operation is based on can be performed in the same studio. Moreover, data

exploration can be used to solve problems and anomalies day to day.

This mode requires display of heterogeneous data visualisations such as maps,

graphs, charts or video streams simultaneously. Furthermore, these applications

should be able to receive data as a stream and display visualisation of this data

dynamically. Admins of this mode should be able to focus on certain visualisations

or change layout visualisations or datasets or configuration on-demand thus the

platform should support these capabilities.

E. Research and Development: LHRDs can also be utilized for research and

development. This mode makes use of other modes like design, simulation and

exploration. It will be deployed in a research center for being a hub for that research

area. It can be used for various custom apps for research or use of common apps

for research purposes. Furthermore, through the interaction devices the studio itself

can be transformed into research environment where spectators can be turned into

subjects of the research.

If the research is on a digital product or device, the studio can also behave

as a development center for that research. Devices can be designed, simulated,

operated and tested using the LHRDs, considering the programming elements can

easily be connected to visualisation modules. The large screen space will enable

the display of data the devices produce at the same time the current states of the

programming. This enables the developers to see correctness of their programming

through monitoring the data. This mode can act as a hub for device and system

research, especially for devices and systems that operate in physical world through

sensors and cameras, where their view can be visualised in the system alongside data

and algorithms.

The requirements of this mode is very similar to previous modes with only

addition of integration of research devices such as sensing devices or external sys-

tems to the platform and enable utilization of these devices and systems by the

applications of the platform.



64 Chapter 3. Design Issues and Challenges

F. Presentation: The presentation of any mode can be performed in the same

screen space. Thanks to versatility and programmability of such environment can

provide. This presentation can be dynamic and interactive, which is up to the cre-

ativity of the developers. Users can create dynamic presentations that can take

multiple paths. Presentations can be animated on multiple visualisations across

the screen-space. For example, a presenter can start from left to right and during

that animations activate on the region presenter explains. These presentation can

be connected to direct or indirect interaction devices. Spectator data can be col-

lected and can affect presentation. Audience can connect through mobile devices

to presentation quizzes or feedback. As a result, complex, dynamic and interactive

presentations can be performed.

This mode requires a specific presentation app or system functionality that

enable presentation through other apps. In either case, presentation should be able

to deploy and layout visualisations, control these visualisations, program or script

these visualisations through a collective logic. Furthermore, this logic should be

connected to an interface where users can design a presentation within the app or

through system utilities with desired data scenes on every slide, and also interaction

capabilities. This requires distributed scripting, coordination, API based operation

on general data visualisation apps and an underlying management system.

3.1.4 Conclusion

In conclusion, we have explored collaborative side of visual data analytics,

types of users, types of sessions and variety of use-cases. We have identified some

general and specific requirements arising from these issues. This aspect provided and

prepared us in terms of what kind of software would be required for Visual Data

Analytics on LHRDs for multi-disciplinary data-driven research. In the next aspect,

we will delve into specifics further by exploring immersive display and management

of data visualisations which is one of the obvious requirements of this aspect.

3.2 Immersive Display and Management of Data Visu-

alisations on LHRDs

This aspect focuses on mechanisms for deploying, rendering, controlling and

managing data visualisations on LHRD, in an immersive way for the purposes of vi-

sual data analytic. First of all, a software for visual data analytics on LHRD should
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enable scalable and heterogeneous data visualisations to surround users of the envi-

ronment. In the first section, we would be identifying various display mechanisms

regarding this. Furthermore, such system should provide management mechanisms

for deployment and arrangement of data visualisations, also administration of the

system as we identified in the previous aspect. In the second part of this section, we

will explore requirements in management area of the system. Moreover, in a system

like this users should be able to interact with visualisations in order to configure,

control or steer them. In the third part of this section, various interaction mech-

anisms will be discussed to determine the interaction requirements of the system.

Finally, we would explore remaining topics such as reliability, inter-operability and

remote operation.

3.2.1 Display Paradigms

Immersive data visualisation environment for analytics on LHRD should come

with certain display mechanisms. We have identified most mandatory ones in this

part and divided them into three categories: Distributed Rendering, Heterogeneous

Visualisations, Layering.

A. Distributed Rendering: First of all, on a platform such as this, visualisations

should be deployable to multiple distributed displays. In the literature, this can be

achieved through various hardware and software solutions. In this thesis, we are only

interested in software solutions that are compatible and suited for visualising data.

Among various methods that achieves this in the literature (discussed in chapter

2), we are only interested in ones that can achieve visual scalability. Therefore, the

key challenge here is to be able visually scale data visualisations, where apps on the

system will be able to scale to large number of nodes while displaying millions of

data elements without having major overhead on system resources that can affect

load time or responsiveness of the app. Failure to do this will cause spectators of the

environment to wait considerable amounts of time for data visualisations to load or

wait when they interact with visualisation by re-configuring or steering them. Data

visualisations should be responsive enough when scaled. Failure to achieve this will

cause most use-cases to fail that is identified in the last section. As a result, we

would need a system to scale general data visualisations to screen-space composed

of large amount of distributed display nodes.
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B. Heterogenous Visualisations: Secondly, users should be able to deploy var-

ious visualisations on to the display environment in any layout. First requirement

is to be able to deploy more than one data visualisations to display area and in

different layouts. The key here is the flexibility, hence allowing users to deploy any

visualisation to any area and any combination of visualisations in any layout. Second

requirement would be to allow users to be able to deploy and unload visualisations

safely through interfaces or through API. Finally, multiple instances of the same

general data visualisation with different data and configuration should be deploy-

able on the same display area. As a result, the system should enable deployment,

arrangement and unloading of general data visualisations through a management

mechanism in any layout to any area on the screen-space of LHRD.

C. Layering: Another paradigm that we are interested would be layering of visual-

isations. This mechanism could be used as overlay of data on existing visualisations,

overlay of system utilities or AR functionality. This mechanism would work through

synching spatial coordinates of visualisations that stack on top of each other through

z-indexes on display area. Through transparency, visualisations with higher z-index

would serve as overlays and provide data enrichment or system utilities over other

visualisations. System level of the platform should allow system level overlays and

also apps should be able to benefit from layering for displaying data with multiple

layers or displaying other information such as labels or legends over the visualisa-

tions. Therefore, the system should enable layering on its interfaces and display

nodes both at system level and app level.

3.2.2 Management Paradigms

Another important aspect for enabling immersive use of LHRDs for visual

data analytics is management mechanisms which enable management of distributed

display area and visualisations on it.

A. Unified Display Area: First mechanism is regarding displaying a unified

display area. This mechanism is about running system logic on individual display

nodes and enable overall unified operation on cluster of display nodes. Display area

would be blank by default. Users should be able to deploy various visualisations on

selected areas through coordination of system logic on cluster of nodes and server.
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B. Visualisation App Deployment: Users of the system should be able to

deploy any visualisation app to any area in any layout onto the display nodes. Fur-

thermore, users should be able to select configuration of apps and be able to interact

with deployed apps. Finally they should be able to unload apps from display area

safely without left overs. These should be made available on easy to use interfaces

to enable sessions and use-cases described in the previous chapter, so an user should

be able to select various apps, select their configurations and be able to deploy them

in any layout through this interface.

C. Saving and Restoring States of the Environment: Our experiences from

KPMG DO showed us that different sessions require different content as the envi-

ronment is used for many diverse projects. Therefore, mechanisms will be necessary

to save the current layout as a system state and be able to transition between these

saved states. Therefore, the system should be able to store or restore visual layout

of the apps with their configurations. Furthermore, system should able to trigger

interactive elements on restoration of states, such as starting animation, syncing,

etc.

D. Debugging and Testing: Another important issue identified in the previous

aspect is debugging and testing. Since this is a distributed environment, developers

cannot always develop on the environment itself. Therefore, they usually develop on

a single computer and use the LHRD facility for testing. Since testing on LHRD is

performed on a distributed and clustered system, it requires special utilities to aid

developers in this process. First of all, distributed elements should be able to show

their states and current events for developers to see what is happening. Further-

more, developers should be able to test events or take actions on certain distributed

elements to investigate further. Hence, remote command execution mechanisms and

a maintenance mode that shows on-going events and node status on nodes of the

system is required to aid this testing process.

3.2.3 Interaction Paradigms

Last part of immersion is regarding providing interaction capabilities to users

and admins in the system, thus they can interact/manage/control/configure or steer

the data visualisations and overall system. Many other LHRD platform does not

provide such capability due to difference in purpose or objectives of their era. How-
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ever, in a modern visual data analytics platform, these capabilities should be enabled

for effective use of the system for analytics.

A. Management Interfaces: Management should be performed though an in-

terface. It should provide configuration to system and utilities for operation of the

system. These include deployment of visualisations, tracking system health, debug-

ging, saving and restoring states, and executing scripts. Through these, admin role

determined in the previous section could administer the system accordingly. Fur-

thermore, this interface should be available on mobile devices such as tablets, so

administrator can do his/her job on foot while overseeing users and spectators.

B. Interaction Interfaces: In visual data analytics platforms, visualisations

should be interactive. This could be performed through control interfaces which

are assigned for interaction with deployed apps. These controls are app dependent

but from our experiences they can be used for changing parameters of the app, load-

ing or selecting data to visualise, steering the visualisation and many other. These

interfaces could be used for controlling all deployed instances of an app, a single

instance of a deployed app, or deployed instances of a group of apps. Through these

interfaces, users can interact with data visualisations and thus can conduct various

roles, sessions and use-cases.

C. On-screen Control: On-screen control is where users interact directly with

visual elements on display area. This could be on various levels. On system level, a

pointer could be made available that acts like an OS mouse pointer and thus users

can interact with the system like a desktop. An on-screen menu can be opened at

pointer location for advanced interaction. For example, SAGE2 uses this mechanism.

On app level steering of visualisation can be performed through pads, interaction

devices etc. On-screen control is an optional capability where it is not directly

required by visual data analytics. However, it can be used by exploration sessions

where the display environment can be used like a desktop.

D. Casting: This mechanism is ability to cast a control interface of a visualisation

to another user or casting a visualisation directly to another user‘s screen. This

would be used for collaborative supervised sessions. Using this mechanism, admins

can cast controls of an app to other interface devices or cast private visualisations to

other users that has interface capable device. This requires dynamic user interfaces
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or nodes that can receive and act on remote casting.

E. Interaction Devices: Various interaction/sensing devices can be deployed in

LHRD environment to aid visual data analytics. They enhance interaction with

the system and also be used for scientific purposes such as data collection over the

spectators for running behavioural studies.

Most common devices are:

• Common Control Devices: Many devices for interaction like joysticks can

be connected for steering visualisations.

• Stereoscopic Glasses: for 3D viewing of data visualisations

• AR Glasses: For data enriching through personal overlays to users on ele-

ments on the display area.

• Motion Sensing: For detecting users in the LHRD area and either collecting

data or enabling gesture control.

• Voice Recognition: For interacting with system or visualisation through

verbal commands.

• Image Processing: Similar to motion sensing, actions and emotions of spec-

tators can be processed.

• Eye Tracking: For detecting where the users are gazing, so it can be used

for behavioural study.

• Biological Sensing: Similar to eyetracking, other biological data like EEG

or EKG can be processed through mounted devices.

Therefore, the system should enable connection of these devices and make their

data or controls available to apps in the system. As a result, apps can utilize these

devices, use data generated by them, or take actions on the devices. Developers

should be given the option to make these devices available globally or locally to an

app. Thus, multiple apps can utilize the same device or an app can be built for

specific device use.

3.2.4 Other Paradigms

There are also some other issues regarding immersive display of data visual-

isations and management. These are insuring reliable operation in this distributed
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system with external interactive, dynamic and distributed applications; interoper-

ability with other systems and remote or duplicate deployment of clients and server

of the system.

A. Middleware and OS: The platform should have a robust middleware and

operating system that manages and enables operation of distributed elements and

also logical elements of the system. It should structure communication between

display nodes, control interfaces and server. It should also create logical scopes for

apps and system in these distributed locations and structure communication between

these scopes. As a result, system should able to supply concurrent communication

between all these logical elements on the distributed physical locations in LHRD

and enable distributed display area, app deployment, operation of apps and utility

functionality that works on this distributed system.

B. Reliability: This system will be utilized by vast variety of projects which needs

many general or custom applications. Therefore, safe guards on reliable operation

should be provided, so the system should not encounter problems when a new app

is developed and deployed in the future. Therefore, it should force apps to operate

on pre-defined scopes on both server and clients, where operation on these scopes

does not conflict with system or other app operations. Furthermore, creation and

termination of these scopes should be safe. Moreover, apps should communicate on

different channels thus they do not conflict with the system or other apps in terms of

concurrency. As a result, a general and instanced distributed app paradigm should

be established that places system and apps on different operation scopes both on

logic, storage and communication.

C. Inter-operability: Another functionality is inter-operability with other web

based visualisations or solutions. First of all, integrating a web-site, a web visu-

alisation or web-based remotely steered visualisation should be made easy. For

example, a static web site or web visualisation should be easily scaled (preferably

through pseudo-scaling). If that web visualisation have a control panel, it should

be displayed on an user control interface. Secondly, other web based LHRD solu-

tions like SAGE2 should be integrated as they should be able to display their node

clients inside the system’s node clients and their control clients inside the system’s

control clients. As a result, system will become efficiently interoperable as it can
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easily integrate or instantly display many web visualisations or content on LHRD

with pseudo-scaling or host other web-based node-control client logic based LHRD

software, thus users of the environment can operate all of these under the same roof.

D. Remote Operation: Another challenge here is supporting remote operation.

Node or control clients of the system should be flexible and enable duplicate de-

ployment, concurrent deployment and remote deployment. Thus, node clients can

duplicate on remote locations, and hence a single server can power two sets of screens:

one on a remote location and one on a local location, in a mirrored style. User con-

trol interfaces can have concurrent instances on both local and remote locations,

thus a user on a remote location can control the system on a local site. Finally, if

the system clients can be deployed remotely, a server should be able to power remote

nodes or user control clients on multiple locations and enable interaction between

each other.

E. Flexibility: Final challenge is flexibility. Flexiblity in our context is ability

to deploy this software to almost all LHRDs of today or even future. Therefore,

the software should be able to work with many different setups, number of screens,

different resolution overall or per screen, different network setup or interaction de-

vices. Furthermore, the clients of the software shouldn’t require prior installations

of neither the system or the applications, as they should be able to work with any

selection of apps immediately over the network.

3.2.5 Conclusion:

In conclusion, we have gathered main features and capabilities for display and

management side of this new approach. As we can see, these focus on a system where

users can deploy various data visualisations on the unified distributed screen-space

in any layout, arrange those visualisations and individually control them. System

should make use of functionality like layering and casting. It should enable man-

agement mechanisms for session management, presentations through system level

utilities and finally debugging and testing. Furthermore, the system should have

various user control interfaces and enable integration of devices to the system. Fi-

nally, it should provide safe-guards on its mechanisms for reliability, enable inter-

operability for versatile uses and enable remote deployment scenarios for cross-site

collaboration. Through these, system level features and capabilities become clearer
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for a system that targets this type of use. In the next aspect, we will focus further

on data visualisation apps and how they should be shaped.

3.3 Data Visualisation Apps and their properties on

LHRDs

This aspect focuses on providing data visualisation capability in LHRD envi-

ronment for visual data analytics use. Users of these environment will collaborate

through data visualisations surrounding them. Therefore, these environments should

provide a framework for delivering vast range of visualisation options for users to

conduct visual data analytics effectively and it should also provide a framework

to develop these visualisations by external developers. This can only be achieved

through app orientation where visualisations are implemented through apps. Users

would mesh functionality by deploying a selection of visualisation apps with given

data and configurations. As a result, apps could be developed separately, a selection

of them included in deployments, than users can deploy included apps to display

area with given configurations and data, to enable any data visualisation scene to

conduct visual data analytics. In this section, we would explore properties of apps

in general that the software approach should support. We gathered this list through

the requirements and others mentioned in the previous and next aspects, also from

our experiences.

A. Versatile Apps should be versatile. The platform should support development

of many data visualisation and other supplementary apps with different needs. It

should support general data visualisation apps that can visualise various data in

a certain visualisation type. Also, it should support custom apps that uses either

these general apps to visualise or other libraries to visualise, designed specifically for

custom needs. Thus, we have gathered a list of potential general apps which through

meshing functionality can supply needs of versatile use-cases of multi-disciplinary

data-driven research in general.

First of all, the platform should enable development of basic data visualisation

apps like Charts, Graphs, Maps, Spreadsheets, Flows or Diagrams. Furthermore,

it should support apps that can display Images and Videos as supplementary use.

It should support apps that can visualise 2D/3D content both generally, also for

custom use. It should also support a dedicated presentation app that can use other
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visualisation apps as parts of slides on LHRD, where each slide is a layout of visual-

isation apps. It should also have mechanisms for overlays such as heatmaps, labels,

QR codes, pointers or drawing illustrations on visualisations. Another useful app

or functionality is screen-share that users can cast their screens as visualisations.

Finally, it should support generic or static web pages to be directly displayed on the

display-area. In addition to all these general apps, it should allow any custom app

to be developed for any specific research need.

B. Modular: Apps should be modular. They should operate as plug-ins. This en-

ables them to be independent from the system. Thus, different system deployments

can work with different selection of app libraries. They should also have instancing

mechanisms where multiple instances of them should be deployable, safely operated,

and terminated without left-overs. Instancing also will enable certain generality

where an app can be deployed with different configuration and data simultaneously

to screen-space.

C. General: Apps should be general. They should support visualising with dif-

ferent data and configurations. Through these, versatile use-cases of the platform

can be satisfied. For example, a graph app should accept different data and config-

uration for visualising different graphs for different projects. These can be provided

to app on deployment to display area, where users can upload these data and con-

figurations through UI, or app can be loaded with given data and template through

configuration files, or app can be deployed by another app through API with given

data and configuration. This enables apps to act as a general visualisation app of

that specific visualisation type and thus enable them to be re-usable with versatile

use-cases.

D. Distributed: Apps should be distributed. LHRDs run on display server, clus-

ter of nodes and control clients. Therefore, app logic should extend to all these

distributed elements and operate in a distributed manner. These components of the

app should communicate with each other and operate robustly, where each compo-

nent would be implemented by app developers. This enables developers to decide

how the app should visualise under a distributed scenario and overcome scaling and

other problems through implementation for that specific use-case. Furthermore,

this enables developers to select which libraries to work with on each distributed
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component of the app.

E. Scalable: Apps should be scalable. They should be deployable to tens even

hundreds of displays. They should support various sizes and shapes. They should

be able to scale the number of visual elements or data elements within the app for

any given data or configuration, all without major overheads on the system. As they

scale, there should be minor increase of overhead, since the app logic on each client

handles load in a distributed manner as resolution increases. Thus, there should not

be major differences in deploying an app to 1 vs 64 nodes. Furthermore, scaling and

instancing allows creation of many different layouts of apps through using existing

apps with new configurations and data.

F. Interactive: Apps should be configurable, controllable and interactive. Use-

cases determined in previous sections showed that data visualisation needs require

specialized interaction with apps, rather than standardized interaction which is com-

mon to all apps, and usually only support basic arrangement or basic navigation.

Therefore, they should have user interfaces for controlling, configuring or steering.

Through these, users should be able to select data sources, select style, configure

the app or steer the visualisation. They should also be collectively controlled or

interacted with. As a result, a group of visualisations that should act together can

be interacted collectively. They should be connectible to interaction devices and

should be able define how these interaction devices should connect to the logic of

the app. Thus, through these devices users steer the app or interact with the app

with a more suitable way, such as using a joystick to steer a 3D simulation.

G. Customizable: Apps should be customizable in addition to being general.

They should have configurations, templates, styles and so on. They should allow

selection of customization of visual elements through configuration files or control

interfaces. Therefore, different apps can be styled together to show an immersive

data visual scene in a collaged way. Or an individual app would be styled to show

a data visualisation that can highlight certain properties. For example, a graph

visualisation where certain type of nodes are shown in different size or colour to

emphasize their importance.

H. Extensible: Apps should be extensible. They should be able to use various

external libraries, data and systems to add or implement functionality. Since these
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apps will be distributed, this property can be used to aid different purposes on server

or client side of the app separately. On client-side, app should be allowed to use

many visualisation libraries on the web to visualise or other supplementary libraries.

On server-side, app should be able to use various libraries for coordination of the

app, data drivers for connecting to data sources or processing libraries for processing

data.

I. Web-based: Apps should enable rapid development through web technologies.

In a platform like this every day many other visualisation needs arise. They should be

able to keep up with this. Therefore, they should support rapid development of visual

elements and interfaces by app developers using web-technologies. For examples,

using web development to easily building apps, using generality and modularity of

apps to combine apps together and create custom visualisations through composite

apps.

J. Standardized: Apps should be standardized. Even though they allow devel-

oper freedom on server-side, client-side and communication API implementation,

they should have certain standards for enabling operation of various utilities and

core system functionality to interact with them through these standards. Thus,

they can be deployed, terminated, scaled through APIs. Furthermore, their states

can be saved or loaded.

K. Reliable: Apps should operate robustly and be reliable. They should be able

to recover from client failure, restart or connect. They should be able to switch

data sources on-demand. They should be re-deployable. They should clean on

termination. They should operate on the scopes given to them and not conflict with

other apps or the system itself on the server, clients or on middleware.

L. Castable: App’s interfaces or visualisations should be castable to other screens

and control devices. This enable individuals with admin roles to cast UI of app to

other users during supervised sessions.

M. Data-Driven: Apps should be data-driven. They should allow access to re-

mote data sources both on client and server side of the app. They should allow dis-

tribution mechanisms to be implementable by developers within the system. They

should enable storing temporary and permanent data within the app and be able
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to use many libraries to process it either on the server, or client side of the app.

They should allow streaming of data to constantly update the apps for use-cases like

operation and control.

N. API-based: Apps should be linkable to other components, apps, data, core

logic though APIs. They should both benefit from implementing functionality

through other elements and data or enable other elements to implement function-

ality through them. Thus, different apps can utilize same datasets, and also they

can utilize other base apps or mechanisms, all through APIs. They can use system

logic API to load and unload apps or execute on-demand scripts for changing system

states or creating animations. As a result, complex sessions and use-cases can be

implemented through meshing functionality and implementing collective logic using

multiple apps.

O. Collaged: Apps should be collagable. They should be able to talk with other

apps or visual components and be operated in a coordinated way with them to

implement collaged visual scenes. Thus they can be synced on different parameters

or have collective logic operating them.

P. Multi-type: There should be multiple types of apps to satisfy different sce-

narios. First of these is service type apps that works globally and supply resources

to other apps in the system. These can be used to represent device integration or

another systems API or a data service. Thus other apps using this app can uti-

lize these resources. Also there should be composite apps that can deploy and use

other apps for visualisation needs. Their sole purpose would be to create visual data

scenes. One major use-case would be a presentation app that can create slides out

of layouts of visualisations.

R. Inter-operable: System should also support inter-operability. This means any

web based visualisation project including web-based LHRD software which follow

remote control logic to be integrated to the system. For example, a web visualisa-

tion with a separate control interface should be representable as an app where the

visualisation is scaled to screens which the app is deployed and control interface is

displayed inside app control.

Conclusion: In conclusion, we have explored properties of data visualisation and

other supplementary apps under a visual data analytics platform on LHRDs. These
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properties will enable versatility in app development which can be used in general on

data-driven multi-disciplinary research that we set our objective to aid. As a result,

basic use-cases can be actualized through applications based on these properties. In

the next section, we will look into more in depth concepts for creating complex, dy-

namic, interactive data visualisations or synced collages of visualisations or complex

data scenes.

3.4 Data-Driven, API based, Collaged Data Visualiza-

tion System on LHRDs

The findings in the three previous aspects can provide basic use-cases for a

visual data analytics platform on LHRDs. However, there are more complex use

cases that users of this platform may want to utilize. First of all, the apps of the

system should be data oriented and various methods have to be available for them

to satisfy their data needs in terms of data availability, processing, distribution

and load balancing. Furthermore, a desired functionality would not be tied to a

single data-visualisation app, often it may require collective approach where multiple

apps are used for that visualisation need. As a result, the system should provide

methods to coordinate apps on API level, collage them using API, sync them on

parameters again using APIs and allow development of composite apps that can

use other general visualisation apps to visualise and offer a composite control over

that specific visualisation need. As a result, we will explore data-driven, API based

scripting and coordination, collaging, syncing and composite app development in

this section.

