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Abstract

Data discovery dashboards, i.e. interfaces that provide business metrics at-a-glance and
facilitate visual querying via chart interaction, have established themselves within the busi-
ness intelligence market. Their emergence as information systems has led to a proliferation
of data discovery solutions and, lately, spurred the development of Web-based, open-source
discovery tools. These tools allow for the development of online dashboards which provide
capabilities for brushing and linking. Other discovery features – such as retaining data
context while filtering (i.e. focus+context) – are not yet realised.

An open-source JavaScript library, named CrossCompare.js, has been developed and im-
plemented in an air traffic delay dashboard, which seeks to facilitate contextualised com-
parisons. Conducted user studies, involving 24 participants, indicate that CrossCompare
does reduce completion time and the number of required mouse clicks when performing
information seeking dashboard tasks that involve comparisons. The comparison feature did
not, however, benefit the completion of non-comparison tasks.

Further results affirm high usability, pleasing aesthetics, and engaging interactivity of the
developed air traffic dashboard – rendering Web-based, open-source discovery dashboard
development feasible using current Web technologies. Suggestions for future research con-
clude the thesis.
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Chapter 1

Introduction

The importance of having ”the right information, at the right time, to make the right busi-
ness decisions” [1] is more important than ever in a global business environment, where
economic cycles shorten and competitiveness increases. Technological progress allowed for
the introduction of business intelligence (BI) as a data-driven decision support system,
which is continuously being advanced as the availability and variety of data increases. As
part of this development, dashboards – graphical data representations commonly consisting
of charts, visual key performance indicators (KPI), and/or tables – are becoming increas-
ingly popular ”for giving users better access to crucial information in a way that doesn’t
overwhelm them” [2].

The technology surrounding and enabling the creation of dashboards is ever-evolving with
novel tools, providers, and features contributing to the fast changing dashboard market.
During the past decade, so-called data discovery providers have established themselves be-
side traditional BI vendors, offering enterprise and end-user solutions for visually exploring
data through dashboards. Recently however, community efforts have emerged that seek to
provide dashboard functionalities via open-sourced programming libraries. It has yet to be
seen, however, whether or not these libraries provide full discovery functionality and can,
thus, be utilised to realise an effective and marketable dashboard solution.

1.1 Problem Statement

WINGX Advance GmbH, a Hamburg-based aviation business intelligence provider (here-
inafter referred to as WINGX), seeks to explore novel approaches of providing insight from
data to its customers. One possibility is data exploration via an interactive, Web-based
discovery dashboard.

Existing dashboard and data discovery tools provide capabilities to visually and interac-
tively explore given data, yet require desktop installations and/or server-side deployments
including commercial licences. Web-based, open-source dashboard frameworks and libraries
facilitate the development of standalone dashboards, yet often lack core data discovery
functionalities, such as data filtering and contextualised comparisons. While linked-chart
dashboards are currently feasible, presented information loses its context when data is being
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focused (i.e. filtered). Despite the increasing number of open-source libraries that provide
partial data discovery and/or dashboard features, no coherent Web-based, open-source data
discovery dashboard has been developed so far.

Spurring and advancing the development of open-source data discovery dashboards and
features will allow a broader public to benefit from data discovery’s principle of enabling
non-specialists to gain insights from data – rather than relying on data scientists to prepare
and present analyses. Furthermore, advancing today’s Web-based, open-source dashboard
capabilities correlates with the increasing ’webification’ [3] of traditional desktop applica-
tions – allowing for a more versatile and flexible utilisation of data discovery.

1.2 Research Objective

In view of the lack of Web-based discovery dashboards, missing discovery functionalities
(i.e. context-retaining comparisons), and the growing interest in using dashboards within
commercial information services; the project aims at meeting the following objectives:

• Review of contemporary dashboard usage and design practices.

• Identification of the limitations of current Web-based discovery technology.

• Development of a JavaScript library facilitating contextualised comparisons.

• Development of an air traffic dashboard, utilising the introduced comparison func-
tionality.

• Documentation of the development requirements, design artefacts, and implementa-
tion details.

Additionally, the outcome of this project shall reveal challenges in the development and
usage of Web-based data discovery dashboards and provide a foundation for future research.

1.3 Scope and Limitations

A review of dashboards as information systems and the emergence of data discovery dash-
boards is followed by an examination of current dashboard development and design liter-
ature. Upon documenting gathered requirements for this dashboard project, the imple-
mentation of a novel dashboard feature – which facilitates contextualised comparisons –
is being described. Afterwards, this comparison functionality is being implemented in an
air traffic delay dashboard and both – the comparison feature and the overall dashboard –
evaluated by conducting user studies. A discussion of the findings, the project’s outcomes,
and possibilities for future research conclude this thesis.
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Chapter 2

Background Review

”Although dashboards seem to have caught on as a management tool”, as Dr. Ogan Yig-
itbasioglu – lecturer at the Queensland University of Technology – explains, ”the scientific
literature has failed to keep pace with the developments” [4]. Despite companies showing
great interest in dashboards and dashboard technology, research has yet to fully explore
the properties and possible enhancements of this novel branch of business intelligence.

In the following chapter, the emergence of dashboards, their diverse definitions, and devel-
opment aspects shall be reviewed as to lay the foundation for this project. Further, current
data discovery providers shall be examined as the increasing interest in dashboards ”is [..]
evident from the proliferation of dashboard solution providers in the market” [4], which