3.4.1 Data-Driven Apps

In a platform targeting to perform versatile general visual data analytics on

LHRDs, that platform should enable use of data in the system freely. Therefore, this

aspect focuses on how the data sources should be made available to visual elements

and logic of the apps in the system. This topic is interested in accessing to data

sources, distribution of data within the system and load balancing on nodes. It

explores variety of common data sources, how generally these can be accessed by

the system, how they should be distributed to elements of the system such as app

components, in addition how data should be shared between apps.
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A. Data Sources: The system should be able to use various data sources for

powering visualisations. These could be files that can be uploaded by users or

downloaded by the app. These could be databases that reside on the server that

the platform is hosted or externally somewhere remote. First of all, apps can query

data on the server or on an external location and distribute the results of the query

to display nodes. Another option is using cloud resources where drivers for these

could be used on the server that transfers map-reduce and other queries of the apps

to these resources and thus enable apps to utilize these resources. Data streams also

can be utilized, these can be traffic data, social networks or video streams. Through

API, app logic can connect to these resources and stream the data. Last option is

data services that work over API. Apps can connect to API of these services and

query requested data. As a result, all these options be available to app developers

to utilize for their data needs and system and app paradigms should provide this

availability. The system should allow apps to connect to internal and external data

sources on both server and client scopes. Furthermore, it should allow apps to accept

uploads from interfaces for users to provide data.

B. Data Processing Options: From our experiences, data either processed lo-

cally or globally. Globally means data is processed by the app logic of the server

and distributed to nodes. Locally means, data is distributed to nodes or nodes ac-

quire data by their own and process locally in a distributed manner. Different apps

would be requiring different processing mechanisms and app development mecha-

nisms on the system should allow all possible scenarios. Therefore, system should

allow processing of data by the app on all the locations of the distributed system.

C. Data Distribution Scenarios: Another issue here is how data is distributed

to nodes. Again there are two main scenarios. First one is data is originally stored

or accessed by the server-side logic of the app. In this scenario, app logic distributes

the data either in raw or after processing depending on which nodes will require

the data. If data size is small and visualisation is highly interactive or dynamic, in

which case data points that are needed by nodes changes rapidly, server-side of the

app may choose to broadcast the data as a whole and app logic on nodes query the

local copies. In the second scenario, app logic on the nodes directly access to data.

They may choose to download if the data size is small, or query as they need it.

Again in this scenario, data may require processing prior to visualisation, thus since
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clients handle data acquiring and storage, they have to perform processing too.

Usually, distribution and processing should be aligned with node partial vi-

sualisation. This means, which data elements does that part of visualisation needs.

Node should acquire the data for their partial visualisation only. If app is too dy-

namic, and this need changes too rapidly, nodes should provision data in advance

depending on the dimension these changes occur. For example, in spatial plane,

where users pan and change location, nodes may need to perform overpulling few

units ahead in the plane. This buffering could make the app more responsive and

prevent visual artifacts due to loading. As a result, the system, the middleware

and the client paradigm should allow or enable all distribution scenarios mentioned,

thus an app developer could implement any of these scenarios as they need, since

different apps may require different distribution scenarios to be implemented.

D. Data Sharing: Apps in this platform may need to collage. Other than coordi-

nation or syncing of collaged apps there is one more issue. This is multiple instances

of an app or multiple apps using same data sources. Instead of downloading or

querying these data sources in a duplicate way, apps or distributed components may

choose to share a data source between each other. This can happen in a way that one

app downloads the data and provides the other apps server logic the data. One app’s

server logic can provide data to client logic of multiple apps. A composite/parent

app can have access or store data and distributes to multiple child apps. All these

scenarios would require inter app communication and communication over API be-

tween distributed components of the system including components of different apps

both remotely and locally.

E. Load Balancing: Another issue regarding processing and distribution is load

balancing. Apps should be able to load balance processing or rendering tasks. This

should happen in apps with heavy client side processing. Display nodes with high

loads on an app should be able to send these tasks to other nodes with low load,

either over server or directly through P2P, to perform the processing and bring

back the processed data/rendering. App logic on the server can coordinate this and

broadcast to apps with information on which nodes are with low or high load. Also,

through P2P, nodes can create a swarm to exchange this information and perform

load balancing. This option should be enabled to apps by the system, so visualisation

needs that come with heavy loads on certain nodes can use this to overcome their
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performance problems.

3.4.2 API based Distributed System Operation

Both system and their components operate on a distributed manner on nodes,

server and control clients in a system like this. Users, apps or system utilities

need to create functionality using various distributed components through API and

sometimes in an on-demand fashion. This requires on-demand distributed operation

over API on the system. Examples to this use is, apps needing load balancing and

form P2P swarm to exchange tasks and results, then visualise. Another example

is, admins executing scripts or switching states between sessions, certain sessions

require constant transition of states both on overall system and on individual apps

during the session, which can be done by distributed programming over elements

of the system. Utilities may access to certain distributed logic of apps on certain

nodes or clients to perform tasks over API. A database may be connected to mul-

tiple apps and data may shared over API. As a result, utilities, apps and users can

define functionality over distributed components by programming/scripting interac-

tion between them on an on-demand fashion using APIs on a logical layer. Through

this, Users Interfaces, Apps, Scripts, System Utilities should be able to access and

command over API Apps, UI elements, System Utilities and Functionality, Nodes,

Interaction Devices, Data Resources.

3.4.3 Collaged and Synced Applications

One of the most significant use cases for API based operation is collaging

and syncing. This is basically linking visualisations on-screen space through certain

methods so they coordinate and present us with a collaged data scene. For example,

a self-driving car Research and Development scenario: On display area various data

of the car in map app, chart app and so on is shown; at the same time showing

car cameras and sensors views; at the same time showing algorithmic states of logic

that read the sensor data; all synced in temporal. Thus, allowing researchers to

easily identify a sensor defect or algorithm problems. There can be many reasons

behind coordinating on-screen visualisations in use-cases of this system. This aspect

provides numerous ways to collage visualisations. It is about linking one visualisation

app to other app or a group apps to each other.
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First way to achieve this is parameter sync. Visualisations can sync on tempo-

ral dimension. Data on two or more app can be synced on a time-based parameter.

This allows apps to show different aspects of data on different visualisations all

synced on time. They can be showing different datasets or different perspectives of

the same dataset or same data with different visualisation apps, but all synced in

time.

Apps can also sync on spatial dimension. This means, two apps can show the

same location. This can be used for heterogeneous apps side by side or overlaying

apps on top of each other. Each app can show different data but they are synced

on coordinates. These can be instances of the same visualisation like two map apps

showing same location but different data, or they can be different visualisations like

one map app showing data on a location and another app like graph showing the

same data on a logical visualisation but for the same coordinates.

Apps can sync on other data parameters. For example, a database may have

4 datasets, each app showing the same dataset from a perspective such as graph,

chart, etc. Switching between data sets cause all apps to switch. Another example is

that one app is showing a flow of a series data animated and another app is showing

anomalies in the data and focus them as they appear in the series. In other words,

as series move, anomalies pop up on the other app. There can be many examples

how data on a single or multiple datasets can be synced.

Moreover, these syncs should respond to interaction. On temporally synced

apps, starting animation should start animating on all apps; or on spatially synced

apps, panning a map on a control interface should affect other apps that are synced

too. Furthermore, apps can be linked through interaction devices. An interaction

device can be linked to interact or control app or collaged scene. For example, there

are two 3D apps and a controller controls view on both. However, more complex

interaction scenarios can be implemented. For example, an interactive and dynamic

presentation. Users through interaction devices directly or indirectly affect the path

presentation takes. This can be done by creating the presentation through links and

connecting interactive devices to logic.

Apps also can be linked through their states and other parameters rather

than data. For example a chart app has pie chart and a bar chart state and on

two linked chart apps switching state affects both apps. Other complex links can
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be formed between apps on their logic or states. This is basically programming

how each app, state, logic, visual element, user, interaction device coordinates and

operates between components and apps. Furthermore, there are various locations

coordination and linking can occur. Coordination can be on multiple visualisations

or components, or it can occur on multiple dimension including AR dimensions.

Moreover, interfaces of coordinated apps and components can be aggregated and

combined to a single interface.

Finally, combining previous items, composite parents apps should be imple-

mentable that can deploy and unload apps to display area, control them and coordi-

nate them at user will through APIs. This enables creation of specific use-case apps

that utilize other base apps such as graphs, maps, charts, images, etc for that specific

use case. Composite app itself can determine layout and coordination of child apps

or users using parent app can create complex data scenes for specific purposes such

as advanced data presentations using multiple apps and layouts in slides on overall

system, where layout is determined on-demand.

As a result, system should allow certain paradigms to enable collaging, syncing,

combining apps over the distributed system using APIs.

3.5 Conclusion and List of Technical Challenges and Re-

quirements

As a result, we have discussed 4 aspects of Visual Data Analytics on LHRDs.

These are collaborative use, immersive display and management of visualisations,

visualisation applications and their properties, and finally data-driven, API based

and collaged application paradigms and mechanisms. We also briefly summarized

and listed these requirements and challenges in Table 3.1. What we learned from this

exploration is the challenges and requirements we face in designing and implementing

a platform with this purpose, which have not been implemented before. As it can

be seen, this novel approach comes with many challenges and requirements that

were not present on other examples in the literature. However, these challenges also

shapes our design and architecture, since it specifies how a platform like this should

be actualized and thus help us on implementing this platform.

In comparison to the literature, we have observed that the use scenario in

our case is very different in nature than examples on the literature. Due to it, the
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general architecture and paradigm of our platform therefore should be different than

both older and newer generations of LHRD software to enable these use scenarios.

If we compare to the older generations, the objective and use style has to be

more up-to-date to changes in literature in this target platform. Therefore, as you

can see, there are many challenges emerged on implementing a web-based platform

with app orientation where applications are distributed and operate over API, so

does the system. It is close to impossible to conduct identified use-cases with older

platforms compared to this new approach. The way older generations approach to

displaying data visualisations is simple. They provide OpenGL or other graphic

distribution mechanisms to be used. They do not have management system, app

deployment mechanisms, app development framework, do not use web technologies

and thus lack flexibility on many aspects. There are no mechanisms for advanced

interaction with the system or apps. There are no methods to combine, collage,

coordinate apps. There are no mechanism to ease connection, streaming, processing

or distribution of data to apps. Therefore, they are obsolete in terms of our use

scenario and objective.

If we compare to the newer generations such as SAGE2 and others. We ob-

serve that there are similarities in collaborative use of the platform in terms of roles

and session types and some use-cases. Although, the way these users and sessions

utilize the LHRD is very different. Instead of deploying collaborative and produc-

tivity applications and interacting with them on-screen, this platform focuses on

data visualisation deployment, interaction, control, configuration and steering of vi-

sualisations. Therefore, many challenges arise on the management of the system,

structure of the system, applications of the system in comparison to later genera-

tion LHRD software. What is different is the way the system have to be managed,

how data visualisation operate and interacted, how system operates is different in

nature. System has to implement, scaling data visualisations, different deployment

and arrangement mechanisms, different interaction and configuration mechanisms,

different data connection, processing and distribution capabilities. It should also

implement collaging, syncing, coordinating mechanism for data scenes. Due to all

these challenges, even the architecture and base paradigms of the system should be

different in comparison to examples in the literature, in order to accommodate these

requirements.
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As a result, we can conclude that this new approach should overcome great

amount of challenges in given aspects and come with a new architectural, system and

application approach to enable them. As a fact, other LHRD platforms may look

similar in some use-cases, like visualising a spatial data on LHRDs, when we take

a deeper look, we see vast differences on operation, capabilities and functionality

compared to our desired level of functionality, and that is what this thesis intends

to solve by introducing a new software approach for conducting immersive and social

visual data analytics for multi-disciplinary data-driven research.

Table 3.1: List of Summarized Challenges Resulting from Each Topic in this
Chapter

Collaborative Use of LHRDs in Visual Data Analytics

Roles

Admin System requires Management interface preferably on mobile device

User System requires App deployment, layout and control mechanisms

Spectator System requires grid based distributed screen-space

Developer System requires distributed debugging interface and tools

Sessions

Unsupervised Session System requires concurrent user control interfaces

Supervised Session System requires limited user interface admins can cast control

Presentation Session System requires advanced presentation apps or utilities

Debugging Session System requires distributed debugging interface and tools

Partitioned Session System requires flexible server/control instances and clients

Remote Session System requires web-based clients for nodes and user interfaces

Use-Cases

Data Exploration System requires general, interactive data vis apps and deployment

Social Analytics System requires management mechanisms for layout control

Design&Simulation System requires 3D based custom apps and development

Operation&Control System requires app collaging and data streaming

Research&Development System requires integration of sensing and other devices

Presentation System requires presentation apps, utilities, also interactivity

Immersive Display and Management of Visualisations on LHRDs

Display

Distributed Rendering System enables rendering on distributed displays

Multi-Visualisations System allows visualisations to be deployed on any layout

Layering System allows use of layers for apps and utilities

Management

Unified Display Area System provides the distributed displays as a single display area

App Deployment System allows deployment of apps to the display area

States System allows saving and restoring sessions

continued on next page
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continued from previous page

Testing&Debugging System has various distributed testing/debugging tools

Interaction

Management UI System has an user interface for app deployment and control

App Control UI System has individual user interfaces for app control

Casting System allows casting of interfaces

Device Use System allows integration of devices for interaction or sensing

Other

Middleware/OS System needs a robust middleware and operating system

Reliability System needs to support reliability with variety of apps

Inter-operability System should support inter-operability with web-based projects

Remote Operation System clients should be remotely deployable

Flexibility System can work with different setups and technologies

Data Visualization Apps and their Development on LHRDs

Versatile Variety of apps should be developable through the app framework

Modular Apps can be developed and work as plug-ins and can be instanced

General Apps can visualise general data with various configurations

Interactive Apps can be interacted/steered/controlled/configured

Distributed Apps are distributed and have server/node/control components

Scalable Apps can be scaled to many screens in any layout

Extensible App can use external libraries, data, system or APIs

Customizable Apps can use templates, styles, formats

Web-based Apps are web-based and rapidly developed

Standardized Apps follow certain standards to be subject to global utilities

Reliable App can be recoverable, re-deployable, clean on termination

Casting Apps can be cast to other interfaces

Data-Driven Apps can access, process, distribute data freely

API-based Apps communicate and coordinate through API, can implement API

Collagable Apps can be collaged and synced on parameters

Multi-type Different types of apps for use various purposes

Interoperable Apps can integrate various web visualisations or projects

Data-Driven, API based, Collaged Data Visualization System on LHRDs

Data-Driven

Data Availability System supports access/host to various general data sources

Data Processing System supports processing of data on both server and clients

Data Distribution System support various distribution scenarios

Data Sharing System supports sharing of data between apps

Load Balancing System supports load-balancing between nodes

API Based and Synced

Programming Components can be commanded over API and coordinated

Syncing Apps can be synced on parameters and Collage

Composite Composite Apps can be created that visualise over others
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GDO Architecture

The GDO Software Framework is a novel approach to perform Immerive and Social

Visual Data Analytics on LHRDs for data-driven multi-disciplinary research. In our

survey to existing solutions in LHRDs. We have discovered that LHRDs software

platforms in the literature were incompatible for this purpose, due to either lacking

crucial functionality or capabilities, or they are purposed for other uses. Therefore,

we have identified the problems these software had and explored the design landscape

for implementing a new solution for performing Immersive and Social Visual Data

Analytics on LHRDs. This solution is called GDO Software Framework. In this

chapter, we would be introducing the architecture of this platform. Afterwards, in

the following chapters we would discuss implementation, novel software paradigm

that powers it and its contributions.

4.1 Infrastructure for GDO

GDO is a distributed software system that enables deployment of general

data visualisations to the screens of LHRDs. It contains a management system

that enables users to deploy visualisations with various configurations on screens

and interact with them. These visualisations could be scaled up to tens of displays.

Multiple visualisations could be deployed to screen-space in many different layouts.

Deployed visualisations could be synced in various parameters. Users of the

system could interact with these visualisations through control interfaces on tablets

and PCs. Finally, it allows developers to freely implement these distributed visuali-

86
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sation apps using a large selection of online libraries web provides and with the help

of distributed testing utilities that the system provides.

The system of GDO is composed of web-based node clients that run on each

screen on LHRDs, web-based user control interfaces that run on tablets and PCs

and finally ASP.NET [14] web project deployed on IIS web server that hosts the

pages these clients display and registry of the system for coordination. This server

also deploys SignalR websocket communication libraries[15] for asynchronous com-

munication between clients and the server of the system which forms an API based

middleware. In addition, the system runs PeerJS [117] libraries on clients for P2P

communication using WebRTC. The visualizations in the system are distributed

general and interactive applications built by external app developers. These appli-

cations run parts of their app logic on display nodes, clients and server and operate

using API based messaging between their distributed elements. These applications

work as plug-ins to the system software and thus the system is not dependent on

any of them and can work without any application included.

4.2 Distributed Display Nodes

A LHRD is generally made of tiled-displays powered by computer nodes. In

our software architecture, these nodes run web clients on each screen rendering the

part of the overall screen-space of tiled-display. Hence, collectively these display

nodes make up the unified distributed screen-space of LHRD. The node clients in

the system are web pages/interfaces running inside kiosk mode web browsers on

each screen. These web pages are hosted by the web server of the system. Each has

javascript libraries that serve as the client-side of the system software. These libraries

communicate with the server of the system through websockets for distributed and

coordinated operation. Through these, the system is able to load and unload partial

visualisation apps on each node. For example, in an LHRD with 16 nodes (4x4),

a visualisation app can be deployed to top left corner in 2x2. Each node in that

2x2 grid in communication with the server loads 1/4 of the visualisation that is

being deployed and thus collectively make a 2x2 distributed visualisation. Other

than loading and unloading partial visualisations, the app logic inside these nodes

communicate with the server logic of the app to render dynamic changes to the

visualisation.
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There are several reasons why web technology is selected for the front-end of

the system. First of these is flexibility and ease of deployment. This enables site

admins of LHRDs to launch GDO by just running full screen web browsers without

any software installation. Secondly, web-technologies are easy to develop on, in com-

parison to other visualisation rendering techniques in general, such as OpenGl based

solutions, which we mostly encounter in 2nd generation of LHRD software. Further-

more, large amount of visualisation and supplementary libraries can be found online

for composing LHRD based visualisation apps. Through these properties, web-based

front-end enables ease of development, lowers the bar on skills’ of developers that

can develop apps, enables rapid development of apps for visualisations that may be

required in a short amount of time, and through large availability of online web-

based libraries, makes the process of providing versatility in visualisations easier.

Moreover, it provides interoperability with existing web-based visualisation systems

or projects and enable easy integration of them to LHRD use.

4.3 Server Software

The server of the system is an ASP.NET web project that runs on IIS web

server. Server-side uses C# as programming language. The task of the server-side

of the system is to coordinate distributed screen-space and other clients, host app

deployment mechanisms and run back-end of the visualisation apps. Server uti-

lizes a websocket library, SignalR, to enable clients of the system to asynchronously

communicate with the server. This means each client also runs a javascript client-

side library of signalR inside their client-side system logic to enable client-side of

the communication. Thus, server communicates with clients through API gateways

built over signalR websocket communication. This enables client-side elements and

server-side elements to communicate with each other through asynchronous messag-

ing. Server also hosts a registry of distributed components on the system and their

states. This registry is used as a coordination point, where clients of the system

determine their current action or function based on records of the registry that is

distributed to clients. Server dissipates these records reactively or proactively and

as a result clients coordinate their operation.

We have selected ASP.NET as server-side technology for stable operation,

development easiness, plug-in mechanisms, organization of code, performance, and
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availability of database drivers and data processing libraries. First of all, through

MEF [100] and Autofac [17], modular distributed plug-in style apps could be de-

veloped and loaded to server. In the server, the server-side logic of apps can run

as threads and safely managed, they can utilize more hardware resources through

multi-threaded approach or by use of many libraries .NET provides. Through these,

they can offer better performance in general for a logic tasked with coordination and

potentially data processing. Moreover, this infrastructure makes available drivers of

many data sources on .NET to be used for accessing and processing data. ASP.NET

web front-end also allows server to host client web pages used by node clients and

user interfaces. SignalR websocket library enables asynchronous communication,

provides different broad or group casting options. Through this middleware com-

mands can be dissipated, data can be streamed, or files can be sent to modular

distributed elements of the system.

In conclusion, server hosts registry of system elements for system level co-

ordination and server-side app logics of deployed apps for app level coordination.

Furthermore, it hosts web pages for clients to display. As a result, any web browser

can connect to the server and become a client of it, such as being a node or user

interface, start communicating with server through websockets and do their duties

in overall LHRD distributed system.

4.4 User Control Interfaces

System also provides web interfaces for control and management of the system,

which is another important requirement identified in the previous chapter. Through

these interfaces, users can manage the system, deploy visualisations, interact and

steer deployed visualisations. These web interfaces run on tablets and PCs on web

browsers. Their infrastructure is similar to node clients. They run javascript libraries

of the system in communication with the server through websockets.

Through opening the management web page on user controlled devices, users

can connect to management interface of the system, which is hosted on the server.

This interface runs similar to node clients where it is connected to server API through

web sockets over signalR. Therefore, current system state can be received from the

server and user actions can be sent to the server registry. Furthermore, similar to

visualisations deployed to nodes, an individualized control and interaction page can



90 Chapter 4. GDO Architecture

be loaded for deployed apps inside management interface. We will denote this as the

control interface of an app. Thus, the users can control apps alongside managing

the system through management interface.

As for the software selection, use of web technologies on this front-end enables

developers to easily develop interactive and dynamic control pages for their apps.

Developers can benefit from interaction and visualisation based web libraries. These

pages can be individualized for deployed instances of apps and be dynamic rather

than being static and having common controls throughout all apps. Furthermore,

control page of apps may require scaled down version of the visualisation for steering

and other purposes. Common libraries can be utilized for this purpose. Such as a

maps app can show the full sized partial map on node page and interactive global

map on the control page using most of the same code and resources on both types

of clients. Moreover, the web-technologies enable all these functionality without any

prior installation, as they can run on any browser.

4.5 Visualization Apps

System enables visualisation apps in form of plug-ins to system. These apps

are distributed and they run their logic on server, nodes and control clients. So,

they have web-based control panels, web based node clients and server-side logic for

coordination as a thread which is created on demand. The system enables general

and interactive apps that can accept various configurations and data and display the

data in that configuration for that specific type of visualisation. For example a graph

app can be deployed with given data and given configuration which determines what

it visualise and how that is visualised. Furthermore, apps are scalable to multiple

screens in LHRD and any location within the tiled display grid. Apps in the system

are instanced, where multiple copies of the same app can be deployed with different

configuration and data. They are also interactive as users can interact with different

instances of different deployed apps through user control interfaces of those instances.

Through these, users can configure, interact or steer the apps.

Due to the developer freedom, apps can use many web libraries on client-side.

These can be for visualisation purposes or other. They can utilize ready to use

visualisations libraries for mapping, graphs, charts, 3D rendering. They can use

other supplementary libraries on clients. They can use interaction related libraries
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on control interfaces for user interaction. They can utilize data access drivers and

libraries on backend to connect to various data sources. They can also do this on

client-side for accessing data. Due to the distributed nature, apps can use many

data acquisition, processing and distribution scenarios as for their needs.

Apps operate through running a server-side logic as a thread for coordinat-

ing distributed app logics on clients, such as rendering visualisation on nodes or

enabling users to control through individualized control interfaces for each instance

of deployed app. These distributed elements of a deployed app again communicates

through websocket libraries provided by system logic of GDO. Apps also utilize

ASP.NET to host their javascript code and web pages of the apps such as control

page and node pages. Apps again do not require prior installation on clients as their

pages and libraries transferred through HTTP as part of loading web pages and

their data and commands are transferred through websockets.

4.6 Clustered Visualisation Services Paradigm

In the system of GDO, we are operating with large number of node clients

which are where app components are dynamically loaded, interactive and dynamic

control interfaces that loads and runs components based on user decisions and coor-

dination server logic that hosts system registry and logic and resources of deployed

apps.

This is a diverse and dynamic distributed system with many logically dis-

tributed mechanisms on many physical locations. Most significantly many func-

tionalities of the system is generated by dynamic composition of deployed apps

and user interaction on distributed components. For example, different distributed

components could coordinate to provide on-demand functionality like collaging vi-

sualisations, where multiple visualisations’ logics coordinate with each other either

directly or through a parent (composite) app; or displaying a scaled visualisation

where data constantly streamed, or a presentation app that uses other app layouts

as slides and changes are based on user interaction, and many other.

In order to enable such system functionality, many logical and distributed

components should be able to have structured communication between each other,

which they use to create combined functionality. This is enabled in GDO through

API gateways on physical elements of the system such as server, nodes and control
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clients. However, further mechanisms was required for multiple distributed logics to

coordinate on the distributed system on component level. In our system we call this

Clustered Visualisation Services Paradigm. This mechanism enables components of

apps and system to communicate with each other locally or remotely within the

system through APIs and each of them to have their own scope of operation. As a

result, each distributed location have components of system and apps which have

their own scope, can receive API commands and can send API commands to any

other component on the same location or another location.

This enables, distributed and dynamic system logic, distributed app logic,

coordination and scripting between apps and system elements thus enable us to

overcome many challenges listed in the previous chapter which we will discuss in

depth on the 6th chapter.

4.7 Conclusion

In conclusion, this chapter demonstrates our architecture for providing a soft-

ware framework for visual data analytics on LHRDs. It introduces our approach

for distributed display of LHRD where we utilize flexible web technology on display

nodes to create a distributed display. Furthermore, our approach for server-side

of the system where we create coordination point for both system and apps and

provide API based middleware. Moreover, it shows our novel individualized user

control interfaces of apps for users to have more extensive control over applica-

tions. We also introduced our app paradigm which is general, interactive, scalable

and contain many other attributes in order to provide desired data visualisation

functionality. Finally, we introduced our Clustered Visualisation Services Paradigm

(CVSP) to enable advanced functionality discussed in the previous chapter such as

data-driven collaged or composite application paradigms which provides API based

communication between local or remote components within the distributed system.
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Figure 4.1: Project Architecture consists of a ASP.NET Web Server
communicating and coordinating Node and Control Web-based Clients through
SignalR Websocket communication where apps and system logic exists in a
distributed manner and loaded dynamically.
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GDO Implementation

In the previous chapter, we have introduced the architecture of GDO Software

Framework. In this chapter, we will be discussing the implementation of GDO

Software Framework. Our approach in this chapter will be dividing each core func-

tionality and discussing how that functionality is implemented. These are: Creating

a distributed display area on LHRD using web-based node clients, Management sys-

tem of the software and app deployment mechanisms, Saving and restoring system

states, application paradigm, instancing of applications, controlling and steering ap-

plications, types of applications and development of applications. We will leave the

main contribution of the thesis, Clustered Visualisation Services Paradigm (CVSP),

to the next chapter.

5.1 Creating a Distributed Display Area

One of the main features of implementation is creating a unified display area

out of distributed tiled displays connected to computer nodes. Usually, each of these

computer nodes power one or more displays. We will refer these as display nodes.

In GDO system, each of the display nodes run a web page which the server software

of GDO hosts. This is the node web client. This client is responsible for rendering

that part of the display area in LHRD.

This page loads the client-side logic of GDO as javascript libraries and run

them. These libraries are in communication with the server and listen to commands

on their individual API gateways we created through websockets. Through system

messages over API, system can command the state of this web page on each node.

94
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This state can be vacant, where page displays a blank web page or just the node id;

or it can be in app state where the page displays partial visualisation of an app in

that node. Also, it can be in a maintenance state where debugging information is

displayed as an overlay.

As a result, GDO creates a unified screen-space by distributed displays of web

pages, which are controlled and coordinated by the server logic of the system in

LHRD through web-socket communication. Server can tell any group of nodes to

go to the app state and start displaying a visualisation, where as a result each node

in that group displays a part of that visualisation.

5.1.1 Display Nodes

A node client is composed of a general web page and javascript libraries of the

system software, which both hosted and provided by ASP.NET server of GDO. A

display node runs this web page inside a kiosk mode web browser in full-screen and

provides it an id as URL parameters.

After a display node initializes with given id, the system libraries on the node

creates a local registry and object store of system information regarding node itself

and other data such as overall layout. These libraries also host a signalR client

(javascript) tied with a client-side API gateway of the system. Through this, node

and its components can call defined functions on the server-side API and server can

call defined functions on the node API. Thus, server can send information and com-

mands regarding the node, system operation and app deployment. These messages

are translated into actions which updates the local node registry. Most significant of

these actions is app deployment. When server commands a group of nodes to deploy

a visualisation app through messages, these nodes load app libraries and load app

visualisation page from ASP.NET server and deploy them to a maximized iframe

inside node web client. As a result, the nodes in that group can start to visualise

their partial visualisations of the app and make the overall visualisation through the

collection of those partial visualisations.

In Summary, we can deploy various visualisations in many layouts to web

based node clients across the LHRD through deploying app visualisation page and

libraries into node web page on nodes.
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5.1.2 System Registry

The system through its registry knows the location of a node in overall node

grid, since every node upon initialization registers with the server with their unique

ids. Furthermore, if the node is part of a visualisation, the server knows which part

that node have to visualise. Therefore, through using this information, app libraries

on each node can be commanded regarding which app and which part of an app

they have to render.

For example, in a graph app with 100 graph elements rendered in 4 displays,

each node client (app logic in node clients) loads a graph visualisation and then

display graph elements in their corresponding sector. Thus, making a unified visu-

alisation out of partial visualisations. If an app logic is designed to operate like this,

it does not matter which nodes you deploy the app or how many nodes you deploy

it to. Apps can be deployed to a single node and display all 100 data elements or

64 nodes where each node displays data elements in their sector.

Through this mechanism, we achieve heterogeneous layout of apps. So in a

setup of 64 displays. 1-64 apps can be deployed in various layouts to screens. The

server groupcasts to nodes of each app to load that app in given sections. Each

group of nodes (per app) loads locally their partial visualisations. Therefore any

layout of data visualisations can be created with simple web pages on an LHRD in

an on-demand fashion.

Furthermore, this is possible in a flexible way, since there is no need to install

any software in any of the clients. All they have to do is connect to ASP.NET server

with an id. Node page and system libraries are loaded through HTTP, communi-

cation and coordination is achieved through websocket and a visualisation is loaded

on that display; html elements and javascript libraries of that app can be loaded

again through HTTP from the server and deployed to the node. That partial app

again communicates and coordinates through web-sockets.

As a result, almost any type of visualisation can be deployed dynamically and

in an on-demand fashion to tens of browsers in an LHRD in any layout, thus enabling

users of LHRD in creating various visualisation scenes composed of heterogeneous

visualisations.
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5.2 Managing the System and Deploying Apps

The system of GDO consists of a server software that manages the distributed

system deployed to clients in LHRD. This system is controlled by user control inter-

faces. This management interface is a web page where users can manage the system,

deploy visualisations, interact with visualisations, and use utilities. These pages can

be opened in any tablet/PC within a network that can reach the ASP.NET server

of the system.

These pages contain status of screen-space such as layout of nodes and their

status, live logs of system and a terminal for executing commands. Most significantly,

it contains a canvas for selecting and deploying apps to group of display nodes in the

screen-space. This is performed by a user selecting an app and its configuration and

deploying it to any selection of nodes in the screen-space. Equally important, this

interface contains individual control interfaces for deployed apps, where users can

interact with app instances they deployed on the screen-space. Finally, this interface

contains other utilities such as saving states of the system and executing scripts.

In order to enable control over the distributed system, the system software

on the server hosts a registry. This registry holds the system state. This state

changes by user actions and app events. As a result, any client can request current

registry and load according to the current state. For example a node can join the

system late, query the server regarding its current state, such as node status and app

deployment status. Then it receives an update from the server with this information,

which enables it to load accordingly. So, if there is an app deployed to a section

containing that node, node loads app libraries and start displaying corresponding

partial visualisation. This is same for the management interface, where it queries

and receive the current state of the system and load its UI according to it, thus

showing up-to-date information on the system elements in the UI.

Clients and server share this information, send commands and actions through

an API based messaging system built over signalR websocket communication which

shapes our middleware. On the server, server hosts a signalR hub for system API

gateway and hubs for each apps API communication. On these hubs, there are

defined functions for API based operation such as deploy app, clear screens, load

parameters. App hubs can define their own functions too, this is why server and

each app have separate hubs. On the client side, signalR library is registered with
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client-side functions of the system and current selection of included apps that the

server can call. Again each app adds its own functions to client-side too. This gives

independence to server code and app codes, while enabling app developers being

able to implement their distributed functionality.

These functions on server and clients are connected to their corresponding reg-

istries. On the server, system hub is connected to system registry and app hubs are

connected to server-side logic of apps. On the client-side, system defined functions

are connected to client-side system logic and app defined functions are connected

client-side app logics. Thus, when a message is received such as activate X on server

hub, it changes registry of the system, take corresponding action and distributes

these changes to clients. Each client than changes its own local registry and take

according action. For example, in activation of maintenance mode, clients load

maintenance overlay on top of their web interfaces using this method. The server

may also chose to unicast commands to clients, groupcast or broadcast them. So a

server can respond to a query of a single client or cast an action to group of clients.

This enables server to respond or command whichever clients it chooses to.

Based on this general paradigm, node clients register and periodically ping

the server, control interfaces receive current system state and allow users to take

actions according to it, through user interfaces apps can be deployed, modes can be

activated, system states can be stored or restored or scripts can be executed. On

each of these activities, either through UI or logic, API of system can be called, which

takes corresponding actions, update registry and distribute commands to clients.

5.2.1 Core Communication Cycles

This is a proactive mechanism that enables clients and server to be aware of

the states of all clients. It enables mechanisms that require system state to operate

and run. Nodes register and fill the server registry with their status as they load.

This is done by nodes sending an update regarding their status to server hub. After

initial registration, they continue to update periodically. This periodic update is

spread to a time window, so it has balanced use on network resources and server

hub. Server accumulates this data in registry and broadcasts back to clients. As a

result, nodes and control clients have up-to-date state of nodes and the system.

Clients who receive this update changes their own local registry and take
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Figure 5.1: General Communication Schema for System Management

actions. So, this update may trigger events the node have to take. For example, if

update includes an app deployment on that node, than this turns into action, where

it results in node loading app libraries and app visualisation page. Also, app and

other system components on the node may require this data later for other uses.

For example, an app logic without querying the server can learn state of adjacent

nodes by looking into local registry.

Other than periodic updates (that includes the most recent event), newly

joining nodes may require current state of the system. Therefore, whenever a node

joins to system, it requests an overall update and server sends a unicast with latest

copy of system registry (serialized) to that the node. Thus each client joining now

or staying on the system is always up to date local registry on the system.

Through this mechanism, user control interfaces show up to date state of the

system, thus preventing logic or UI elements from taking actions that cannot be

performed or errors due to non-existing elements or already changed states. So a

user cannot deploy to a section of nodes which is already part of an app. This

also enables live display of system status on maintenance pages in nodes and on

management interface in user devices with live logs of the system.
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5.2.2 App Deployment

Another management functionality system implements based on this server-

client paradigm is deploying apps to nodes. Users through UI or other apps through

utilizing API can deploy and terminate apps. This is a two-step operation. First is

creation of a section. Section is a logical group of nodes that are put into the same

signalR groupcast. So when server receives command to create a section, it puts all

nodes in that section into the same communication group. Server can receive this

action by a user through user interface, or app logic on other clients.

Afterwards, users or app logic can select to deploy an app to that section.

They also have to include which configuration that app will use. After receiving

this command, server through an app factory creates an app instance for that app

with selected configuration and broadcast this as an update to clients. Unrelated

clients will only update their UI to reflect changes regarding that app deployment.

While nodes in that section with that command will load app libraries and request

the selected configuration data. After receiving the configuration data, these nodes

will initialize node components of the app with parameters on that configuration.

This process loads the app visualisation pages into that group of nodes in

that section within an iframe that is maximized. Each node also loads the app

libraries with given configuration. Similarly, upon receiving terminate command on

the server hub, server destroys the corresponding instance and sends all clients of

that app instance with commands over API to stop visualising that app. These

clients unload app libraries, clean scopes that app uses for temp/data variables and

unload DOM of the iframe and clean DOM elements app loaded.

While an app is active on a node, it is given a web page within an iframe and

a scope of operation in local registry. Apps may choose to load code to their given

scope or they can load libraries and code to DOM of their iframe. They are also

given access to local registry and signalR functions of the node. As a result, local app

logic operate using these local resources and information plus remote communication

to server over API to visualise their partial region of the app that node needs to

visualise.
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Figure 5.2: System Management Interfaces: Node Clients in Maintenance Mode
(Top), App Deployment (Bottom Left), System Health and Config (Bottom Right).

5.2.3 Modes

Another system functionality is system modes. Modes are built above client

side web page states mentioned in 5.1. These are general modes of the system that

can be activated from management interfaces, such as maintenance mode, minimal

mode, normal mode and etc. The way they work is: server activates a mode upon

user interaction and broadcasts the activation command to all clients. All node

clients after receiving this command show appropriate mode. For example in main-

tenance mode, a debugging interface is shown on each node; while on normal mode,

it shows node ids for vacant nodes and app visualisations for deployed nodes.

Most significant of these modes is the Maintenance mode. In this mode, nodes

display debugging interface that shows various information regarding the state of

the node such as its location, app deployment status, its configuration, or other

information like connection id or node health. It also shows a live log of on-going

events such as received commands or app events. This enables developers to track

their application in a distributed display area and identify problems during testing.
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5.2.4 Terminal

Similar to the maintenance overlay on nodes, another terminal is shown within

management interface, showing events of the system. Unlike the ones on nodes, users

can execute API based commands on this terminal. These can be local commands,

server commands or relayed execution where server relays a command to be executed

on another client or clients. This happens through messaging over API between

client-server. Through this, developers have advanced debugging functionality where

they can execute commands on all parts of the distributed system during testing.

5.2.5 States

System also have a state saving and restoring mechanism for overall LHRD.

The state can be stored in a configuration that keeps the location and size of apps.

Thus, admins can save states and restore them later on. Admins can store different

states or set of states for each repeating session or save states prior to a new session,

prepare session and use the state in the session. States mechanism also operate over

API. While saving, it looks at the server registry and save its state. While loading

through UI, it sends server to restore state command. Server sends clear LHRD

command and load apps with configuration at given locations and sizes according to

the state. Through states, admin of the system can store layout of apps for different

sessions and use within the desired sessions.

5.2.6 Scenarios

Scenarios is a scripting mechanism that works throughout the distributed sys-

tem of LHRD. Users can create scenarios on management interface, save, load and

execute them. These action scripts executes a set of commands on system API.

These commands can be made iterable, or they can pause, wait user action, or time-

out. These can be utilized to create sessions where selection of apps and what they

are displaying can be programmed and interacted in a collective way. So, an admin

can create a scenario to first load a system state, than change datasets of apps, then

load another state. Admins can do this with timeouts, user inputs and with other

parameters. This functionality provides many opportunities for admins to create

complex and dynamic sessions that can be interacted on a higher level during the

session. These commands the scenario executes are again based on API commands

in the system, thus they can target server, or a client, or group of clients.
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5.3 Visual Applications and Development

In GDO, LHRD displays visualisations through general, interactive and dis-

tributed applications. These applications are designated to run on any group of

nodes, that we refer as a section, when deployed. Visualisations run partially on

the nodes of a section and with coordination of the server they make up to a single

unified visualisation on that group of nodes. A visualisation app in GDO is com-

posed of three parts: control, server and node components. These parts operate in

a distributed manner over web socket communication.

Figure 5.3: Apps on GDO visualise on a distributed manner through cluster of
components on LHRD display nodes and can be controlled through web interfaces
on tablets.

5.3.1 Node Component

The part of the app that is deployed to nodes consists of a general app vi-

sualisation web page and app logic library written in javasciprt. When an app is

deployed to a display node in LHRD, the system logic of the node loads this general

app visualisation page inside nodes web page as a maximized iframe. This page is

similar to node page and hosted in the GDO ASP.NET server. Then the node loads

app logic into the node and initialize it with parameters that provides the infor-

mation to node component of the app regarding its location in the overall display

grid. So the node knows where app is situated inside LHRD screens and where that

node is situated. With this information node component of the app knows which

part of the distributed visualisation it should render. It starts to communicate with

the server component of the app and coordinate to render visualisation on that re-

gion of LHRD. By each node of that section rendering their corresponding partial
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visualisation, a distributed visualisation is created in that section.

During operation, node component of the app communicates with the server

component of the app through websockets to coordinate. They receive parameters,

changes and data from the server component of the app. They can also load, down-

load, stream data and resources from the server or external sources to visualise.

Lets look at an example of a multi-layer mapping application. Each node

is provided with parameters such as zoom and location of the map that partial

visualisation should be rendering. They are also given which layers are displayed

currently. So each node component of the app loads the current map library with

those coordinates, zoom and data layers. If these change during operation, server

component of the app broadcasts new coordinates and zoom or layers to render.

The data for the layers can be from the server or external resources on the web. As

a result, a dynamic distributed map visualisation out of general app visualisation

web pages in iframes in distributed displays can be created.

Figure 5.4: App Components on Server, Display Nodes and Control Clients.

5.3.2 Server Component

The server component of the app is a class in the system registry. This app

class is a factory for instances of that app. It creates and destroys instances and

keep track of them. Therefore, GDO can deploy many copies of a single applica-

tion to different sections on LHRD with different configurations through instancing

mechanism.
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When an app is deployed to a group of nodes, the system creates an instance

of the app. This instance is a thread that runs a copy of app’s server side logic

with given parameters. These parameters are the location and size of the app in

GDO and configuration of the app. Location and size enables server side logic of

the app to coordinate distributed visualisation on the group of nodes in LHRD that

the instance is deployed. Configuration enables apps to be deployed with saved or

created templates.

App configurations are generic json files that enable app developers to store

states of the app which can be retrieved and used in other deployments. They can

be very simple or very complex which is up to the app developer. For example in a

3D app, a configuration can store which scene is used, which models to be loaded,

what are the user preferences or where is the current view located at. When a 3D

app is deployed with this configuration to any section of LHRD, both server and

clients of app logic is provided with this configuration and they can load the libraries

with these states/parameters.

Through these mechanisms, we are able deploy multiple instances of an app

with different configurations in LHRD. Enabling this configuration data to each

instance on start-up allows us to deploy apps with more extensive parameters on

each instance. It also allows state saving and restoring mechanisms to work, since

we can save state of an app as a configuration and later reload it on another session.

Figure 5.5: Implementation of Distributed Applications on GDO



106 Chapter 5. GDO Implementation

Another component of the app on the server is the API hub of the app. We

have multiple hubs on the server, one for system and one for each app. This allows

app developers to implement their communication schema between clients and server

side components of the app. And thus implement a distributed application. Devel-

opers can implement various distribution, rendering methods between clients/server

as that type of app may require. For example, App hub of an image app may

implement API with actions such as load image, zoom image, pan image on the

server-side; and client-side API can implement actions such as receive image part,

pan and zoom. So a control client can load image to server and than server can send

partial images to clients through receive image part function, also control client can

call zoom image on the server and server can calculate coordinates for each client

and can call zoom functions on those clients’ API.

There is only a single hub per app due to restrictions on signalR libraries.

SignalR only allows creation of hubs on the ASP.NET server start-up. Thus, the

only information server has on start up is which apps are included with the solution.

Apps overcome this restriction through relaying messages to dynamically created

instances. Therefore, dynamically deployed instances of app are reached through

their common app hub for that app. They perform this through relaying the com-

mands to corresponding instance of the app by specifying instance id. For example,

when an user interface over API tells the image app hub to load an image, it refers

to which instance to execute the command at. So, if there are more than one in-

stance of the image app on the LHRD screen-space, server-side components of those

instances can be targeted individually. The same goes for client-side API.

This restriction is turned to an advantage where it enables us to target an app

in general or its instances individually. For example, there is a data animation app

with multiple instances, where the animation can be started, paused or stopped.

A user can target the app in general and command to start animation, where all

instances are targeted in this case as a group and all of them start the animation.

Or, individual instances can be targeted to start or stop separately.

Overall, apps are plugins on the server represented as app classes, which has

the task of creating and destroying app instances of that app on-demand, where

these instances are working copy of applications server-side logic in a thread. These

classes also host configurations for those instances and have a hub which implements
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server-side API functionality of the app and acts as a relay to messages coming in

and out from clients and relays them to corresponding instance or group of instances

of that app. Using this functionality, app developers can create coordination logic

on the server. This logic can distribute parameters to nodes, process data, respond

to user actions coming from user interfaces and many other functionality.

Figure 5.6: Various App Control Interfaces Displayed Inside Management Interface

5.3.3 Control Component

Application paradigm in GDO allows control over the instances of apps. These

instances can be configured/controlled or steered through user interfaces. These in-

terfaces are loaded dynamically to management interface. They are similar in nature

to how we load app visualisation pages inside node clients. In this case, we load app

control page into management client in an iframe. Through this interface, users can

control, configure or steer each instance of each app individually. This interface is

also designed and implemented by app developers similar to app visualisation page.

It is also very similar in structure to app visualisation page, where it uses common

app libraries with node component of the app.

When a control interface is opened in a management client. Client in an

iframe loads this general control web interface of the app with given parameters.

It uses the same javascript library of the app, but it initializes to act as a control

component. The reason it uses the same library is for code re-usability. Both web
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pages of app (control, node) tend to use similar elements commonly. For example,

in a mapping application, the app uses a map library to render partial map in the

node, and in control interface again uses same mapping library to render whole map

but scaled down for interaction. Instead of forcing developers to duplicate work and

implement two separate libraries, we have chosen to use one library as entry point

and if developers chose to use two different set of libraries, they can select which

libraries to load in that entry library depending on if the client is a node or a control.

Otherwise, they can use the same libraries with different parameters.

Control interfaces are interactive web pages that contain control/steer/configuration

web elements that users can interact with. For example, in mapping application, a

whole map with navigation can be showed where users can select dynamically the

visual style and data layers. For charts application, it can be template and data

selection on control interface, which is up to the developer.

Through these, users can control the app. This happens through users actions

being translated to API commands that control interface calls through our websocket

API middleware. For example, a user moves the map and makes a layer invisible.

This interface calls corresponding functions for new coordinates and setting layer

visibility on app hub on the server for that instance. App logic of the instance on

the server makes changes and distributes changes to other relevant clients such as

group of nodes displaying the instance and control interface controlling the instance.

Figure 5.7: Base Communication of System and App Operation
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5.3.4 Communication Schema

Apps distributed elements communicate through API, where on the clients

and on the server, app developers implement API functions that other elements can

call. On the server, a signalR hub is implemented for this functionality. As discussed

before, app developers can implement overall functions that target all instances of

the app, target group of instances or target an individual instance. On the clients,

app developers implement another set of API commands for client-side functionality.

These functions again can target the app as a whole or instances of it separately.

Also, they are divided by control functions, node functions and common functions.

So, API functions of a control panel may differ from a node client. Also they can

have common functions that are used both by node and control clients of the app.

For example, a basic video rendering app. The API of server may have func-

tions like load video, start, stop, pause. The control interface may have API for

receive video list from server, receive overall video. The nodes may have receive

partial video function. And since there might be multiple control interfaces, start,

stop, pause may be common API for both nodes and control interfaces. Thus when

one of the control interfaces stop the video, other control interfaces as well as nodes

of the app receive the stop command over API. As a result, these three components

of the app and its instances can communicate with each other using API.

5.3.5 Instancing, Configuration and Layering Mechanisms

App instances are used to enable deploying a working copy of the application

at any section of nodes in LHRD. To reiterate, through instancing paradigm, we

can have multiple copies of an application running on different sections without any

conflicts. On server side, each instance have its own elements, since we instantiate

the class developed by the app developer on the server and use corresponding App

Hub to redirect requests to those instances. And on client side, global app variables,

objects, functions are stored under a scope dedicated to that app on nodes and

control interfaces of the app. However any temporary variable, object or function

is stored under scope dedicated to that instance on client-side and this is initialized

when the instance is created and is destroyed when that instance is terminated. As

a result, we provide individual and common variables and functions to applications

without any overlap, while individualized scopes to instances to operate. Following
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sections tries to explain how multiple apps and multiple instances of the same app,

or multiple layers operate inside GDO.

A. Multi App Operation: In case of multiple apps, each app has its own unique

hub that is active all the time. When a management client deploys an app to a

section, an instance of that app is created inside the App element on the server,

as mentioned before. In this scenario, clients of that app connect to App Hub

to communicate with that App Instance through their id. Afterwards, if clients

have to be updated, the App Hub calls all clients on that section again with the

id. So in case there are two apps, a chart app and a 3D app deployed to different

sections of LHRD, each of them loads node components in their group of nodes,

creates instances for their server component and have different hubs for websocket

communication. Nodes of the chart app communicate with app hub of chart app

which is connected to that instance of the chart app. Same goes for that 3D app. As

a result, instances of different apps can be deployed to server and can communicate

with their node and control components without overlaps.

Figure 5.8: Multi-App and Multi-Instance Operation Differences
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B. Multi Instance Operation: In case of multiple instances of the same app,

server creates these instances in the app’s factory as threads with selected config-

uration for each instance. Each control client and group of nodes belonging to a

instance access to their corresponding instance through the common app hub for

that app. Their messages are relayed to that instance. On the client side this is

similar, global app objects and functions stored at app scope, and instance specific

variables are stored at instance scope, and API relays actions and change variables

accordingly.

So at no time, different instances’ variables overlap. In case of visual elements,

that app visualisation pages are loaded as iframes and when an instance is closed

those iframes are destroyed too. Also instance scope is cleaned as a result. Further-

more, external js classes loaded inside iframe, unlike the app specific objects loaded

to gdo structure (local registry) are destroyed with the iframe. Neither in the web

pages document nor in javascript structure (local registry) any instance specific or

external remainder of a instance is left over after termination. Therefore a client

(node or control) becomes ready for deploying a new instance of another app.

As a result, if a video app is loaded with two instances, there are two threads

on server, 2 group of nodes on the LHRD. Each group of nodes communicate with

the corresponding instance through relaying over the hub. In each node, the node

component of the app is loaded and given an app scope, an instance scope and

have an iframe for rendering, where iframe and instance scope is destroyed when

that instance is unloaded. Thus, two instances of the same app can be present and

deployed to LHRD simultaneously.

C. Configurations: GDO has a configuration mechanism for apps. App instances

are deployed with different configurations. Configurations are JSON files/data that

app developers can implement a schema for. So, app instances read these config-

uration data on deployment and initialize accordingly. These configurations can

provide differentiation in functionality between app instances in terms of loading

with different data, templates, logic, format and other parameters. Configurations

determine many aspects of that app instance. A map configuration can declare lo-

cation, zoom, layers, data. A graph configuration can have template, style, type and

data. Presentation configurations can hold slides, transitions, layout. Overall, apps

can use config mechanism to hold data sources or links, file links if data is local,
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current view parameters if app is navigable, other template and styles for data and

many more parameters or data. Configurations can also work aligned with control

interfaces. So, App X can be loaded with Configuration A. During operation, users

can use the control interface of that instance to make changes. These changes can

be saved as Configuration B and can be used in another session if app allows.

D. Multi App Layering: GDO also supports multi-layer app operation. This

is enabled through multiple app pages being active working with different instance

scopes. These app pages operate at different z-indexes, they can have transparency

and can be switched or made invisible. Since instances have dedicated scopes and

app visualisation pages are deployed in isolated iframes with separate DOMs for

visual elements, this works without conflicts. Messages received from the server

components are directed to given apps or instances. Moreover, apps can utilize lay-

ering of web technologies internally. Therefore, an app instance on a node can have

multiple layers or overlays using html z-index since it renders over web technologies

within its iframe.

5.3.6 Types of Apps

There are few applications types we have already implemented and these are:

Apps, Modules and Composite Apps.

A. Apps: First type is apps. These are the apps we discussed up until now. They

have three components, which are on server, control interface and nodes. They

are instanced. They have configurations. They operate in a distributed manner

through API. They are deployed through management interface. Each instance

have their own control interface. They are deployed to the nodes through their node

components and show distributed visualisations. When they are deployed, they have

an instance created for them in the server. Although, their hub is always active. All

other details regarding them are discussed in previous sections.

B. Modules: Second type is modules. They work in a similar manner and are

structured similarly to apps. They are applications that are designed to run at

background continuously and have a single instance. They are designed specifically

as background services for external devices or data services that GDO uses. So

other apps or users can utilize these external devices or data sources as a global
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Figure 5.9: Operational and Distribution differences of Modules, Apps, Integrated
Apps and Composite Apps.

resource within LHRD. They are stored in the server similar to apps but have a

single and always active instance. They have a single control interface since they are

not instanced. They can create overlays on all the nodes as visualisations. Similar

to apps they have an always active hub, but instead of targeting multiple instances,

they target always active module instance.

C. Composite Apps: Composite apps are a type of apps that use other apps to

visualise data. Their main purpose is to use multiple apps in coordination to create

a collaged data scene. They are similar to normal apps in structure. However, they

load other apps to other sections. These children apps are given configuration by

the parent composite app. Throughout their operation, children apps are controlled

by parent apps. Parent app uses API to control instances of the apps it deployed.

On a node where a children app is deployed, both parent and children app node

component is active where they talk to children and parent app hubs.

So children apps operate normally through their node and server components.
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Parent app server component can command server component of the children apps,

node components of the children apps over API or it can command its own node

component which can command node component of children app. Thus, parent

app becomes a background coordinating system for children apps, through many

coordination options.

In addition, parent app can retrieve data and process it and distribute to

children apps. For example, parent apps control interface can be regarding data

importing and processing . In the control interface of a parent app, it can also load

tabs or panes that can contain control interfaces of the children apps. As a result,

this mechanism provides coordinated and collaged visualisations to be deployed to

GDO using composite app logic, where parent apps are tasked with coordinating and

meta operation and data provision, where children apps are used for visualising the

data parent app provides with parameters given by parent app. On children nodes,

both parent and children node components exist. Parent node component can be

used for data provision, coordination or as overlays where children node component

is used to visualise data.

5.3.7 Development of Apps

App developers implement GDO applications through using .NET and web

resources. An app developer only has to implement few main components to create

an operational app: App Instance, App Hub, App Client Library, App Control Page

and App Visualisation Page. Also depending on the skill of the developer, he or she

can implement a distributed operation of the app between these, following our simple

guidelines.

Table 5.1: Developer Template for App Components in GDO

Element Language Function

AppInstance C# Server Logic of the App

AppHub C# App API on Server that relays to Instances

App.js JavaScript Client Logic of the App

Control.html HTML Control Interface of the App

App.html HTML Node Interface of the App

Configurations JSON Configurations of the App

Apps are user created projects that are plugged into the software framework.
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Figure 5.10: App File Structure

Core project does not depend on app projects and can run standalone. Any combi-

nation of apps can be loaded on the server during start-up, if they are present in the

plugin directories. Apps have their own project folder which the framework looks for.

From this folder, the project loads app executables and main files, configurations as

json files, other libraries app uses, and also data from data folders.

Therefore, App developers also can use additional .NET libraries, js scripts

and web pages as long as they put them under this folder structure and put data

manually into project folders. As a result, apps can individually developed using

web technologies and libraries freely on front-end, .NET libraries on the back-end,

where all of these can be packaged as plug-ins that can be included with the overall

project of GDO.

5.3.8 Performance of GDO

We have conducted a few benchmarks on the system of GDO [39] and also

applied similar benchmarks to SAGE2 platform[127] under same or similar test

conditions. For these benchmarks a mediocre computer with i7 3630QM processor

and 16GB DDR3 RAM is used to host the server logic for these platforms. For

benchmarking load on the server, we have tested for memory, CPU and network

usages.
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First Benchmark is memory and CPU usage of GDO and SAGE2 with different

applications loaded. For this benchmark, no clients connected to both server logics.

We have tested for memory and CPU usage, with base server deployment, with 4

different basic apps like (graphs, images, maps), and with 16 basic apps. It should

be noted that apps on these systems are very different in nature, therefore we have to

select similar ones but not exact. On all figures, Both GDO and SAGE2 had stable

load without an increase while applications are loaded. GDO had 120MB memory

usage on average while SAGE2 had 100MB on average on all test conditions. For

CPU usage, during app deployment minor pikes occured on both systems. Although

after app deployment is completed, CPU usage was stable and it was under 5 percent

for both systems.

On our second benchmark, we have tested for effects of node connection on

the server. In terms of CPU usage, we observed similar stable CPU usage which was

under 5 percent for both SAGE2 and GDO, independent from how many nodes are

connected. However, on memory usage, GDO memory did increase on a logarithmic

scale with number of nodes connected. On the other hand, SAGE2 memory usage

on the server stayed stable around 100MB under same test.

Table 5.2: Memory Usage on Server for GDO vs Number of Nodes Connected

Num of Nodes 1 2 4 8 16 32 64
Memory Usage 120MB 127 MB 140MB 161MB 199MB 227 MB 265MB

Furthermore, we had a combined test for GDO. In this test, we have connected

32 nodes to GDO and loaded various apps to GDO. Under no nodes connected,

GDO has 120MB memory usage and under 5 percent CPU usage. With 32 nodes

are connected but without any apps loaded, this raises to 230MB, but still under 5

percent CPU usage. We have loaded a single app to 32 nodes. We also loaded 2,

4, 8 apps in different layouts to 32 nodes for the rest of the test. What we find is

that 230MB memory usage stays stable with different app layouts, however there is

minor increase in CPU usage, where this increase is still under 5 percent.

In terms of network load, we have tested GDO with no apps and no nodes,

obviously resulted in 0 mbit/s on the server-side communication. We have tested

with 32 nodes without any apps and we have observed 2mbit/s network usage for

base operation on the server with nodes connected. We also tested with 32 nodes
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and dynamic apps that span to all nodes with constant interaction, which resulted

in 4mbit/s network usage on the server.

On the client side, both SAGE2 and GDO have similar memory usage. Base

client of SAGE2 used 7.2MB of memory and base client of GDO used 8.4MB of

memory. Since GDO and SAGE2 apps are very different, we can not have a detailed

comparison under app usage. However, we have tested for the only similar app:

maps, and we have observed that SAGE2 and GDO have similar memory increase,

where SAGE2 memory usage increased to 12.4MB and GDO memory usage was

increased to 15.5MB.

As a result, we have observed similar server and client loads on both SAGE2

and GDO with the exception of GDO minor memory usage increase on server-side

with number of nodes connected. However, even with hundreds of nodes, this does

not affect overall performance, because it is logarithmic and minor. On other as-

pects we compared GDO and SAGE2, we have found they have similar performance

usage which is minimal as both systems are capable even running on medicore PCs.

This was the expected results since 3rd Generation LHRD software focus is web

technologies, and due to using web technologies, these platform are lightweight.

5.3.9 Conclusion

In conclusion, we create an unified screen-space on LHRD using basic web

pages that are in communication with the ASP.Net server of the GDO through Sig-

nalR websockets. We have web-based control interfaces that users and admins can

manage the system using the same paradigm. These control interfaces offer novel

features specifically designed for visual data analytics management. In this system,

we can include many externally developed apps that operate in a distributed man-

ner. These apps have node components for visualising data, which are coordinated

through their server component over API and have individualized control interfaces

for configuring/interacting and steering the app. Apps operate on a distributed

manner which developers can decide on. They have instancing mechanisms, differ-

ent types for different uses. Apps are developed using web resources on front-end

and .NET and C# resources on backend.

Through all these, we implement the basic set of functionality we intend to

cover on an LHRD, this set includes, creating an unified screen-space, deploying apps
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to any area in any layout on screen-space, have a management system for LHRD for

visual data analytics, have a distributed app paradigm to operate general, modular

and interactive data visualisation apps on the system and application development

framework to develop these apps. However, we have not went into detail to our

middleware and framework which also enables collaging and syncing apps, various

data distribution and processing scenarios and many other functionalities. In the

next chapter, we will discuss this from a different perspective. We will introduce

this mechanism as a software paradigm and list all the contributions it enabled.
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Figure 6.1: Clustered Visualisation
Services Paradigm

In order to enable and operate this

dynamic and versatile distributed sys-

tem, we have came up with a new soft-

ware paradigm, which you may have

seen parts of it in the previous chap-

ters. We call this Clustered Visuali-

sation Services Paradigm, since it has

certain similarities to MicroServices and

Service Oriented Architecture.

In this paradigm, we have modu-

lar system and app components on dis-

tributed locations of the system that

communicate over API to create dy-

namic logical functionality that span

across physical locations of the system.

Through this mechanism, users or logic can call API functions on other components

of the system and apps both locally and remotely, and therefore enable many dy-

namic functionality like app deployment, app operation, utility operation, collaging

and syncing, device integration or composite apps on the cluster of LHRD clients

and the server.

119
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CVSP is composed of 5 rules:

1. System and utilities have components on the server, cluster of display nodes

and control interfaces.

2. Apps, modules, composite apps have dynamically loaded instances on the

server, dynamically loaded components on the nodes or control interfaces.

They have operational independency within the scopes of these components.

3. System operates an underlying communication schema that enables commu-

nication between all these physical locations and logical components within

those locations. As parts of this schema, all these components can call each

other locally or remotely.

4. System mechanisms and apps coordinate between components of theirs over

network, so they can create distributed functionality.

5. System and app components can communicate and coordinate between each

other both locally or remotely to create composite functionality.

Overall, we were able to create a distributed system structure composed of dis-

tributed components of apps and system that communicate and coordinate over

API to enable the target functionality. In this system paradigm, distributed com-

ponents and communication schema between them divides the physical distribution

in the system into further logical boxes that operate separately. Furthermore, these

physical and logical boxes can be created dynamically. For example, a new node

can join as a physical element to the system, or an app is deployed to a section of

nodes, where these nodes create instance scopes to that instance of app, that can be

accessed over API dynamically. This creates a dynamic, modular permissive API

based distributed system. In this system, apps or system utilities can create many

types of distinct distributed operation through being able create many proactive or

reactive communication cycles between their server, node and control components.

There are four important aspects of this paradigm: modularity, dynamicity,

communication and coordination:

In terms of modularity, we create different scopes to these components on

both server and clients of the system. So system has its own scopes on the server

and on each client. Apps have their own scope and a hub on the server, and their
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own scope on the clients. Also, instances have their own threads on the server,

and their own scopes on the deployed clients. These scopes enables apps to have

operational independency within those locations. So, an app component on the

server or on a client have vast freedom in terms of operation within its scope. It

can use many libraries inside. On the server it can use .NET and C# libraries

for coordination and data processing. On the clients, it can use many online web

libraries for visualisation, interaction and other supplementary uses. Therefore using

these, apps can implement many types of operation within these components.

In terms of dynamicity, the distributed system is dynamic. Applications of the

system can be created or destroyed dynamically on each of the distributed locations

and where they can run separately within their scope. Furthermore, these physical

locations can be dynamic too, they can be reloaded or join and leave at will. For

example, a client can be connected to the system, join the network, load system

components, receive its parameters, load app components it should be displaying

if any, and start to operate, later can unload and load another app component;

and finally leave the system. This enables us to operate the system flexibly and

furthermore deploy any app to any part of the system at will.

In terms communication, connecting these components to each other through

a communication schema enables us to create, operate and manage distributed ap-

plications and utilities in the system. For example, control component of an app

can call the app instance on the server upon user interaction, which can call group

of nodes the instance is deployed to change a template. Or, app logics on group

of nodes could individually query data of the server component of the app as they

need, while server component sends broadcasts of parameter changes. There can

be many types of distributed operation that could be implemented on these logical

applications and utilities that span across LHRD dynamically through these 3 types

of components and communication between them.

Finally, in terms of coordination, this paradigm enables creation of composi-

tion of functionality between apps themselves or between apps and system. This

includes apps or users to be able to call system API to change or dictate system

state. For example, an app component on a node can call a system component on the

same node or a system component on a control client can call an app component on

the server. Through this, an app can load other apps, which lead to creation of their
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dynamic components on server and nodes, and through API can command their

server component or these node components of apps. There can be many types of

coordination, syncing, collaging or composition of functionality implemented using

these mechanisms.

As a result, we achieve a dynamic service oriented mechanism tailored for a

LHRD that displays many data visualisations. In comparison to the MicroServices

where smaller distributed services function together to create applications, we used

a similar paradigm to distribute and coordinate app and system logics on the LHRD

distributed system and cluster. So, apps can create functionality over distributed

components. Furthermore, combination of apps and system can mesh or create

functionality through communication and commanding each other over API on-

demand. This is first of its kind in LHRDs and through it we achieved many novel

features overcoming the challenges we stated.

In this chapter, we will explore each of these novel or critical functionality or

capability this software paradigm enabled, which it did through overcoming chal-

lenges stated in the 3rd chapter; but first we will introduce how implementation of

CVSP works from its own perspective in comparison the previous chapter.

6.1 Implementation of CVSP

We can divide the implementation of this paradigm into two areas: Server-side

and Client-side.

Server-side: Server-side of this software paradigm is implemented through a col-

lection of hubs connected to registry of the system. Hubs are permanent during

deployment, although number of hubs are determined based on apps. Hubs deter-

mine the access level to all server-side elements. They can forbid access to certain

objects or variables. Behind hubs, we have a registry. There is a core side of the

registry dealing with core operation and utility operation. Also there is apps side

registry, where users or logic can create instances of apps. These instances are dy-

namic and internal coding of them are up to the app developers. Furthermore, their

internal operation can vary greatly on the configuration they have been given or user

actions on control panels. So in server side, we have core system hub which acts as

the API to core functionality on the server and behind it we have server-side core
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Figure 6.2: Clustered Visualisation Services Paradigm Communication Schema and
Architecture consisting of System and App server and client components. In a 64
screen LHRD there will be more than 64 clients when we include multiple
management and control clients and there can be tens of apps, modules in
operation any second.

functions and variables. We also have app hubs for each app, which are developed

by different app developers, where behind them is an app registry for that app that

holds configurations and instances. Through core hub, these instances can be cre-

ated. Each instance is a thread. Through app hubs, these apps and their instances

and their accessible functions can be called and thus they can create their own op-

eration. Therefore, we have core system and utility components and dynamically

created app components on the server where each can be accessed through APIs and

have their own scopes and operate.
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Client-side: On client side, the usage of this mechanism is even more flexible due

to javascript. Clients have a similar structure, but this time the hub functionality

embedded to scopes themselves. We have a javascript structure to create this. The

structure is similar to a tree, and starts with GDO core library itself, which imple-

ments core and utility functionality. It also creates scopes to apps and instances on

its branches. It can load libraries on-demand to any scope on the structure. This

structure also has access to web interface itself, thus be able to dictate what is on

the screen of that client. This structure has API gateways both for the system and

apps implemented through signalR. So on each client (cluster of nodes or control

clients), we have javascript structure that has access to web interface, which has API

gateways for core and app operation, which has both static and dynamic scopes for

system, utilities, apps and instances. Overall, the components (system and apps)

on that client can be created, terminated, accessed over API; and furthermore, the

components on that client can access to each other and to the web interface; and

thus operate. So overall, we achieve the aspects and rules described, where we have

many components of apps and system on physical locations and API gateways to

communicate between each other. The next sections will discuss challenges that we

overcome using this paradigm.

6.2 Immersive and Scalable Display of Data Visualisa-

tions

One of the challenges GDO approach solved is immersive display and visual

scalability of data visualisations on a LHRD. This challenge is both mentioned in

Immersive Display and Management of Visualisations on LHRDs topic and Data

Visualisation App Properties in the third chapter. It is about being able to scale

a deployed visualisation to any node group using current generation’s technologies

and be able to deploy many heterogeneous data visualisations that are scaled in

their sections in any layout.

The issue here is not just achieving scalability or displaying heterogeneous

visualisations. There is considerable amount of work for distributed graphics in

the literature which can achieve certain scalability in LHRD like environments or

deploy multiple visualisations. Older generations even though providing scalability,

they failed on scaling and arranging dynamic, interactive, web-based, general and
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modular visualisations. Therefore, the problem is achieving it for versatile and web

based data visualisations that are general, modular and interactive. As a result, our

counterpart here is the recent generation of LHRD software. In that generation, we

have identified scalability and arrangement problems that we will try to solve for

data visualisations.

The most significant example is scalability and arrangement issues in SAGE2.

These issues are result of their software paradigm. Since their objective is ori-

ented around collaboration and productivity, SAGE2 software paradigm is designed

without taking into consideration support for scaling and arrangement of data vi-

sualisations. First, we will take a look on scaling. In GDO, through Clustered

Visualisation Services Paradigm (CVSP), we provide a solution to this challenge.

In order to elaborate this, we will explain how a conventional application scales on

SAGE2 and later on how a similar application scales on GDO.

In SAGE2, applications runs parallel app logics using javascript on SAGE2

display nodes. There is no coordination point like a server-side logic to an app.

There is no communication between app nodes. There is limited communication

between apps themselves which is unrelated here. The only communication exist is:

that system software of SAGE2 sends system events to SAGE2 nodes, which results

in actions on nodes. So a client-side logic of an app, has to visualise only with

these system events like app deployment, pointer events and other. This prevents

app level coordination inside the cluster. As a result, the only reasonable solution

is pseudo-scaling, which is creating the app visualisation in full-size on all display

nodes and only showing the corresponding part and cutting excess areas, which may

not be problematic for productivity applications, however is problematic for scaling

data visualisations.

On the other hand, in our approach, the applications run distributed with

app’s server logic to coordinate. So, each node component of the application could

operate differently depending on its location and the data or parameters it receives

from its server component, where this component could send the data as a broadcast,

groupcast or unicast. So, it can send different data or set of actions to different nodes

in that section using CVSP. Furthermore, the nodes in cluster themselves can send

data/queries or have different communication cycles with the server-side logic of the

app or even use P2P to communicate in a swarm with each other.
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So to demonstrate this, we have conducted an experiment with the one of

the similar applications SAGE2 and GDO has: Maps. For this test, we will use

SAGE2’s google maps application and for GDO we will use basic maps application.

We will scale the application to 64 screens. This means the application will have a

size of roughly 132 million pixels, when it is largest. In SAGE2, applications have

predefined sizes, and for this test we had to manually scale this application (removing

limits) to 64 screens for matching corresponding map application on GDO and its

scaling capability.

So in the largest try in the experiment, which is scaling to 64 screens; in

our maps application, a global canvas in smaller size is displayed on user control

interface. This sends coordinates to server logic. Server logic sends these global

coordinates to nodes and app logics on nodes calculate local coordinates. Each node

than creates a local canvas in the size of the node display area which is 1920 by

1080 in this case and load a partial map with those coordinates. 64 nodes doing this

simultaneously results in 132 million pixel sized map. In comparison, SAGE2 google

maps app which tries to create a map on each node by the size of 132 million pixels

while GDO creates a 2 million pixel partial visualisation on each node. In total for

a visualisation that has 132 million pixels, GDO creates a 132 million pixels canvas

in 64 nodes, while SAGE2 has to do 8.4 billion pixels, where almost 8.3 billion is in

excess.

Lets take a look of the effects of this experiment on the performance. To

reiterate, in this experiment, we have tried to load googlemaps app to SAGE2 and

BasicMaps app to GDO with different scales. SAGE2 app uses google maps API

and GDO app used bing maps API. Since these APIs use different compression for

map tiles, Base map resources required for 1920x1080 map visualisation is around

3mb for BingMaps that GDO used and 1.5mb for GoogleMaps that SAGE2 used.

We made sure that neither internet connection nor quota on map tile APIs were

causing a bottleneck on the operation of the visualisation. Both SAGE2 and GDO

were configured to have 64 nodes. Even though they were configured to have 64

nodes, this experiment was conducted on a single computer while only single node

active and single server active for both GDO and SAGE2, and on each setup node

and server communicate on localhost. As for apps, Maps are loaded with similar

zoom levels and centred at New York City coordinates on both applications. We



6.2. Immersive and Scalable Display of Data Visualisations 127

measured total amount of downloaded resources and total time that was required

app to load the map. We took 3 results for each try and average it. The results are

for a single node trying to load their partial visualisation while changing the total

visualisation area for overall map. For example, in 32 screens, the total map is for

32 screens while each node on GDO or SAGE2 try to load their partial visualisation

which is 1/32 of the map area, which the results try to measure load time on one of

these nodes. Table 6.1 shows the results of this experiment.

Table 6.1: Performance figures of a single node on similar maps application scaling
by GDO and SAGE2(There is no variation in transfer size over runs)

Resolution GDO SAGE2
Screens Pixels Transfer Latency Transfer Latency
1 1920x1080 3.4mb 2.1±0.1s 1.6mb 1.6±0.2s
2 1920x2160 3.2mb 1.8±0.2s 2.7mb 1.5±0.1s
4 3840x2160 3.3mb 2.2±0.1s 4.5mb 3.2±0.7s
8 3840x4320 2.6mb 1.8±0.2s 8.6mb 5.3±0.6s
16 7680x4320 3.3mb 2.4±0.1s 15.5mb 8.7±0.7s
32 7680x8640 2.5mb 1.8±0.1s 23.6mb 21.1±0.8s
64 15360x8640 2.8mb 2.2±0.2s 38.7mb 120.6±2.5s

In the results of this experiment, we can observe a stable data transfer and

load time in GDO as the map scaled throughout the LHRD. However on SAGE2,

due to the reasons we have stated, single node load time increases exponentially

with total map scaling, as well as resources it uses, since it tries to load the whole

map on each node. This resulted in unresponsiveness on the UI after 8 screen size

map as panning actions resulted in delays. It also resulted in crashes on the browser

after 16 screen size map and as we approached 64 screen size map scale, most of the

tries crashed before loading the visualisation on SAGE2.

This experiment shows us app and system paradigm used in SAGE2 is unsuit-

able for scaling data visualisations. And with the constraints of these paradigms,

writing an application that has coordination on the cluster which has difference in

operation on its nodes such as having partial visualisation tasks has many difficul-

ties in SAGE2. On the other hand, one of CVSP’s primary goals is to enable this,

where visualisation nodes can coordinate and visualise through displaying partial

visualisations.

As for the arrangement challenge, SAGE2 offers windowing with on-screen

pointer to interact which is more befitting for collaboration that is conducted for
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productivity. However, deployed applications in SAGE2 can not scale freely to

desired sections on LHRD, due to many of them having restrictions on scaling and

thus desired layouts can not be created by SAGE2 on any selection of applications.

On the other hand, GDO uses grid arrangement where applications can be deployed

to any section on LHRD divided by screens, thus any dashboard styled layout can

be created, while all applications scale accordingly to their corresponding section,

thus creating a seamless data visualisation scene with heterogeneous applications.

In comparison to SAGE2, SAGE2 creates these kind of scenes with only certain

applications and with manually arranging them on-screen if they allow. On the

other hand, GDO offers this for all applications guaranteed by its app paradigm and

allow arrangement prior to deployment through its user interface.

Moreover, SAGE2 deploys all apps to all nodes. So, in a 64 node LHRD

deployment, every node of SAGE2 creates a canvas for 64 nodes, and deploys the

apps that shouldn’t be on that node to off-screen areas of that canvas. This creates

a serious problem in deploying scalable heterogeneous visualisations. On the other

hand, GDO deploys apps only to nodes that they should be displaying on.

As a result, we see that for diverse web based data visualisations, the ability

apps to be distributed and their components to freely communicate and even im-

plement their communication leads to easily scaling these visualisations, since each

app logic on each node in the cluster can have partial jobs of visualisation and can

communicate with the server, receive or query data or parameters, even communi-

cate with each other, or external data services to perform its task. If applications

are designed to simply create a visualisation on each node and deployed in parallel,

where they are broadcasted through system events like in SAGE2, they have to use

pseudo scaling which is not performant over certain number of screens. Moreover,

this kind of general scaling capability on all applications of the system leads easy

arrangement of applications since each application is guaranteed to scale to sections

they are deployed, thus enabling creation of data visualisation layouts of heteroge-

neous applications on GDO using any of the applications developed to GDO, unlike

SAGE2 which cannot provide this.
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6.3 Data Analytics Oriented LHRD Operating System

A platform built for Visual Data Analytics should have an underlying op-

erating system and management mechanisms in the lines of requirements that we

described in third chapter. We can see in the literature that most of the software

in the literature does not offer an operating system of this kind or management

mechanisms tied to it. Instead either they have a simple visualisation deployment

mechanism in a program or offer a code library that developers use manually for

visualisation needs or other unsuitable mechanisms for this task.

On the other hand, SAGE2 and other recent generation software offer dis-

tributed operating systems that can be controlled from management interfaces simi-

lar to ours. SAGE2 system is the most relevant to ours due to the similarities of 3rd

generation. However, since SAGE2 and GDO has different objectives, we see that

their management mechanism and underlying operating system are incompatible to

our design and objectives in terms of supporting general and distributed data visu-

alisations and many other functionality we listed in the third chapter. There is two

aspects to this topic, where the first one is the underlying operating system and the

second one is the management functionality provided in UIs built above this.

Operating System: In GDO, CVSP principles lies beneath GDO operating sys-

tem. CVSP structures the system, defines the rules how it should operate. In this

sense, GDO operating system builds above implementation of CVSP; while CVSP

provides modular design of distributed system and communication schema, GDO

implements system functionality above it such as app deployment, app communica-

tion, app management, session management and unified screen-space. Furthermore,

through CVSP, GDO deploys 3 different types of components to server, cluster of

nodes and control clients dynamically. These components can use any libraries

within their scope, can coordinate and even implement that coordination within

their own communication schema which CVSP and underlying operating system

enables, structures and manages.

In SAGE2, SAGE2 also use a similar distributed operating system to GDO

in terms of implemented functionality, however it does not use CVSP principles.

In SAGE2, SAGE2 distributed system spans from server to its clients and operate

through API based messaging. It deploys apps similarly to GDO, where user ac-
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tions from management UI triggers events on the server, which is broadcasted to

nodes, which deploys apps. Afterwards, app logics on clients operate using reactive

communication coming from the server events.

There are two problems in SAGE2 in this area. First one is the app deployment

mechanism. In SAGE2, all apps are deployed to all nodes as mentioned before. So

if there are 10 apps on screen-space, all of these apps are deployed to all nodes.

So, even there is a node where no app should be showing; on that node, all 10 of

the apps are loaded and displayed in excess background. This is unmanageable for

general, modular, data-driven, scalable apps while being acceptable for productivity

and demo applications.

Moreover, there is a problem regarding what OS of SAGE2 provides to opera-

tion of the apps. Deployed apps in SAGE2 start with default state. User interaction

on the system, such as clicking on the app through a virtual pointer, or using app

menus registered to system, creates common system events on the server which are

broadcasted to app logics on nodes; thus changing the state of app logic on each

node. This is how apps operate in SAGE2 due to their underlying operating system.

So, no other types of intra-app coordination or operation is possible. Apps have to

operate in parallel without a coordination point, and based on broadcasted common

system events. Only apps exception to this are system hardcoded apps in SAGE2.

As a result, SAGE2 has 9 base functionality missing, in comparison to GDO.

These are:

1. Coordination Point for Apps: Apps should have coordination point, where

data or parameters can be hosted and distributed.

2. Selective App Deployment: Apps should be deployed to nodes that they should

appear on.

3. Persistent States: Having a coordination point enables a persistent state for

the app during operation, which can be updated through logic or interaction.

Thus, reloading clients can show up-to-date state instead of default state.

Furthermore these states can be saved or restored afterwards.

4. App based Communication: Apps should implement their own communication

to have intra-app coordination.
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5. Partial Querying of Data/Parameters/State from the Server: Node compo-

nents of apps should be able to request partial or whole states or data from

server components of apps on-demand.

6. Proactive Communication: Nodes and other clients or server should be able

to have proactive communication cycles.

7. Selective Communication: App components on the distributed system should

have selective communication between each other, where they can send differ-

ent data or parameters to different nodes.

8. App-System Communication: Apps should be able to use system API.

9. Inter-App Communication: Apps should be able to use other apps’ API (SAGE2

implements Inter-App variable sharing but no direct API communication).

These base functionalities enable many advanced properties of GDO such as gen-

eral, scalable, data-driven, collaged or synced data visualisations. For example,

data-driven apps often use proactive communication to query data hosted on the

server component of the app during app operation. Or, a general app requires a

coordination point to host data and live configuration. Or collaged apps, requires

both app based and app-system communication. Unfortunately, these are missing

from SAGE2, due to constraints on SAGE2 operating system.

Overall, these base functionality are critical for data oriented apps, and thus

prevents many features like general, scalable, data-driven, collaged or synced data

visualisations to be implemented on SAGE2. On the other hand, CVSP based op-

erating system enables creation, deployment, operation and management of many

advanced distributed apps, due to enabling all these base functionalities and prop-

erties through CVSP.

Management Mechanisms: In terms of management mechanisms, SAGE2 and

GDO offer capable web based management above these operating systems of theirs.

GDO management is visual data analytics oriented while SAGE2 management is

prioritizes desktop like use. SAGE2 offers an interface which has a canvas that

enables users to deploy apps and move them around or arrange them. GDO have

similar mechanism. GDO’s difference is: it enable users to select configurations

for apps and apps can be only deployed in grid layout, which we prefer for data
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visualisations, and also which uses screen-space more efficiently and is presentation

ready.

In comparison, SAGE2 focuses on collaboration and productivity, which re-

quires more on-screen rearrangement of productivity and basic apps. Furthermore,

SAGE2 interaction is very limited on apps and only on-screen interaction is possible.

In our system, apps can implement their own interaction interface that users can use

to configure/control or steer the app. Moreover, in GDO management mechanism,

GDO offers saving and restoring states and execution of scenarios. This enables

sessions and session management mentioned in 3rd chapter to be conducted. This

utility is again implemented through CVSP, where over API current state of apps

and screen-space is saved and then any saved state is restored using the same API

functions that is used for app deployment, all through either from control interfaces

or from logic.

Overall, both systems offer web based management mechanisms and underly-

ing operating system in comparison to 1st, 2nd generation LHRD software, which

does not have and does not provide mechanisms for deployment and distributed op-

eration of apps and utilities. However, our system is oriented in data analytics with

heterogeneous app deployment and distributed operation in any layout and saving

restoring states and scripting them. Through extending API based distributed oper-

ation to apps and utilities and enabling API based distributed coordination between

system, apps and utilities, we provide complex and versatile use-cases the diversity

in data science apps deems. And thus, we have created a more suitable operating

system for data analytics on LHRDs, in comparison to SAGE2, which its operating

system constrains many critical functionality required.

In terms of management interfaces, our system is more suitable for visual

data analytics, since it is interested in more structured deployment of applications

using grid layout, and also instanced and differentiated deployment of general data

visualisations for specific use-cases, moreover enabling session management using

saving and restoring system states and scripting. On the other hand, SAGE2 focuses

on productivity related interaction and desktop like use, its operating system and

management mechanisms focus and provide functionality related to these topics.
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6.4 Modular and General Data Visualisations

Another major challenge on this objective is creating an app paradigm where

apps are modular, general and standardized. Modularity provides any selection of

apps to be included to a system deployment as packages. This is a requirement to

create versatility in visual data analytics since many general or custom apps could

be built for these environments. On the other hand, generality of applications is

required due to being able to provide generic data visualisation apps that can be

re-used with different data and configurations. Finally, standardization enable us to

operate the system robustly and allow us to use utilities over 3rd party applications

built for the system. Overall, we need all three of these properties to provide mod-

ularly deployable and manageable data visualisation applications that can accept

various data and configuration on each deployment.

Modularity: In SAGE2, applications are also implemented modularly, similar to

GDO. They can be included and excluded from deployments easily. In SAGE2,

apps are js files that should contain certain functions the system calls. So, any js file

having those functions can be implemented as an app and included in deployment.

Moreover, SAGE2 apps are also standardized. They respond to certain system

events broadcasted from the SAGE2 server and render according to these events.

However, these apps are not general alongside apps of many other software in the

literature, which is a critical functionality for modern visual data analytics for given

objective. Therefore, these applications do not have configurations which enables

them to be deployed with different data, templates, styles or parameters. As a

result, they cannot be used as general data visualisations, which can be utilized and

customized by users or other apps to visualise specific use-cases diverse research

areas may have.

In GDO, we have implemented applications to be modular, general and be

standardized at the same time. We have implemented modularity through dividing

our app into components and using these components as entry points of program-

ming for app developers. So, an app has server, node and control components,

which are created and deployed dynamically to LHRD system. Each of these com-

ponents should implement certain classes or scripts or web pages. However, these

components can make use of other external libraries freely after implementing those
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interfaces on the given scopes. This is how we applied developer freedom alongside

standardization. Even though, our app paradigm is distributed and uses multiple

programming languages, and even implements its own API per app, we were able to

package it to work as a plug-in to the system using this structure and command it

over API with common functions they have to implement. We used MEF, Autofac,

signalR and our own middleware to do so.

Generality: In terms of generality, we have implemented a configuration mech-

anism. App instances can be deployed with configurations. Each component of

app, both on server, cluster of nodes or control clients are given these configurations

over API. Therefore, these components can initialize and operate using parameters

or data stated in the configurations. Furthermore, since apps work over API, their

components can implement functions to change datasets, templates, styles and other

parameters during operation too.

For example, a graph application is a general distributed graph visualisation,

which accepts graph data and distributes the data to nodes and each node component

visualises the data. These and visualisation options can be stored as configurations

which can be used in each deployment diversely. So different instances of this app can

be loaded with different data, templates and styles. Furthermore, during operation,

users or other apps can command the API of this app to load other datasets, change

templates, show labels, select graph nodes to focus and many other options that the

app developer may implement. Thus, an app can easily be further configured to

visualise given specific data in desired template or style in order to satisfy diverse

use-cases of Data Science it may be used for.

As a result, in comparison to SAGE2 apps, which cannot be configured upon

deployment and further during operation, GDO provides deep configuration and

interaction capacity to apps using CVSP. At the same time, again using APIs, the

same application and its components can respond to utilities which system com-

ponents may call locally or remotely thus providing standardization. Finally, since

apps can be packaged implementing our code interfaces, we can deploy them to

server, instantiate their instances and load their client components and libraries

dynamically, or terminate all their components dynamically, through using CVSP

paradigm and OS based on it, thus providing required modularity, generality and

standardization.
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6.5 Interactive and Dynamic Data Visualisations

Interactivity and Dynamicity are important aspects in data visualisations.

Users in determined use scenarios need to interact, configure, steer or control the

visualisation during a session. This is both extension of generality, where users may

configure the data visualisation through UI by selecting data, or uploading data,

selecting templates or visualisation style. Also, this interaction extends to steering

or controlling the visualisations actively or working with it. As for dynamicity,

dynamic events such as incoming data or events from systems, data sources, logic

or devices may be streamed and have to be reflected on the visualisation in real

time. This enables use of live data sources in visualisations, device integrations or

live processing.

Interaction: In SAGE2, interaction is limited to common interaction and per app

on-screen menus. Common interaction is where users have common interaction on

apps through system defined pointer events. For example, when a virtual pointer

clicks on the app, that event is sent to nodes. SAGE2 also has on-screen interaction

menus, which apps may register to. In this cases, apps can register menus that users

may interact (The second functionality is implemented in 2016 after our implemen-

tation in 2015[39][127]). For both types of interaction, system passes these events

to app logics on nodes in parallel.

The problem is SAGE2 apps do not implement web pages but have js files

creating divs for visualisation. Translating pointer events to div areas for interaction

creates significant developing problems. For example, if you have a chart application

where page is created by a js, and system telling you a user is clicked on a pixel,

you have to create a js function to translate this to corresponding event. This

creates a large if else code structure for complex interactions and is unnatural way

for development. In our case, interaction is done by a control web page developed

by app developer powered by a js, that translates user actions on html elements

to js functions, which translates it to API commands to be called on the server

component.

Another problem is on-screen interaction SAGE2 uses vs control interface per

app paradigm GDO uses. On-screen interaction is very limited, it takes on screen-

space and spectators are subject to interaction itself. On the other hand, in our ap-
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proach, users or admins use control interfaces per app and interact/steer/configure

app without taking any screen-space. Also, separate interaction interfaces enables

admins to interact without being monitored by spectators. Moreover, control in-

terfaces enable apps to have complex web pages for interaction which may have

multiple tabs or menus and may contain large amount of interaction elements.

As a result, in GDO, complex interaction mechanisms can be created by devel-

opers for each app. This further support generality of data visualisations, since these

interfaces can be used to configure the general visualisation by selecting or uploading

data, selecting templates or styles and many more. For example, in a complex map

application, users can create layers, select layers to display, create styles, use these

styles, create animations and play these and conduct many other advanced tasks

through UI on tablets and PCs, all without being monitored by spectators.

We have enabled this through using CVSP, an app is divided to control, server

and node components. App developers can implement interaction UI for users which

communicates with server component and therefore users can configure, steer or

control the visualisation through their events translated into API calls over this

mechanism. Each app can have general or specific control interfaces that enables

complex interactions.

Dynamicity: As for dynamicity, when we look at SAGE2, we see limited coordi-

nation and communication within distributed app. So, if a logic wants to flow data

or parameters or events to apps, apps have to implement these externally since they

lack a server component. This external manual coordination point has to identify

each app logic on each node and stream accordingly which is unlikely. So in SAGE2,

the natural way is to stream data to all app logics in cluster through broadcasting or

they can query individually upon system events using an external mechanism. This

creates problems implementing diverse dynamicity required by many data visuali-

sations either general or custom. In our paradigm, apps can stream data to nodes

either through broadcasting or individually over API through their server compo-

nent. They can start, stop animations or other events based on logic in the server

component over API. They can stream data individually from external sources given

their parameters. They can react to user events in a more coordinated way.

As a result, more dynamicity and interaction options are possible if apps have 3

components on server, node and control clients, and their interaction and dynamicity
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can be implemented over API which CVSP provides in GDO, and SAGE2 and other

systems don’t.

6.6 Collaged and Synced Data Visualisations

One of the major challenges or feature for performing modern visual data ana-

lytics on LHRD is to coordinate, collage and sync data visualisations for multi-view

visualisations mentioned in chapter two and three. This functionality is not been

provided by any platform that has been implemented prior to GDO and therefore

is completely novel. We have used CVSP extensively to enable this. Through this,

we can coordinate app instances of the same app, instances of different apps, use

parent apps (composite) to deploy and visualise through other children apps and

coordinate and use scripting to execute sessions where many different layouts of

apps are deployed and commanded over a session. Lets look at how each of these

are achieved.

Figure 6.3: Sample Collaged Visualisations that are Synced on Temporal

Coordination between Instances: Instances of the same app can coordinate

between each other in GDO. This is performed through use of scopes and hubs.

These instances use the same hub and they have a scope for overall app. Therefore,
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hub commands both going into server instances and back to clients can work in app

scope instead of instance scope. As a result, they have an effect on all instances.

For example, there are two map animation app instances, that when activated

runs an animation of data on spatial plane throughout time. The play action on

control interfaces of any instance of the app can be ordered to work on app scope.

Thus, hub will order all instances of the app to play instead of a single instance. It

afterwards distributes that play command to all nodes of all instances of this app

in a synced way over API. Hence temporal sync between all instances of the app

can be achieved among all nodes and control interfaces. This sync can be further

improved by a system heartbeat mechanism we implemented, which reduces the

synchronization to less than 30ms, which is required by videos and other apps that

desynchronization is noticeable. Moreover, coordination between instances can also

be used other than synchronization in time, as it can be used for other parameters

such as spatial coordinates, or it can be used to change datasets, templates, styles

or parameters, or logical coordination.

So through having a single app scope and hub and instance scopes on both

server and client components of an app, we can have collective actions over instances

of the same app using CVSP. Allowing us to sync and command them collectively

or coordinate them. As a result, we can have many individualized visualisations

of same general app on screen-space and we can sync, coordinate or operate them

collectively through utilizing CVSP.

Coordination between Apps: Instances of different apps can communicate be-

tween each other through CVSP too, and sync and coordinate. Although, this

functionality has to be implemented manually on one of the apps or both of the

apps, so apps can recognize each other and be compatible to this kind of operation.

These apps can communicate between each other and sync on a data parameter in

few ways. First one is a control interface of one app can target hubs of multiple apps

and send messages to all. Second way is instances of different apps can communi-

cate between each other on the server itself and relay the coordination back to their

client components of those apps. This can be used for syncs on data parameters or

other supplementary logic and coordination between apps. This coordination can

be reflected to control interfaces of the apps.

For example, a chart and graph app may implement to coordinate to use the
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same dataset. Actions on one of the control interfaces translate to other. Any se-

lected item on chart app is highlighted on graph app. Furthermore, lets say the

data is time series and when played both apps animate. These functions can be

implemented on APIs of server instances of apps. So when a data category is se-

lected on control interface of chart app, either control component directly or over

its server component calls graph apps API to highlight the nodes in that category.

When play button is clicked in control panels of any of the apps, either that control

component tells both apps’ server component to stream the data or tells its own

server component which tells the other apps’ server component to stream the data.

Thus, time-series starts to play and both server components stream data to their

node components.

All these and many more actions can be implemented between apps, since apps

themselves and their components work over API, and compatibility and collective

operation can be programmed between these components using API, which is made

possible using CVSP.

Coordination using Composite Apps: If we take previous item one step ahead,

we will have parent apps that coordinate children apps. We call these composite

apps in our system. Composite apps can be used to coordinate child apps of theirs

through using CVSP. In this case, a composite app runs on all nodes child app

instances are running. A user can use composite app’s user control interface to

dispatch a command to its own hub. This hub can relay the command to all of its

nodes, where also child app instances are running. On the nodes, composite app

logic can use CVSP to access child app logic or variables. For example, there are

few animating child apps coordinated through a composite app. A pause action can

be relayed through composite app pipelines to all nodes these child app instances

are running. Composite app knowing API functionality of each child app can use

API to order each instance to pause. In the same manner, it can do this to server

instances of those child apps. Composite app’s instance on the server can access to

child app instances and communicate with them for coordination.

As a result, composite apps can utilize multiple apps to visualise and coordi-

nate them through CVSP. One example is advanced presentation which can deploy

other apps as partial slides in overall scene. Over API, it tells these apps to load

certain configurations and even control them during, such as starting or stopping
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a video. Overall, this mechanism can be used for synchronization on parameters,

activating states, sending data, sending parameters to child apps and their compo-

nents and many other coordination scenarios; also deploying and unloading child

apps directly from parent apps components.

Coordination using Scripting: Finally, the coordination between apps or over-

all screen-space visualisations can be scripted. This script can be implemented

manually or through scenarios mechanism mentioned in the previous chapter. The

script either should be designed specifically for a data scene with pre-determined

app layout or should be complex enough to determine the apps on screen-space and

through logic coordinate them. Of course, scripting is a more temporary solution or

primal solution, but it has few use cases, such as make do session management.

As a result, a script using API of the system can load apps, change states

of their components using API, provide them configuration or data, animate them,

than unload and load a new scene of apps using CVSP, thus enabling some of the

session execution requirements described in third chapter.

6.7 Integration of Interaction and Sensing Devices

Another functionality CVSP provides is integration of interaction and sensing

devices modularly. These could be controlling devices such as joysticks, or sensing

devices such as motion sensors, eye-tracking, or other devices such as AR glasses.

In other software in literature, integrating these devices require changing the sys-

tem code itself, including SAGE2. GDO offers two mechanisms to integrate these

modularly.

Module Level Integration: First mechanism is module mechanism. In this

mechanism, an external developer may implement a module that has a single in-

stance and always active for that device. The device may be connected to server

itself or any of the clients of the system or send data to server over the network

(client connection require access to system resources over browser or should con-

nect to device over API). This module than provide the functionality or data of

the device to the system over API. Other apps can access to this through module’s

server API or module’s client API. So a component on a control interface can call

module’s control interface component locally to access to device data or controls; or
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an app instance on the server can call module instance to access to device’s data

or controls locally. Furthermore, an app component on a client can call module’s

server component over API. So, module can offer these data or controls locally and

remotely both on server and clients. Moreover, since module is active on server and

all clients, this device or multiple devices can be connected to any of these locations

and over the network their data or control can be provided to any other component

of the system or apps through CVSP.

App Level Integration: Second mechanism is, apps can integrate these devices

directly. So an app, can connect to a device on the server or on one of the clients

it is deployed to (client connection require access to system resources over browser

or should connect to device over API). Since instances are dynamic, providing this

functionality to other apps would be problematic in comparison to module approach,

but this has been used too in our framework.

So overall, we can connect devices and implement functionality as part of an

app or individually as a module, where other apps can utilize the data or controls

these devices provide over API using CVSP all modularly without changing system

code, where implementing this functionality requires changing system code on other

platforms in the literature.

6.8 Data Distribution and Load Balancing in Data In-

tensive Apps

Another major challenge for visual data analytics on LHRDs is making many

types of data and resources available to the system, allowing many processing and

distribution scenarios for them and providing methods to conduct load balancing

on cluster of nodes. Through using CVSP, we enable many data access, processing

and distribution scenarios and options. This section discusses various ways apps can

utilize these scenarios and topics related to these.

Processing and Distribution: Apps can choose to process on the server and

then distribute the processed data to the nodes or apps can choose to distribute the

raw data to nodes and process on the node or something in between. This 3 options

are most common practices and usually selected depending on the app.
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On global processing, app instance processes the data and send the nodes their

local bit. Each node receives a different bit and displays based on it.

On local processing, app sends the global data; and nodes, knowing their loca-

tion on the node matrix of the instance and dimensions of the matrix, processes the

data and extracts the bits they should be displaying. There can be other practices

in between and around these options.

In comparison to SAGE2, where none of these scenarios is enabled since apps

operate in parallel without specialized coordination. GDO provides all of these

scenarios through CVSP for app developers to utilize. So, in GDO, where apps

are composed of 3 components and have custom API between them, developers may

implement all these processing and distribution mechanisms depending on their app.

Data Availability: Data Availability is the decision where to enable data on the

distributed system of LHRD in this context. So, how much of data is made available

and used on the pipeline should be left to app developers. More server-side means

that the instance on the server itself has access to data and processes the data and

sends the data to nodes with parameters.

The client side of the gradient is that the data is available to clients themselves,

and the server either do local or global processing for parameters only and clients

with those parameters pull the data directly to clients either from external resources

or the server.

Moreover, various apps may use external data or content, like map tiles, or

other data. Users may also want to upload data to the server and made this data

available. Or app developers may choose to download data directly to clients during

initialization, where nodes or server component may download data directly from

external resources. Apps may choose to use both, one of them or a composite

variants of these scenarios too.

In SAGE2, the only option is to let parallel app logics on nodes to down-

load/query data from external sources. On the other hand, CVSP allows many data

importing, downloading and distribution mechanisms through having node, control

and server components and implemented communication between them and also

allowing all these components to communicate with external resources directly.
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Data Needs based on Dynamicity: Data needs based on dynamicity in this

context is: change in visual states of the app causing more data that may or may not

be present in that display node to be required for the visualisation. So for example,

in a spatial visualisation, or temporal visualisation, as visualisation changes on that

dimension, more data may be required on the server or nodes due to this dynamicity,

to actualize this change. This is another important topic for data intensive apps on

LHRDs. Depending on data size and dynamicity of visualisation elements, clients

can pull or be provided all of the datasets or just the required bit or something in

between. The factors affecting this call are: the size of the dataset, the dynamicity

of the app if it affects required data at any given moment or user interaction which

changes dynamicity of the app or many other factors.

App may show high dynamicity most of the time or low dynamicity most of

the time on data needs. Or they show low dynamicity in most of the time, and

exhibit high dynamicity on certain use scenarios suddenly. These can be affected by

the data or configuration used, app design or purpose, user interaction and many

other factors.

So, if there is high dynamicity on the data needs, clients operates on high

volume of data for even small amount of visual elements, than appropriate clustering

and pulling mechanisms are needed in most of the time, or they may just distribute

the whole data prior to visualisation to all clients of the app. If data is prepared

on the server in this scenario, than the server app logic should apply threading to

manage with processing overhead. If there is no high dynamicity, or the data size is

small, than app may allow clients to query data as they need, or directly distribute

data as they update. There are various solutions or decisions that affect app design

in this topic.

Most significantly, the software paradigm should allow many different scenarios

on data processing, distribution, availability to be implemented by apps, so they can

overcome problems that may rise due to this issue by themselves. GDO, through

CVSP, is again only software to provide this to apps. Apps in GDO, may choose to

implement mechanisms that can statically or dynamically decide on data distribution

to nodes, due to enabling coordination. So, apps in GDO, can choose to provide

most of the dataset beforehand to nodes for nodes to locally pull data, or distribute

over time, or make nodes to query the data as they need. Apps may also implement
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certain buffering or overpulling mechanisms for temporal or spatial data to prevent

lags due to high dynamicity. For example, clients may pull data beyond canvas or

buffer if data is temporal.

As a result, apps may be implemented in a way that client or server compo-

nents of apps can choose to acquire data based on dynamicity of app usage and its

effects on data need or other factors. This can be decided by individual logics on

the components or in a coordinated way of overall logic of the app, and all of this

is enabled by having components of app to communicate and implement dynamic

functionality though CVSP.

P2P Utilization: Clients may also want to distribute and exchange data between

themselves. Each node is given a P2P client to access other nodes and put in a group

when an app is created (if app activates P2P mode). Through this, each client of

the instance has direct connection with other clients of that instance. They can use

various P2P mechanisms to share and exchange data between the other clients of

that instance, thus further expanding CVSP usage for data sharing and coordination.

Another case of P2P use is dynamic view. In a visualisation, nodes may decide

to buffer visualisation data of excess areas, so when view changes suddenly due to

interaction or other reasons such as in 3D or maps or graphs, where there is a spatial

data visualised, the visualisation continues to be responsive.

So in this scenario, each node may download and or process data points in

excess areas over the partial view of the node and keep this ready in case of sudden

panning or zooming. For example, this data can be transferred to neighbouring

nodes in the direction of panning instead of those nodes reacquiring the data. So if

the view is panned to right, than each node transfers their data to left neighbouring

node over P2P.

Load Balancing: Another data distribution related capability CVSP offers is load

balancing. In GDO, two app components in separate nodes and a server component

of an app can have three way communication over API. Furthermore, server compo-

nent can send individualized data and parameters to different nodes of that section

in groups or individually. Moreover, individual node components of apps can query

server separately. All this combined, enables nodes to have different workloads, take

on others’ workloads or transfer workloads.
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Figure 6.4: Three-way communication in
GDO between Server and Clients

For example, if local processing is

applied, node components of apps can

be given balanced workloads (consisting

of other nodes tasks) then later trans-

fer results either back to server or di-

rectly to each other where the data is

needed. Of course, server either in sin-

gle location or node components in dis-

tributed manner should hold a live reg-

istry of workload distribution and thus

apply balancing, which can be easily im-

plemented through using our API communication CVSP offers, where workload re-

lated messages can be communicated in that three way communication. This is

practical in several use-cases. We have found that, it is mostly used on heavy local

processing scenarios, where nodes can benefit this mechanism to distribute work-

loads.

In contrast to SAGE2, where inter app component of nodes communication

is not present, neither individualized or group server to app components of nodes

communication, achieving this type of load balancing is not possible without help

of external server or applications. On the other hand GDO using CVSP apps can

easily be developed to conduct load balancing.

6.9 Reliability in Visual Data Analytics on LHRDs

Another major challenge is providing reliability in such a dynamic, diverse

distributed system where apps are distributed, extensible and developed by third

party, while global utilities are enabled over them. Reliability in this context is to be

able to operate with any selection of externally developed apps, where these apps can

be deployable to any screen area; global utilities working over them; GDO working

with flexible setups as clients can join and leave; but still errors and problems in a

physical location or logical mechanism is isolated and stay within that component.

For example, a crash of a client should not crash the system, or an app crash

should not affect other apps on the server or nodes or system’s core functionality

such as app deployment, unloading, on-screen logging mechanisms. As a result,
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problems stay isolated and global mechanisms in most locations continue to operate

regardless, and thus be able to recover problematic components or unload them.

In order to ensure this, we have made use of modularity provided by CVSP.

CVSP makes each component in the system to operate within given boundaries and

communicate through a structured and separated API. As a result, app and system

components can operate without conflicting and affecting each other. Furthermore,

the scalability provided by CVSP in terms of number of clients and apps enable

GDO to be deployed flexibly, while providing reliability.

Implementation of CVSP takes certain measures to ensure this reliability. First

of these is scoping, where each component is given a distinct area to operate. In the

server, this is ensured by instancing mechanism, where each instance of an app is

created as a thread and system is given control over these threads. So, in event of

errors, system can terminate these threads. Furthermore, when an app is terminated,

the thread is terminated too. This ensures that errors of instances of apps cannot

spread and when instances are terminated there are no leftovers stay behind on the

server.

A similar mechanism exists on clients. Each app and each instance of those

apps are given a scope in javascript. Their libraries are loaded dynamically. These

scopes can be cleansed at will and done so after unloading. On the visual side,

this is done through using an iframe and separate DOM. All visual elements and

additional libraries are loaded within the DOM of this iframe. Even if the iframe

becomes unresponsive, the main client frame continues to respond, so does the main

system component, thus the client responds overall and is able to recover. When an

instance is unloaded, its given scope on main DOM is cleared and iframe destroyed

with all visual elements and additional libraries.

Second measure is concurrency management on communication. These com-

ponents communicate with each other through websockets. This may raise various

concurrency issues such as sockets being blocked on long duration functions or race

conditions creating errors or erroneous data on registries. On the server, we resolve

this with separating hubs and introducing locks on each component that hubs are

connected to. So system and each app operate on different hubs and thus cannot

conflict in this area. So, when a hub function is called, it calls the component be-

hind it, and if that call to component has to be atomic than component prevents
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all external (incoming from the hub) or internal (incoming from other components)

calls as it locks itself where these calls queue on that API.

As a result, while an atomic operation is taking place, no other element can

access to that component. This prevents multiple calls on APIs to conflict on same

component. Furthermore, all system hubs and most app hubs are designed in a way

to act as a relay. So, the functions inside the hubs are designed to relay the action

and complete instantaneously, so they do not block the hub itself. Therefore, we

don’t have processing code within hub functions, and instead perform processing

within the components itself.

On the client side, each client uses same signalR client-side code, so their API

is hosted on same location. However, we overcome this through different components

using different parts of the API. From our experience, we do not need to separate

API in clients since usually clients are not a congestion point as much as the server.

Most of the time, only one or two app instances operate within a client since different

parts of LHRD run different instances of apps. Still, the singalR client-side relay

related API calls to corresponding components. As a result, even on instance scope

(app component) have problems, server can communicate with that client and have

command over system component of the client as it continues to operate and thus

restart erroneous app components within the client.

If the core code becomes unresponsive on the clients, which is very unlikely,

KPMG DO have an external restart mechanism that simply reloads the web page

in that web clients and since we allow flexible joins to the system cluster, that node

recovers and re-joins to the system.

So overall, due to separating system and app communication into different

areas on APIs and using sockets to relay messages to corresponding components on

the clients, we ensure reliable concurrent operation through the system as apps and

system does not conflict and hubs are not blocked.

As a result, GDO can work with many selection of externally developed apps

and did so, have sessions where these apps are deployed in different layouts, con-

trolled and redeployed and so on. Logical system and all system components on

all locations continue to operate without being affected by app operation and thus

preventing app related crashes to crash the overall system.
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In summary, reliability is achieved through applying modularity described in

CVSP, where we have divided the system to physical locations and further separated

it to logical app and system components on these locations with clear and separate

scopes and APIs and communication cycles.

6.10 Interoperability, Flexible Setup, Remote Deploy-

ment and Casting

There were certain topics raised in challenges regarding interoperability, flex-

ible setup, remote operation and casting, which we find related to each other due

to their relation to using flexibility provided by web-technologies. In summary, we

want to enable integration of web visualisations easily or be able to integrate web

based LHRD software similar to SAGE2 so research centers can both benefit from

existing visualisations online and have dual operation with SAGE2 like systems. In

terms of flexible setup, the objective is to be able to work with different setups

and display technologies in this context. So this system shouldn’t be hardcoded for

KPMG Data Observatory and should be able to work with different setups, systems

and resolutions today and in the future. In terms of remote operation, clients of

this system should be able to be loaded on remote locations such as server, node

clients and control clients can be on different sites or node clients or control clients

within themselves can be on different sites. For example, in 64 screen deployment,

32 clients could be on one site and the other 32 on another. As we mentioned, most

of these requirements are related to use of web technologies in LHRD as part of 3rd

generation. However, we improved them through using CVSP, and enabled them

for general, scalable, data-driven, interactive applications.

Interoperability: So for the first challenge, being able to utilize existing web

based visualisations, both SAGE2 and GDO can load web visualisations to LHRD

using pseudo scaling. SAGE2 uses webview app (introduced more recently than

GDO [39][127]) and we use staticHTML app. Both apps pseudo-scale web visuali-

sations, while displaying the visualisation in iframes on display nodes.

As for integrating other LHRD software, SAGE2 or other systems in literature

do not offer any capability to perform so. On the other hand, GDO using CVSP can

do so and did for SAGE2 and our internal tranSMART app (see following chapter).

Furthermore, it can do so for any LHRD like visualisation system or visualisation
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steering system that operate through web based control and node clients. It does

it by deploying it as an app and redirecting the nodes and control clients on GDO

to their corresponding clients of the integrated system in iframes. So, GDO control

clients show control panel of integrated app in iframe and GDO node clients show

nodes of integrated app in iframes. Of course in this operation style the integrated

app uses its own communication, distribution and processing mechanisms and rely

on GDO for encapsulation only. But regardless, these systems can be deployed as

an app and unloaded as apps in our app deployment mechanism to any selection of

nodes safely, while other apps can operate within LHRD, where this capability only

exists for GDO.

We also conducted tests on performance of this kind of integrated deployment

as seen in Table 6.2. Since GDO stays dormant during SAGE2 deployment, its only

Table 6.2: Memory Usage on Clients under integration of SAGE2 to GDO

Node Control
Only GDO 8.6MB 12 MB

Only SAGE2 6.8MB 8.6 MB
SAGE2 inside GDO 15.7MB 20.8 MB

effect is increase in memory. This overhead is around 7-8MB for nodes and control

clients which is exactly the size of base SAGE2 client memory footprint. Other than

memory usage, since these are clients, there was no observable increase in CPU usage

or Network usage, as GDO does not affect these in a dormant state for the group

of nodes that has integrated app deployed. Also, servers of both platforms operate

distinctly under this type of deployment, therefore their performance is not affected.

As a result, we can conclude that web-based visualisation or LHRD software can be

integrated to GDO without significant overhead.

Flexible Setup: As for flexible setups, SAGE2 and GDO act similarly and can

be deployed to many types of setups that have server – control clients – node clients

paradigm. We can deploy GDO in a single computer with one or more nodes or a

large LHRD. In GDO and also in SAGE2, all nodes do not have to be present or

active for the deployment to work. They can join later or not join at all. So, in a 64

screen deployment, a developer can only open 8 nodes on single or multiple monitors

and work with these. This provides total flexibility with setup, and also ease app

development as developers can run the system on single PC and use browsers to open
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node and control clients for testing. Furthermore, we can easily change the resolution

on clients of the GDO and also GDO clients do not require prior installation since all

the system code, visuals, content and parameters are transferred over the network

using a web server and signalR web socket communication.

Remote Operation: This type of flexibility also enables remote operation sce-

narios. Similar to SAGE2 and SAGE which is also used for cross-side collaboration,

GDO clients can be deployed remotely and in duplicates when necessary. So in a 32

screen deployment, where there are two sites with 32 screens, both sites can display

same set of nodes in mirror style. Or the system can be deployed with 64 nodes and

each site displays their corresponding 32 screens. Same goes for control interfaces

as control interfaces can be loaded to devices in all sites simultaneously.

This functionality works in GDO through our CVSP communication using

group and broadcast functionality and also unicast update request. So server can

broadcast to all control clients, or all nodes (even duplicate) or a selection of them

through groupcast that display the app instance. In addition, newly joined nodes or

control clients can request current state of the system through unicast from server

and show up to date user interfaces through this. This communication freedom in

CVSP allows many deployment and setup options regarding remote operation as we

can support almost all possible remote operation scenarios. However, due to our

purpose, we have not created utilities to enhance this kind of operation, as its not

our primary focus.

Remote operation works similar in SAGE2. SAGE2 uses API based communi-

cation for system events and even though no app API directly, the server of SAGE2

can communicate with clients on any location. However, it should be noted that

SAGE2 apps do not have server components and thus do not operate and offer data

visualisation functionality similar to GDO. They don’t support data distribution

scenarios as each distributed app component on nodes individually acquire data. So

in a scenario, where a data distribution exists, SAGE2 do not support duplicate

or remote operation or may have problems with it, since it does not support that

scenario in the first place. Through our CVSP, server component of app can send

data or parameter to multiple copies of nodes or remote nodes and clients, and we

ensure if the app is implemented within guidelines both functionalities is guaranteed

to work even for apps with different data distribution scenarios.
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Table 6.3: Remote vs Local Latency of GDO Clients with Base Load Times on
Node and Control Clients and Load Time of a Graph App

Local Remote
Control Client Base Load Time 2200ms 5300ms
Node Client Base Load Time 1800ms 5000ms

Visualisation Load Time on Node 170ms 1400ms

The only problem with remote operation is latency for these kind of platforms.

We have conducted a test for remote vs local operation for GDO. For this test

we have measured base control and node UI load time, also for visualisation load

time for a graph app with 234 nodes and 2100 edges which for us represents an

average amount of visualisation elements on a single node during normal operation.

The local location in the test was Imperial College in London and Remote location

was in Ankara, Turkey; where remote location has 50 mbits/s internet connection

using VDSL. The test shows that there is a certain amount of delay on client and

visualisation load time. So, the result is, in order to use this type of system remotely,

the network connection between both sites should be high end to prevent this type

of latency.

Moreover, we can hypothesise that remote display nodes can show synchro-

nization problems for highly synchronized content such as videos or simulations

beside latency. We even observe these kind of problems in local setups. GDO of-

fers an inter-node synchronization mechanism for apps to utilize in this type of use.

This mechanism synchronizes clocks on these nodes and enable developers to have

commands executed on these synchronized clocks. For example, if we have a play

action broadcasted to 32 nodes on a remote location for a video, the arrival time of

this message will be much more varied than a local setup, thus the video will not

be played in sync on those remote nodes. On our heartbeat mechanism for synchro-

nization we implemented, developers may define commands that execute on sync.

In summary, server constantly sends heartbeats to sync local clocks using javascript

libraries to under 30ms variance in real time. When a play action is sent with sync

option, it is delayed 1-30ms on each node, and executed in real-time sync. So, we

overcome synchronization problems on dynamic visualisations in remote operation

scenarios in GDO.
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Casting: Finally, due to web based operation and dynamic deployment and op-

eration capabilities provided by CVSP, we can cast control interfaces of apps to

other clients in the system. This mechanism works through dynamically loading

components of an app into an interface by the order of the server. Through it, we

enable what we call a console interface, which can be used for two purposes. First

purpose is to cast touch capable control interface of an app to a limited user inter-

face on a large touch screen in the LHRD environment, so multiple spectators can

become limited users where admin can cast control of an app to this console and

enable these users to interact with that app under supervision of the admin without

fully exposing system management to them. Similarly, a control interface of an app

can be casted by the admin to a tablet a limited user holds, and thus the admins

can give controls to selected apps to individual users without exposing full system

management functionality.

Overall, GDO can provide interoperability with web-based visualisations sim-

ilar to SAGE2, but unlike SAGE2, it is the only platform to integrate other LHRD

systems for dual operation. In terms of flexible setup, both SAGE2 and GDO are

very flexible due to using web-based technologies. In terms of remote operation,

GDO can be deployed remotely and apps can use GDO inter-node synchronization

mechanism to sync animated content on screens. Furthermore, GDO control in-

terfaces can be casted to other clients for limited user interaction discussed in 3rd

chapter.

6.11 Developer Support for Distributed App Develop-

ment

Another challenge mentioned in previous chapter is developer friendliness.

This section explains how we managed this in CVSP software paradigm. Over tens of

apps were built in GDO and to ensure easy implementation on these, we implemented

certain features through or within CVSP and our general architecture. First of all,

for data visualisation apps, we enable web based front-end and C# backend. This

enables developers to create easy and rapid web visualisations and interactive control

interfaces on front end and use C# for proper backend coordination and processing

and data driver libraries.

CVSP architecture structures the components and communication scheme
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only. Therefore on these components, the developers are free to develop in given

languages extensively. On the frontend, developer may use many web visualisation

or interaction or other supplementary libraries or pages. CVSP and management

system can easily load these on-demand and clean these safely after termination. On

the backend, developers implement applications on C#, where they can use many

.NET libraries, utilize threaded approach and benefit from more structured coding,

while doing all these separate from the core project of GDO. Furthermore, they can

utilize hardware resources for coordination or data processing. Again the system

handles dynamic creation of threads as instances and provide clean termination of

them after that instance is unloaded.

On the communication side, developers can implement the API of the app

which is between its server component (hub and instances), its node and control

client components and thus have many coordination, data distribution, rendering,

processing and interaction scenarios, which is the most important part. Through

this, developers can implement apps with various data distribution, processing, ren-

dering, complex interaction and many other features that are not easily possible or

not possible at all on other LHRD software. Moreover, we let developers to imple-

ment configuration mechanisms, and thus they can have various system supported

JSON based configurations available to them to be used as freely as they like on all

components where the system handles distribution of the configurations. Therefore,

developers can implement general data visualisations that can be used for various

different projects or purposes.

All these help developers to implement diverse general or custom data visu-

alisations with dynamic frontend, interactive control panels and capable backends.

On top of all these, due to flexibility of the system, these developers can develop on

a single computer, conduct initial test on few browsers. Afterwards, load the app to

an LHRD and with the help of distributed utilities such as maintenance mode and

remote command execution, which is implemented on CVSP, they can debug their

app on LHRD.

Finally with composite application paradigm and CVSP, developers can use

system functionality offered on APIs within their apps, thus load, unload and ar-

range other apps and use them to visualise their data in a coordinated and synced

way through CVSP. Overall, developers with various skill-sets can create simple to
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complex applications to GDO as tens of apps have been developed internally in

Imperial College within GDO project duration as next chapter discusses.

6.12 Conclusion

In conclusion, we have a novel objective of providing web based and interac-

tive visual data analytics techniques for multi-disciplinary data-driven research on

LHRDs in order to immersively and socially perform visual data analytics. We have

surveyed existing literature on 2nd chapter and explored design landscape for a such

platform to conduct this on the 3rd chapter. The findings of these chapters are many

requirement and features that has to exist simultaneously on the target platform,

which were listed at the end of the third chapter. For this, we have developed a

software paradigm to enable the functionality to overcome these challenges. In this

chapter, we have introduced this software paradigm and how we used it to overcome

unique challenges listed in the 3rd chapter.

CVSP’s novel paradigm designed for LHRD, allows us to have system and

app components on all physical locations modularly and dynamically and have a

permissive API based communication between these components both locally and

remotely. This allows us to create functionality dynamically through pipelines, such

as a control interface component calling a component on the server calling compo-

nents on cluster of nodes; or we can have applications to use system API to deploy

apps and control them; or have utilities to work over apps and many other; while

apps being able to utilize many external libraries behind this schema on server and

clients. Overall, CVSP provides an architecture where modular distributed compo-

nents that can have all to all dynamic operation and thus be able to create mesh of

functionality on-demand in an LHRD environment.

These base functionality enables us to create visual scalability, heterogeneous

app deployment, modular, general, interactive applications, a novel management

system, collaging and syncing applications, creating composite applications, hav-

ing system wide utilities, integrate devices where control and data of them can be

provided to other components, app developers to be able to implement many data

acquisition, processing and distribution mechanisms, system to have flexible setups,

integration of many web based visualisations and projects, remote operation capa-

bilities and finally offer many development options and utilities to app developers
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to implement basic to advanced apps on the system. Thus, achieving most of our

goals which are novel or critical, but most importantly never provided together in

any other system in the literature, eventually enabling immersive and social visual

data analytics for multi-disciplinary research projects on LHRDs effectively.

Therefore, through this functionality, we have witnessed that many apps where

developed for GDO both general and custom. For example, a graph app for general

graph visualisations, or chart app for chart visualisations, or maps app to create

complex spatial data layers on LHRDs. These apps can be deployed in any layout

and scale accordingly, be interacted and be used with different data and configura-

tions. Therefore, many research during this project duration, have used many apps

developed in GDO to visualise their data for visual data analytics.

For example, a transport research like shanghai metro, uses various apps to

visualise its data like maps and charts even sync these apps on screen-space. Sim-

ilarly, a medical research can use a different set of apps or similar set of apps as

it requires. It can use the same map app to show spread of diseases, or chart app

to show ratios. These apps can be animated, collaged, synced or interacted. Other

online visualisations can be used within the system. Different devices can be con-

nected to the system and apps modularly. Or many other features that we have

stated in this thesis can be conducted. None of these are possible with other LHRD

software as whole, and some of them are not possible at all. As a result, other

systems do not support general, modular, dynamic, interactive, scalable, collagable

and synced data visualisations on LHRD with suitable management mechanisms.

GDO through CVSP enables all the features discussed in this chapter and thus en-

ables Immersive and Social Visual Data Analytics for multi-disciplinary data-driven

research on LHRDs overall. In the next chapter, we will introduce the applications

of GDO as a proof of these contributions.
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Applications of GDO

GDO has been used extensively during its project duration. It has been used as

the main software for KPMG Data Observatory at Imperial College for many multi-

disciplinary research and projects. GDO also have been used in many visits to Data

Science Institute (DSI) at Imperial College London. DSI is constantly visited by

students, academics, business representatives and government officials. GDO has

been used to demonstrate various projects in these visits. We have listed most

notable of these visits in table 7.1.

Table 7.1: Important Visits that GDO Software Framework and its apps were used
for demonstrations at Data Science Institute, Imperial College London

Guest Date Ref
Lord Bates August 2018 [57]
Environment Secretary Michael Gove May 2018 [101]
Chinese Secretary Cai Qi May 2018 [19]
Portuguese Minister Prof. Manuel Heitor April 2018 [119]
President of Estonia Kersti Kaljulaid March 2018 [61]
ICL President Prof. Alice Gast November 2017 [120]
Digital Secretary Karen Bradley MP November 2017 [120]
The Duke of Cambridge Prince William October 2017 [121]
The Duke of York Prince Andrew June 2017 [57]
Japanese Ambassador Koji Tsuruoka June 2017 [57]
Norwegian Minister Jan Tore Sanner May 2017 [106]
European Commissioner Carlos Moedas September 2016 [65]
Central Bank Governors July 2016 [57]
President of China Xi Jinping October 2015 [83]

GDO also has been used as a software framework for many student projects

as these students base their masters or bachelor projects on GDO.
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Table 7.2: Student Projects that have used GDO Software Framework for
visualising their thesis or implemented a GDO App for their project

Year Type Student Project Title Ref
2017-
2018

MSc
Thesis

Arun
Kothari

Machine learning for Bitcoin address classifica-
tion

[97]

2017-
2018

MSc
Thesis

Aditya
Chaturvedi

Identifying users on the Bitcoin network using
machine learning and graph visualisations

[79]

2016-
2017

MSc
Thesis

Aodhgan
Gleeson

EthCon Viewer: Visual Analytics for Classifica-
tion of Ethereum Cryptocurrency Transactions

[62]

2016-
2017

MSc
Thesis

Huangsong
Wei

A New Method of Twitter Exploration: Time
Sequential Hashtag Co-occurrence Networks

[7]

2016-
2017

MSc
Thesis

Qile
Huang

Visualizing Netflow Patterns in Large-Scale En-
terprise Network

[165]

2015-
2016

MSc
Thesis

Jiaxin
Qiu

Big-Data Detection and Classification of Algo-
rithmic Behaviour in the Bitcoin Blockchain

[21]

2015-
2016

MSc
Thesis

Guillaume
Paillot

Scaling Data Visualizations For Data Observa-
tories

[134]

2015-
2016

MSc
Thesis

Yaozhong
Zhang

Immersive Video Wall Presentation Tool [80]

2015-
2016

MSc
Thesis

Christopher
Snowden

Twitter Observatory: A Set of Twitter Visual-
isation Tools

[156]

2015-
2016

MSc
Thesis

Phil
Brezovszky

Developing a System to Visualise Clinical Scan
Data on the Data Observatory

[47]

2015-
2016

MEng
Thesis

Siddharth
Vasu

Distributed Spreadsheet Visualisation and
Analysis on Video Walls

[55]

2014-
2015

MSc
Thesis

Dan
McGinn

Bitcoin Observatory in the KPMG GDO [22]

2014-
2015

MSc
Thesis

Min
Chia

Visualisation Framework for Large-scale Graph
using Browser-based Distributed Rendering

[162]

2014-
2015

MSc
Thesis

Wei
Zhang

TimeV: Real- Time Big Data Interactive Visu-
alisation on 100-Megapixel Screen with Spark

[152]

2016-
2017

Bachelor
Thesis

Aneeque
Safdar

Ethereum Transactions Visualisation [63]

2016-
2017

Bachelor
Thesis

Tian-Ren
Chen

A More In-Depth Analysis of Twitter User and
Brexit

[5]

2016-
2017

Bachelor
Thesis

James
Grant

Generative Procedural-Parametric Architec-
tural Design

[72]

2015-
2016

Bachelor
Thesis

Daniel
Thomas

Distributed Ray Marching Library for a 3d
Fractals Project

[54]

2015-
2016

Bachelor
Thesis

Finlay
Curran

Towards a 100 Megapixel Game Engine [153]

2015-
2016

Bachelor
Thesis

Suryansh
Rastogi

BitcoinViz: A Set of Visualisation Tools for Bit-
coin Transactions

[23]

2015-
2016

3rd Year
Project

Student
Group*

Hercules: Interactive Data Visualisation on
100megapixel Video Wall

[39]

2014-
2015

Intern-
ship

Evann
Courdier

Distributed D3 [39]

*Group Members: Lorenzo Paoliani, Samuel Budd, Lorenzo
Calegari, Ioana Radu, Oliver Robinson, Xingze Tian.
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Furthermore, GDO use was also directly or indirectly appeared in the media

or used in media documentaries or show-cases for DSI. It have appeared numerous

times in Imperial College News, but also on external media organizations as news

articles, analysis and even as documentaries. You can find the list of notable external

media appearances in table 7.3.

Table 7.3: GDO Software Framework showcases or use appeared on media

Source Title Ref
BBC The Secret Science Of Pop [149]
BBC Mars: Red and Dead? [57]
Financial
Times

Inside Europe’s biggest data visualisation laboratory [85]

Guardian Why data is the new coal [170]
Motherboard Europe’s Largest Data Observatory Turns Big Data into Big Im-

ages
[66]

V3 Imperial university opens big data observatory to boost analytic
insights

[82]

Medium Digital Strategies in London’s boroughs: state of play 2018 [48]
CCN London Institute Uses 64 Monitors to Demonstrate How Bitcoin

Works
[96]

China Daily Pharmaceutical tycoon’s college challenge [118]

Finally, many applications have been built for GDO during its project duration

for diverse purposes. The following sections goes through these applications. (Some

of these apps are developed by the author directly, some of them are developed in

collaboration with the author and other colleagues or students, some developed by

other colleagues or students directly but aided and guided by the author; for the

rest, the author provided the system (GDO) and its software paradigm (CVSP) with

documentation to enable development and utilization of the apps. So, the author has

four levels of contribution in these applications thus indirectly in the many research

these apps used.)

7.1 Map based Apps and Projects

Map based apps and projects aim to visualise large scale maps on screen-space.

These maps can be interactive, where users can zoom in and out or perform pan

action on the map. Furthermore, these maps can be animated through animation

logic we implemented. We use OpenLayers library [111] for creating the partial

visualisations on node and control interfaces. In almost all map apps in GDO,

global map parameters are stored at server and distributed to nodes. Conversion to
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local map parameters of partial map can be done at nodes or on the app instance

in the server. Nodes receiving local map parameters visualise their part of the

map. There are few apps that visualise maps in GDO framework. Two of these are

generic and can be used to visualise variety of maps. Others are project specific and

implemented prior to our generic advanced maps app. Other than these, there are

various public or private visualisation projects conducted in DSI using these apps.

Figure 7.1: Map based App Control Interface (top) and On-Screen Visualisation
(bottom) Examples, including Shanghai Metro demo which was displayed at
President of China visit (bottom-right)

A. BasicMaps: BasicMaps is our first mapping application. The proto version

of this app goes back to pre-GDO period and is actually our first application in the

platform. This app visualises various predetermined maps and overlay data. It has

two sections in its control interface. First one is for maps used as base. Second one

is for overlays displayed over base maps. Users can select any base map and many

overlays for a visualisation. Maps in this app, like every other app, can scale to

all screens of LHRD. Control Interface also has an interactive version of the overall

map, where user actions on this, reflected to distributed map on screen-space, such

as zoom and pan. Also, users can search for locations on the control interface version



160 Chapter 7. Applications of GDO

of the map.

This app uses OpenLayers base JS code on both control and node interfaces

as core library. It loads all pre-determined maps when app instance is deployed to

this library. Server determines which of these are visible and overall coordinates of

the map. This is of course controlled by control interface of the map, where actions

are relayed to the server and the server distributes these to nodes and control inter-

faces. Receiving interfaces, which are both nodes and control, calculate their local

parameters through an algorithm we implemented using CVSP of the system and

update visibility of layers with information they received. Overall, BasicMaps have

easy to use interface and quick demonstration for deploying large-scale interactive

maps with overlays to LHRDs.

B. Maps: Maps is the advanced generic version of BasicMaps app. It is imple-

mented after many BasicMaps variants were implemented for specific projects. It

was decided that a general maps application is required for preventing implement-

ing duplicates for every need. Instead, users can utilize this general version and

just change configuration. It uses the same logic but instead holds much more com-

plex structure on the server for synchronization with clients. It can have many tile

sources, map layers, styles and animations. Users can create layers, delete layers,

determine order of layers. Users can import new map sources as local or external tile

services in many formats and standards. Users can create styles for data overlays

on maps.

In this version, we also enable animation of data sources. We created an an-

imated source and layer type. This stores various spatial data in temporal format,

so the app can animate through time. This uses global time, thus multiple overlay

animation layers can have data through multiple spans of time with different fre-

quencies and overall system can animate all together on sync. Furthermore, users

can decide how many steps this span of time is divided into and how much each step

takes in real animation time.

This app also allows users to change visibility of layers, or start animation of

individual layers or even use an online editor to create data layers. Furthermore,

users can save and load configurations of projects they make inside the app. Finally,

it allows deployment through CVSP, thus other complex apps can deploy and control

almost every functionality of this app through CVSP without the control interface
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and use it to deploy every kind of interactive and animated maps across the LHRD.

This is one of the complex use cases of GDO Apps, which can manage and allows

creation of multi layered, interactive, animated maps for LHRDs.

Figure 7.2: Maps app being used for Anti-microbal Resistance Visualisations.

C. Other Maps Apps and Projects: There are various apps and projects that

utilize or modify BasicMaps or Maps apps to visualise spatial data. Here are few

public examples implemented in GDO:

• Shangai Metro: is a use-case app which is first implemented for the visit of

President of China. It uses Shanghai Metro data and camera feeds to create

visualisations of people coming in and out of stations and load on stations. It

uses a version of BasicMaps with an animation overhaul for animating people

coming in and out of stations. This project also features a DD3 visualisation

for visualising loads on lines. This app is also first example of inter instance

communication. Users can load two different configurations of this app and it

syncs animation instances of it temporally using the app scope.

• London Cycles: is a use-case app that animates TfL’s data on cycle hire

stations across London.

• Leeds: is a use-case app that was created as part of Jaywing Collaboration

[89] to show footfall data in a shopping center in Leeds.
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• UKTravel: is a animated telecommunication data across UK from Telefon-

ica.

There are other major and minor examples of how map applications in GDO is used.

However, after the implementation of generic maps app, many researchers used this

new version to visualise data through this instead of implementing their own app,

such as Dr.Ceire Costelloe on the research of Anti-microbial Resistance.

7.2 Graph based Apps and Projects

Graph based apps aims to visualise large scale graphs with thousands even

millions of nodes and links on the distributed screen-space. These apps either provide

generic graph visualisations where users upload or link graphs in various formats and

determine visualisation layout and style through configuration or control interfaces

of the apps. GDO has two generic graph apps in its library. One of them uses our

own libraries for graph visualisations and format and built just for GDO. The other

one uses sigma graph libraries [137] for visualisation while using GDO system for

distribution and control mechanisms.

Other than these, there are few crypto-currency apps and projects that pri-

marily use graphs to visualise their data. Most significant of these is Bitcoin app

and visualisations. The other project is Ethereum visualisation project which visu-

alises Ethereum transactions using GDO framework. These projects aim to analyse

crypto-currency trade in these currencies through searching for patterns, trends and

anomalies visually.

Finally, Graphs are used for other purposes such as visualising networks and

cyber security related topics in GDO, for example visualising netflow patterns in

large-scale enterprise networks.

A. Graph: The generic graph app enables users of GDO to upload graphML files

to GDO server and visualise large-scale graphs in screen-space [162]. This app can

scale to any node configuration. After uploading the graph data, it processes nodes,

links and labels and saves it as temporary files on the server in JSON format. This

temporary data is divided accordingly to number of screen nodes the graph app

is deployed to. For example, if the graph app is deployed to 4 screen nodes, than

there should be 4 files for links that each screen should use. This app also takes
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into consideration the links running across a screen where neither of the edge nodes

reside in the screen.

After the processing, each screen node reads data from corresponding files

to render the partial graph in their screen. As a result, graph data is visualised

distributedly. Users from control interface of the app can now control the visual-

isation. These controls include: color schemes, size of nodes, panning, showing or

hiding nodes, links or labels. Furthermore, users can search for a specific node, show

most connected nodes and filter the graph through it. This app also has zooming

mechanisms which enables users to increase the size of the graph on screen-space.

Zooming is performed by reallocating which screen component of the app reads

which graph file. Panning uses buffering in order to render SVG elements beyond

view of the screen.

As a result, users can easily upload graph files and visualise them in any num-

ber of screens. They can make minor style changes and control the visualisation

orientation to a certain degree. This application can scale up to millions of nodes

and links, although suffer from rendering duration due to limitations in rendering

of SVG DOM elements in a browser. Tests have been made both with synthetic

and real data scaling from 1000 nodes to 100000 and 3000 links to 300000 for this

issue. Partitioning duration is affected by both increases in node and link num-

bers exponentially. It stayed stable for nodes, if number of displays increased and

increases logarithmically for links as number of displays increased. Although, all

these numbers are insignificant since they vary between milliseconds to maximum

of few seconds. The real latency occurs on rendering process. Eventhough, ren-

dering duration increases logarithmically, it starts with 2.5 seconds for 1000 nodes

and 3000 links and goes up to 45 seconds for 100000 nodes and 300000 links. This

originates from limitations of number of visual element renders in a browser DOM,

thus introducing significant lags for GDO large-scale graph renders.

B. Sigma Graph: Sigma Graph app is another generic graph visualisation app in

GDO library [39]. It takes on previous graph app and improves it. First improvement

is use of sigma.js for graph rendering. It has other improvements in the back-end for

partitioning. However, the main improvements are in rendering and controlling the

graph. It allows selection of certain nodes and edges, allow filtering nodes, applying

color schemes based on node or edge properties such as tags or weights. Again
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Figure 7.3: 64 Screen Graph with thousands of nodes rendered in Graph App [162].

similar to previous graph app, it allows panning and zooming. One other interesting

functionality is that it allows customized functions to be applied through control

interface on render pipeline. Overall, it is an improvement over the first graph

app and allows more customization and rendering options over large-scale graphs in

GDO.

C. Bitcoin: Bitcoin GDO app enables graph and other visualisations on bitcoin

transactions [22]. It has two visualisation types. First one is not a graph visualisa-

tion. It is a real-time globe visualisation showing the nodes with their transaction

activity on a globe. The second one is an interactive graph visualisation for show-

ing both real-time and historical transactions in blockchain. This app uses again

sigma.js for visualising its graphs.

Through this app, visual exploration of historical transactions of a block be-

comes possible. It enabled visualising different historically significant events such as

first bitcoin transactions to major spam events. Real-time mode allows live trans-

actions to be visualised as graphs. This app also has a GigaImages project which

enabled visualising thousands of bitcoin visualisations to be displayed across the

screen-space using GigaImages app simultaneously.

Overall, this app enables performing visual analytics on bitcoin cryptocur-

rency.
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Figure 7.4: Ethereum (bottom-right) [63] and Bitcoin (others) visualisations on
GDO (On top left BBC Presenter Spencer Kelly demonstrating Bitcoin
Observatory Project [23])

D. Ethereum: Ethereum Visualisation is a group of projects intended to visualise

ethereum account transactions and network attacks [63] [62]. Instead of being im-

plemented as a seperate apps, these uses GDO’s existing generic graph visualisation

apps and other apps. One of these projects also has its own system to visualise

these transactions in real-time. The purpose of these projects is similar to bitcoin

projects and it is to explore ethereum crypto-currency transactions, anomalies, at-

tacks visually and performing visual analytics on these topics.

7.3 Chart based Apps and Projects

Chart based apps aims to visualise large-scale charts on distributed screen-

space. These apps and projects again are divided into two categories, first one being

the generic apps for visualising charts and the second one is research based apps and

projects. Generic chart visualisation apps have two purposes different than normal

chart visualisation techniques. The first one is displaying these charts distributed

across multiple screens. The second one is regarding complexity, and it allows charts

with normal than higher complexities to be displayed in the large screen-space.
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A. DD3: D3.js in other words Data-Driven documents [46] is a java-script library

for interactive data visualisations. Distributed D3 (DD3) [52] app takes this li-

brary and integrates it to GDO framework for enabling custom visualisations and

infographics to be implemented using D3. Developers using this library and app

implements on D3 and this app takes care of loading these data visualisations into

GDO and distribution of them to screens. In other words, a generic d3 visualisa-

tion can easily be loaded with this library. Users can load these visualisations as

a DD3 instance with a certain configuration to any section of nodes. DD3 library

distributes this visualisation to those nodes. Overall, this library enables us to im-

plement complex and interactive data visualisations and infographics using d3 and

load them to GDO as projects of DD3.

Figure 7.5: DD3 parallel coordinates chart (left) and Fusion Charts control
interface (right)

B. Fusion Charts: Fusion charts is a generic easy chart rendering library in GDO.

In contrast to DD3 which is based on implementations on top of D3.js and importing

of these to GDO, FusionCharts app use fusion charts [70] data specifications and

library to render basic charts with ease. In other words, through DD3, complex

infographics can be implemented using D3 and be rendered distributedly on GDO

and interactively controlled where control interface can also be implemented. On

the other hand, using fusion charts format, fusion charts app renders basic charts

with given data with limited customization but rapidly. It supports various chart

formats and styles. The user uploads a fusion chart specific JSON file. This file

specifies the chart type, properties, labels and includes data of the chart in a JSON.

This app than visualises this on the screen-space distributedly. Afterwards, users

can control certain properties of the chart and even change chart types.
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In comparison to DD3, this app does not distribute the chart data but instead

each node renders the chart and scales accordingly for partial visualisations, which

is exactly how distributed html solution in GDO library works. Therefore, it is an

easy to use solution, and provides rapid and fast chart visualisations. However, this

app does not support complex programmability of DD3. Regardless, through those

option, we can provide both an easy and complex solution for both basic to advanced

charts and infographics needs.

Figure 7.6: Twitter App Control Interfaces (top) and Visualisation (bottom)
Example [156].

C. Twitter: Twitter App [156] aims to perform visual analytics on twitter data

in GDO. This app uses both charts and graphs to visualise twitter data. It utilizes

graph app, distributed html app, images app and fusion chart app to visualise data

on the screen-space. It uses GDO CVSP to create sections and deploy these other

apps with twitter data this app processes. Through this app, users pull twitter

data from twitter API and store it in a mongoDB database. Afterwards, this app

allows users to select datasets in the mongoDB database, select analytic options

such as top authors, top retweets and many other. Finally, allow users to deploy

these analytics as other apps such as charts, graphs, static visualisations as images

to selected sections in GDO.
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In the interface of the app, there are three panes: DataSets, App Deployment

and Control. Datasets pane allows users to select datasets in mongoDB, select

analyics options and see analytics history. Users can see the status of the dataset,

such as if it has finished streaming from Twitter API or not. In the app deployment

pane, users are given analytics from the selected datasets and options. Each analytics

is deployable to certain number of sections. For example, one analytics may use only

graphs and deployable to one section; another one may require due to its properties

charts and graphs apps, thus deployable to many sections. These are called slides

in the app. Users create sections and select slides to deploy to these sections. Users

also can load or unload visualisations to existing apps deployed by this app. Users

are also given options to re-download data. In the control pane, users can control

the apps they deploy.

This is an good example of composite apps implementation. It uses other

existing apps instead of re-implementing them, and use GDO CVSP to deploy and

utilize them. User can select where to deploy and even control the deployed children

apps in this scenario, where twitter app acts as a coordinating and data providing

parent/composite app.

D. Sharing Economy: Sharing Economy is a visualisation project that aims to

visualise longitudinal study of how sharing economy performed in previous years in

UK. It looks into Uber, Airbnb other datasets and visualises in charts and maps the

analytics of sharing economy in UK [42].

Figure 7.7: Sharing Economy Visualisation
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7.4 Multi-media based Apps and Projects

Multi-media based apps aims to visualise media formats such as images, videos

and 3D content on GDO. These apps use various distribution mechanisms to dis-

tribute these media based content to the screens in GDO. These apps are useful

as supplementary visualisations for loading static images of data or relevant con-

tent, load videos or presentations to GDO or visualise 3D content distributedly in

screen-space.

A. Images: Images app enables users to deploy images to GDO nodes. Users

upload via control interface an image file to the system. Control interface transfers

this file to the instance of the app. Depending on node layout of the app deployment,

it crops and creates partial images of the actual image. It upscales it during the

process depending on section resolution. Afterwards, it distributes these images to

the nodes of the app. Nodes display their partial image, thus making the whole

image appear on the GDO screens.

App interface allows panning the image, fitting or filling the canvas and even

rotating. On each event, from the original image on the server, partial images are

re-created and re-distributed to nodes. This app also can be controlled through

CVSP similar to other chart and graph apps, thus enable it to be deployed part of a

composite app. As a result, various supplementary images or static images of data

visualisations can be deployed to GDO.

One notable use-case of this app to visualise images sent by NASA’s Curiosity

robot on KPMG DO as part of a collaboration [57].

B. GigaImages: GigaImages app is an image display app that aims to display

images with extra large resolutions such as millions of pixels. These images are

stored in different formats such as Deep Zoom Images (DZI) or other tile-based image

storage standards for storing large zoomable images. This app uses OpenSeaDragon

library [112] to display these images. Similar to maps app, it creates an overall

canvas in the control interface where global coordinates are produced for the image

and distributes these to nodes where nodes calculate local coordinates for their

OpenSeaDragon render. These nodes load the canvas with node coordinates and

zoom into local coordinates of the image they calculated. Thus, a user can select a
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Figure 7.8: Images (top-left) and YoutubeWall (top-right) App Control Interfaces
and GigaImages Visualisation (bottom).

gigaimage in the control interface and pan and zoom into it, while these actions are

replicated in the nodes smoothly. This is useful for projects that data is catalogued as

visualisations such as bitcoin patterns or very large images like stars in the universe.

This app enables zoomable interaction with those large image visualisations.

Figure 7.9: XNAT Imaging App Control interface (left) and Visualisation (right)
Example [47].
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C. XNAT Imaging: XNAT Imaging app is used for analysing medical scans

of brain for diagnosis of Multiple Sclerosis (MS) on a patient [47]. LHRDs provide

both comparisons and high-resolution displays for these scans and thus enable easier

visual diagnosis in comparison to other visualisation options available to radiologists

and clinicians. This app allows uploading of MRI images to be visualised in LHRD.

Users through control interface can add regions of interest, switch patients, render

MRI images, navigate 3D MRI images, animate these images over time, select views

and decide color schemes. As a result, this app provides a specialised experience to

images app for the task of diagnosis of MS in patients.

D. Presentation: Presentation app is basic presentation tool for GDO. It works

similar to Images app; and instead of images, it allows uploading of office formatted

presentations to the instance of the app. Afterwards, it distributes these presenta-

tions as images to the nodes of the instance. It gives user the options to navigate

in the presentation through previous and next buttons. It also displays the slides in

control interface for presenter to view. As a result, it provides easy to use presenta-

tion app in the GDO with basic options and controls.

E. PresentationTool: PresenationTool app [80] is a complex presentation tool

in GDO. It allows images, office presentations and videos to be deployed as a meta-

presentation to screen-space. It uses Youtube, Images and Presentations apps as a

composite app, and use them to display these media formats. There are meta-slides

in this presentation. In each meta-slide, user decides where are the sections and in

which section which resource is deployed. For example, in meta-slide 1, user deploys

slide 5 of a presentation to section 1, an image to section 2, a video to section 3.

In the next meta-slide, user decides again what will be on the overall screen-space

with these resources. So, app allows individual office presentation slides, images

and videos as unit resources and in each meta-slide allow users to deploy them to

any section in any combination. After the presentation is ready, the presenter can

navigate through meta-slides which changes the overall screen-space.

Users can also zoom in and out of resources on sections and individually control

them. Furthermore, users can use a paint tool to paint over individual resources

during the presentation. In other words, presenter on meta-slide 3, can use touch

screen or mouse to paint on a resource that is deployed to the screen-space. This
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Figure 7.10: PresentationTool App Control interface (left) and Visualisation
(right) Example [80].

allows presenters to highlight important aspects of a slide. Moreover, there is a

built in voice assistant that presenter can give verbal commands to. It listens to

commands such next, previous, load, play and others and takes according actions.

As a result, this app allows complex presentations to be given using GDO

framework on LHRDs. It can distribute any resource (slide, images, video) to any

section on a meta-slide and allow presenters to navigate on meta-slides. It is another

example of composite apps as it uses images, youtube apps to display images and

videos; and built upon existing presentation app itself.

F. WebGL: WebGL app [153] is a generic app that allows developers and users

to render 3D content on the screen-space using WebGL [169]. It uses bablyon.js [18]

for rendering. It loads the scene on both to control interface and nodes interfaces.

Similar to maps app, it calculates a camera orientation in the control interface and

distributes this to node components of the app as camera view changes. Although, it

performs this in 3 dimensions instead. Nodes calculate their local camera orientation

through an algorithm and update their view. This app loads meshes and resources

to 3D scene selectively on the nodes. Each partial visualisation, loads resources

and meshes to produce 3D image accordingly. Thus, overall 3D scene is produced

distributedly.

It allows users to perform fly-by in 3D content through navigating on control

interface. It provides options through keyboard such as movement speed of cam-

era, toggling mesh bounding boxes, locking horizontal or vertical camera rotation,

toggling visibility of meshes. In the interface, it gives the options of resetting posi-
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tion, enabling no-clip and gravity, showing stats and finally toggling frame by frame

synchronization to reduce tearing in the cost of performance.

As a result, users and developers can use this app directly or as part of another

composite app to deploy 3D content on LHRDs for visualisations.

Figure 7.11: WebGL App Control interface (left) and Visualisation (right)
Examples [153].

G. Youtube: There are two apps for playing youtube videos on GDO. First one

is called YoutubeWall. This app does not scale youtube videos to multiple screens,

instead display one video per screen. It allows users to select a channel or playlist

and display many videos of these on the screen-space simultaneously. So, if there are

10 videos in the playlist and 5 screens, it will display 1-5 videos on screens. Users

can also navigate to next videos. This app uses youtube API and create a youtube

canvas inside the node frames. It is mostly used to cycle supplementary videos as a

wall in an overall data scene.

The other app is called Youtube. This app again uses youtube API to render

youtube videos but enables scaling of them across multiple screens. It allows users to

deploy high res (4K, 8K) videos to large screen sections. It uses similar coordination

logic to distributed html and calculates partial youtube canvases. It allows users

to select videos, play, pause, stop, forward, rewind. It also shows the video on the

control interface. It utilizes GDO software frameworks high frequency time sync

mechanism. This mechanism syncs javascript times of nodes with server in periodic

intervals, thus enabling nodes to be synced in time (less than 30ms). Therefore, apps

like youtube can sync partial videos with high accuracy. As a result, this app can
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be used both individually or part of a composite app or scenario to deploy videos

on multiple-screens of LHRD through GDO.

H. Fractals: Fractals project is a visualisation project to render fractals using

GDO software framework [54]. It has two apps under it. First one is the original

fractals app which renders fractals. The second one uses Ray Marching method

for rendering fractals which intends to improve performance of realistic lightning

and shading effects such as soft shadows and reflections in webGL. These apps uses

webGL to render fractals. In the control interfaces they offer control of camera

through a virtual pad that is used for look and move. Moreover, these apps allow

frame level synchronization, which users can turn on and off from control interfaces.

These projects gives important insight on distributed 3D content rendering and ray

marching, in addition to visualising complex fractals on screen-space.

Figure 7.12: Fractal Visualisation Examples from Fractals and RayMarching App
in GDO [54].

I. Static HTML: Static HTML is an app that aims to render HTML web pages

distributedly on GDO screen-space. It duplicates the existing web page on the nodes

and scales and orients them to show a unified web page on screens. It works with

web pages that has static or timed content. However, if the web page has interactive

or random content, there would visual artifacts produced by the app. For example,

A news web page where on each load it shows a random news on the page. Since we

do not duplicate the DOM and re-distribute it, each partial visualisation would be

showing a different state of the web page and thus fail. If the events of the web pages

are timed like periodic or continuous animations, this app can show these perfectly,

since these are identical on all duplicates.

This app currently doesn’t implement interaction too, but we have designed
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how this could be possible. It will use control interface as input canvas which shows

the original web page and mouse pointer, and interaction events will be distributed to

nodes. Although, interaction like logging in can create serious problems as duplicate

logins will be made. Another problem is certain web pages can block browsers from

running them inside an iframe through X-Frame-Options [173]. Therefore, some

external web pages can not be run inside GDO framework due to this cause.

This app can also be used as part of a composite app. A composite app can

use an external visualisations system such as charting a visualisation and use this

app to visualise that chart as a web page in a section. This allows, that chart which

is visualised externally to be displayed in the GDO. Furthermore, the updates to the

chart or animations, as long as they are not random, will be reflected since duplicates

of the chart is running on each node of the app. If the external web server broadcast

an update to the visualisation, each node will receive it and update their canvas.

This app also provides visualisation projects to be possible with team members

that are not skilled in developing apps. Thus they can use external online resources

or general web technologies to create web based visualisations externally and display

them in the GDO.

7.5 Integration based Apps and Projects

Integration based apps are group of apps that aims to integrate GDO software

framework with other systems and devices.

A. SAGE2: This apps provides and easy integration with SAGE2 platform [126].

SAGE2 has a similar technology background and layout to GDO, thus gives us

unique opportunity to integrate these two. SAGE2 runs display interfaces and server

control interface. In SAGE2 app, we run these display interfaces inside node inter-

faces of GDO and run server control panel of SAGE2 inside control interface of

the app. As a result, GDO can connect to SAGE2 server and render each display

interface and server control panel of SAGE2 will be displayed in control interface

encapsulated.

B. tranSMART: DSI has a eTRIKS/tranSMART visualisation application [155]

for visualising data related to eTRIKS project [64]. This app works through a similar

distribution mechanism to GDO as a control interface coordinates section interfaces
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of the application using web sockets. Instead of nodes, this runs in columns. Thus

have to be deployed horizontal node sections only. Similar to SAGE2 integration,

we encapsulate these column interfaces inside node interfaces of the GDO. Again,

we encapsulate control interface of this external application inside control interface

of this app in GDO.

Figure 7.13: Eye-tracking Module using QR codes on screen with real-time pointer
that creates a live heatmap and controls running on console interface.

C. Eyetracking: EyeTracking is a module app that runs in the background of

the GDO system, which connects eye tracking devices to the system. It currently

only works with Ergoneers Dikablis Eye Tracking glasses and D-Lab software [69].

This module supports up to 4 users. Each user connect to their D-Lab software

running device which the eye tracking unit is connected through module’s control

interface. This D-Lab software streams the data of the device to the eye tracking

module in the GDO server. This module displays QR codes on screen space as an

overlay on lower right corner of each screen. D-Lab software recognizes these tags

and calculates their location on the overall area the unit is seeing. It sends to server

coordinates of QR codes in current view and coordinates of the users gaze on the

view. Thus, it allows us to calculate where the gaze is exactly on the screen-space.
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This module can display a virtual pointer on the overall screen-space color

coded to the user on where the user is gazing in real time. Furthermore, this pointer

can draw an heatmap of gaze as users continue to examine the screen-space. It

creates 5 heatmaps, one for each user again color coded in the user and one meta

heat-map for overall user gaze data. As users continue to examine the screen-

space heatmap generation continues real-time. Users can clear individual and overall

heatmaps and restart them. Users can toogle heatmaps and on-screen cursor on and

off through the interface. Users can also change size and contrast of QR codes to

adjust light setting of the environment for more accurate tag reading.

The interface also displays overall data on each user. As where they are

looking in the LHRDs. It also uses a location calculation algorithm to determine

the location of the user inside the LHRD. This algorithm uses the sizes of the QR

codes and orientation of them to calculate the location of the user. This will work

only for LHRDs with circular or wall shapes.

Overall, this module can be used to study where the spectators most examine

and focus. Spectators in the environment can wear these head units and be shown

various visualisations without the heatmap and cursors showing. Afterwards, these

heatmaps can be turned on to see where on the visualisations the spectators focus

most.

D. Hololens: Hololens project aims to integrate Hololens device to GDO and

enable it to be used in KPMG DO [16]. It uses markers to calibrate the device

to the orientation of the screen-space. Afterwards, the system knows where the

user is gazing in the screen space. It does not require markers constantly displayed

like eyetracking since the device has a gyroscope and can track its orientation after

the initial calibration. One project example, as seen in the figure 7.14, is showing

additional data on Augmented Reality over the twitter visualisation. These kind of

projects enable private enriched data to be shown to users wearing AR devices.

E. EEG: EEG has not been directly integrated to GDO. However, as part of

Jawying collaboration with DSI, data from spectators has been collected for be-

havioural analysis using EEG devices and GDO framework where used for visuali-

sations for this research [89].



178 Chapter 7. Applications of GDO

Figure 7.14: Hololens project with Twitter App Integration where on screen AR
overlay can be seen on the left image [16].

F. Kinect: KPMG Data Observatory also has 5 Kinect devices deployed in the

observatory. This project intends to collect data from these devices and create and

overall data from all angles regarding inhabitants of the environment. It allows

spectators in the environment to make physical gestures to control the environment.

These gestures can be used to control GDO and data can be used by apps of GDO for

various purposes. Several developers, including original developer of Kinect project

put integration of this distributed Kinect system with GDO framework as the next

objective on the roadmap for this project for enabling interaction with data through

multiple Kinect devices [3].

G. TimeV: This app aims to connect GDO framework with Spark on the DSI

Cloud. Spark is cluster processing framework based on Hadoop [74]. This app allows

to process queries on Spark cluster and visualise the results. Users can deploy this

app to any section, they can execute queries on the spark cluster and visualise the

results in the GDO [152].

H. Temperatures: Temperatures app is part of WikiSensing [171] and Concin-

nity [113] projects. In DSI, there are many MSP430 based light and heat sensors,

especially in the LHRDs environment. We have reprogrammed these sensors and

their host computer to send data to WikiSensing system. This system is a collab-

orative sensor data analytics platform built in DSI. This app receives these sensor

data, and displays them in the screen-space. The temperature visualisations across

screens are aligned with location of sensors. In other words, screens show tempera-
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Figure 7.15: TimeV Query Interface and Control interface where users can input
Spark queries to be computed and visualised in GDO.

tures calculated from sensors close to them. This is a basic example of how LHRDs

can be connected to Internet of Things.

I. Cortical: Cortical app is integration of cortical.io to GDO framework. Corti-

col.io is a set of AI tools for text analysis. They use retinaSDK to extract keywords,

compare text, detect language, filter tweets and many other [38]. This app enables

this functionality for GDO. Users are given 3 configurations for modes such keyword

extraction, compare text and others. For example, when user loads a cortical app

with text configuration. He or she can upload text and app will extract keywords

and display them on screen-space.

Figure 7.16: Spreadsheets system running example in GDO and control interface
[55].
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J. Spreadsheets: Spreadsheets project is regarding running an Microsoft Office

Excel [107] on each screen in LHRDs and use GDO framework to interact with them.

The purpose of distributed Excel spreadsheets are to load all sheets of a workbench

at once, enabling users to see the whole solution and distributing large workbenches

to multiple excels. User uploads excel file through control interface of Spreadsheets

app in GDO and it loads the data across Excel instances running in the environ-

ment. It uses another background system called SheetServer to coordinate these

Excel programs. Primary purpose is to unfold the spreadsheet model and load it

distributedly. It creates a graph of formulas to execute on these sheets distribut-

edly. Thus, the system benefits from distributed computation through excel. One

use-case is Genetic Algorithms, which try to mimic the process of evolution. [55]

7.6 Conclusion

In conclusion, various apps and projects have been developed by colleagues,

students, interns, other researchers and even companies for GDO as well as by the

author of this thesis. These apps use various mechanisms provided to visualise and

operate, and still work in harmony with core project. These apps demonstrate suc-

cess of our architecture and software paradigm. What we have learned from these

developments is mainly using CVSP enables developers to implement custom or

general applications for scalable and modular data visualisations on LHRD envi-

ronment thus enabling modern visual data analytics for multi-disciplinary projects

which GDO has used many times for.

In this category, GDO is unprecendented as no other LHRD software was able

to enable development and use of diverse general and custom data visualisations for

versatile research topics and projects on LHRDs. Furthermore, GDOs interaction

style greatly enhances use of these data visualisations as many users can easily en-

gage and conduct visual analytics, which is not present in any other LHRD software.

Moreover, integration of devices has many times used by developers to integrate wide

range of interaction, sensing and AR devices to the system for research modularly.

Finally, few developers made use of collaged and synced concepts to create coordi-

nated data scenes using CVSP and proving these mechanisms enhance visual data

analytics on LHRDs by enabling multi-view visualisations, which is novel and never

been seen in the literature.
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Overall, through all these capabilities and applications, we were able to pro-

vide the objective we targeted on the thesis, as many data-driven multi-disciplinary

research were able to be conducted with aid of immersive and social visual data

analytics.



Chapter 8

Conclusion

The following chapter contains summary of the thesis, critical analysis, contributions

and future work of it.

8.1 Summary

In this thesis, we have introduced Large High Resolution Displays (LHRDs).

We argued that new generation multi-disciplinary data-driven research will benefit

from conducting modern web-based and interactive visual data analytics on these

environments. Furthermore, unique properties of these environment can be used to

extend existing visual data analytics techniques to provide what we call Immersive

and Social Visual Data Analytics. We have identified problems on the existing

literature regarding this. Therefore, we explored design issues for a new platform

with novel software paradigm and features to enable this. Afterwards, we introduced

the architecture and implementation of our platform GDO as a candidate for this

task, which solves many challenges we identified for this purposes using its novel

software paradigm (CVSP).

As a result, we argue that using this novel software approach, which enables

modular distributed operation of system and app components on the distributed

system of LHRDs and allowing these components to coordinate freely using a com-

munication schema and thus creating many different data acquiring, processing,

rending scenarios or distributed app logics, modular integration of devices or en-

abling coordinated, collaged or synced apps on screenspace; and overall enables us

182
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to overcome challenges we listed as requirements for conducting immersive and social

visual data analytics on LHRDs for multi-disciplinary data-driven research.

A. Related Work: In the related work chapter, we have summarized and intro-

duced general topics of Visual Analytics, Big Data and Data Science; and argued how

their emergence have transformed research and projects to become multi-disciplinary

in the age of data and require visual analytics for cross-field communication and how

they need a new kind of hardware to match their requirements. We believe these

hardware is LHRDs. In the literature survey, we have discussed their origins, types

and properties; and listed notable examples of them in the literature. Afterwards, we

have introduced in our own categorization the three generations of LHRD software

in the literature. The first generation started with CaveLib built for the original

CAVE. This generation was based on legacy technologies like MPI, and resorted to

legacy methods for overcoming that age’s problems. The second generation were

focused on render distribution. Examples of this generation explored different clus-

tering and parallel rendering methods to power LHRDs with visualisations. Finally,

the third generation (current one) focused on web technologies, app orientation and

rapid visualisation to improve multi-modal use of these hardware. However, none of

these software targets or solves our objective.

B. Design Issues: In the third chapter, we have explored design landscape for

using modern visual data analytics techniques on LHRDs. In this chapter first, we

have explored collaborative use of LHRD for target objective, where we identified

different roles, activities and sessions on LHRDs and potential use-cases for the

target platform. Secondly, we have explored immersive display and management

of data visualisations on LHRDs where we identified various display, management,

interaction and other mechanisms and paradigms for the target platform. After-

wards, we explored data visualisation apps and their required properties, where we

found that they have to be versatile, modular, general, distributed, scalable, inter-

active, customizable, extensible, web-based, standardized, reliable, castable, API-

based, collaged, multi-type and inter-operable. Finally, we explored data-driven,

API based and collaged data visualisation concepts. In that section, we discussed

various data acquiring, distribution and processing issues on LHRDs, and also API

based operation, and collaged and synced applications. Overall, we compared these

challenges and requirements to existing software on the literature and summarized
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them into a list of technical requirements.

C. Architecture: In the forth chapter, we have introduced software architecture

of GDO, where we have a ASP.NET web project deployed to IIS web server host-

ing signalR web-socket libraries on the server-side and on the client-side we have

web-based javascript clients that use signalR to communicate with the server and

peerJS to communicate with each other. We deploy node web clients to display

nodes on LHRD for creation of a distributed screen-space, where we can deploy

data visualisations. We have discussed how our server software is structured, where

we hold a registry behind communication hubs. Afterwards, we introduced our

control interface concept and how it is structured. Later on, we introduced our

application paradigm where we have server, node and control components for apps

which are distributed to LHRD. Finally, we introduced our Clustered Visualisation

Services Paradigm briefly. Overall, we discussed architecture of our system and how

individual parts of it is structured.

D. Implementation: In the fifth chapter, we discussed our implementation by

going through how each base functionality is created. First of all, we discussed how

we created a distributed display area; afterwards, we discussed how we implemented

management of the system and how we load and unload apps on the system. Later

on, we introduced how we implemented our app paradigm, its architecture, its com-

munication schema, its instancing mechanism, its types and finally how apps are

developed in our application framework. Overall, we demonstrated implementation

of all base functionalities of the system.

E. Contributions: In the sixth chapter, we introduced our novel software paradigm

we created for enabling functionality that is required for conducting modern visual

data analytics on LHRDs for multi-disciplianry data-driven research. Clustered Vi-

sualisation Services Paradigm (CVSP) is formed by allowing logical components of

apps and system to modularly exist on distributed physical locations in LHRD such

as server, cluster of display nodes, and user control clients; allowing communica-

tion between all components in the system through APIs and thus allow creation of

distributed and/or on-demand functionality using meshing functionality of different

components together. In this chapter, we went through each novel or critical func-

tionality we enabled through overcoming challenges we stated in the third chapter for
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the given objective as our contributions. These are Immersive and Scalable Display

of Data Visualisations; Data Analytics Oriented LHRD Operating System; Modular,

General, Data-Driven, Interactive, Dynamic, Collaged and Synced Data Visualisa-

tions on LHRDs; Integration of Interaction and Sensing Devices; Data Distribution

and Load Balancing in Data Intensive Apps; Reliability in Visual Data Analytics

on LHRDs; Interoperability, Flexibility and Remote Deployment; and Developer

Support for Distributed App Development.

F. Applications: In the final content chapter, we have introduced various apps

that are developed in GDO by students, colleagues, interns, companies, and their

usage scenarios as a proof to succeeding in our objective.

8.2 Contributions

Our contributions to the literature is the challenges we solved using our novel

software paradigm Clustered Visualisation Services Paradigm (CVSP) of GDO plat-

form, that through it we enable conducting immersive and social visual data ana-

lytics for multi-disciplinary research projects. To reiterate, this paradigm enables

modular and dynamic distributed components of apps and system on the cluster,

server and control clients of LHRD and while enabling a communication schema for

all to all API based communication between these distributed components, where

we can enable many functionalities we deem necessary, with most significant:

Primary Contributions:

• Immersive and Scalable Display of Data Visualisations: General, dy-

namic and interactive data visualisations and other type of apps can be im-

mersively deployed to a LHRD in any layout and in any size which includes

scaling these data visualisations to tens even hundreds of display nodes.

• Visual Data Analytics oriented Operating System for the LHRD:

A novel underlying operating system is provided for data visualisations that

enables app deployment and operation, session management and distributed

debugging on the cluster, where also the system can be managed from the web

interfaces enabling users to operate the system from tablets/PCs.

• Application Framework for General, Interactive and Modular Data

Visualisation Apps: General, instanced and dynamic data visualisations
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that can work with different data and configurations, that are deployed mod-

ularly, which have control interfaces to configure/control/steer these visuali-

sations which can be casted to other interfaces, can be implemented by the

application framework of CVSP.

• Data-driven and API based Data Visualisations: Many data acquiring,

processing and distribution scenarios, and also many clustering and distributed

logic can be implemented on applications of GDO using CVSP.

• Collaged and Synced Visual Data Scenes: Collaged and synced data

visualisation scenes can be created using distributed coordination between

applications or using composite applications that use other applications to

visualise.

• Integration of Sensing and Interaction Research Devices: Many dif-

ferent interaction and sensing devices can be integrated modularly to LHRD

environment and their data and controls can be made available to other ap-

plications on the environment and control clients.

Secondary Contributions:

• Reliable Operation: CVSP based operation provides reliability even within

a diverse, dynamic, distributed system, where applications are developed by

external developers that are distributed, while using many online libraries and

while many of these applications work in communication to create combined

functionality.

• Interoperability with other Web based Visualisations and Projects:

Other web-based LHRD software following control-server-client paradigm or

many online visualisations can be integrated into GDO.

• Flexibility on Display Technologies and Setup: GDO can work with

any number of screens, resolutions or setup without prior installation on its

clients.

• Remote Operation Capabilities: GDO have capability to be deployed to

remote locations in different scenarios and offer synchronization capabilities

while doing so.
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• Developer friendly Distributed App Development: Developers with

different skill-sets can develop basic to advanced applications using many .NET

and C# libraries on backend and web libraries on front-end, where they can

implement also distributed functionality thus deciding how the visualisation

acquires, processes, distributes and renders data and how the users can interact

with this visualisation using CVSP architecture and software framework of

GDO.

Overall, GDO through its novel architecture and features enable many functionalities

we deemed necessary to enable conducting web-based, interactive, dynamic visual

analytics on LHRDs for multi-disciplinary research projects. Most significantly, in

order to enable immersive and social visual data analytics on LHRDs for data-driven

multi-disciplinary research, many of these contributions should be provided together,

hence GDO using its CVSP paradigm is the only platform that provides all these

novel contributions and other critical functionalities in a single platform.

Moreover, in alignment with these academic contributions, we also contribute

open source (MIT licensed) GDO Software Framework alongside many of its apps

on https://github.com/bkavuncu/GDO [39] as practical and real world contributions

that have been used by many research at Imperial College London (Contribution

level of the author on the apps in the repository varies).

8.3 Conclusion and Future Work

In final conclusion, a wide range of work on LHRDs has been explored in

this thesis for enabling immersive and social visual data analytics for data-driven

multi-disciplinary projects on KPMG DO and other similar data science and research

oriented LHRDs. This exploration resulted in many challenges and findings to enable

this objective. Overall, the research problem is regarding having data visualisations

that are web-based, general, modular, scalable, interactive, dynamic, ... which are

deployed and operated by a system designed for this purpose and providing all

these reliably, flexibly and developer friendly. Thus, we can have a vast library

of visualisation apps that can be meshed together, collaged, synced or coordinated

to have dynamic layouts on screen-space, connected to external or internal data

sources or devices for almost any research purpose. This problem is overcomed by

CVSP paradigm. This paradigm in summary enables system and app components
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to operate on distinct blocks on server and clients and have structured all-to-all

communication schema between each other both locally and remotely. Thus, we can

have all these functionality enabled for the given objective, and hence be used by

many data-driven multi-disciplinary research in Data Science Institute at Imperial

College London. Many apps have been developed by students as part of their masters

or bachelor thesis and even used in presentations to media and important visits to

the institute and used in many cross-field research projects.

In comparison to other work, even the closest platforms in functionality can

not provide or not purposed for visual data analytics in these terms. This is the first

platform that achieved this functionality. And the key to achieving this is partly

3rd generation LHRD paradigms we utilized and GDOs unique and novel CVSP

paradigm for LHRDs. Overall, it demonstrates its software paradigm is the only

or first way to achieve these vast amount of novel or critical functionality, over-

coming challenges stated in the thesis. As a result, this thesis demonstrates the

success of CVSP paradigm for this objective, which was the thesis argument, while

becoming the first platform to enable conducting visual data analytics for data-

driven multi-disciplinary research through allowing these research to visualise data

by many general and custom data visualisation and supplementary apps on LHRD

which are deployed by our management mechanism; enabling interaction with these

visualisations during visual data analytics sessions; using session management to

conduct these sessions; using collaging capability to create composite and complex

and synced data scenes for social media analysis, advanced presentations, transport

research and many other; using device integration capability to connect interac-

tion and sensing devices; even conduct behavioural study by using these devices on

spectators and users during sessions.

For the future of this work, we see few directions advancements can be made.

First direction is integrating data processing and storage mechanisms further into

GDO. Data storage, processing mechanisms that are mostly left to developers in the

current version of the project can be further integrated into GDO. As a result, it can

transform the system into a data science workbench, where data is stored, processed

and visualised all within the system, thus it enables this infrastructure to become

a data science infrastructure for institutions that deploy LHRDs. The difference to

the current version is, we enable these, but not implement structure or mechanisms
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to regulate these.

Another direction advancement can be made is in the area of interaction.

Many different interaction capabilities can be implemented. For example, a visual

programming canvas that data storage, processing and visualising elements can be

connected on-demand for instant data visualisations of many versatile cases. This

direction is ofcourse aligned with the previous direction.

Figure 8.1: Visual Programming Concept for LHRD based Data Science

Finally, a different rendering approach could be taken in the future. For

example, cloud based rendering [11]. Many LHRDs currently have a cluster of

capable computers that are connected to displays, that take on the rendering role.

However, in the future, this may not be feasible or necessary. LHRD can be deployed

with only smart displays that have a integrated PC as part of the display. This device

can host a light client that cloud can stream rendering directly. In this scenario, all

the distributed rendering would be performed on a GPU cluster on the cloud and

streamed to corresponding displays directly over the network.

Overall, I believe that as data becomes more important in every aspect of

our lives, all research directions will include more data orientation and would need

more visual data analytics. Therefore, this area is a future I am looking forward to

explore and advance.
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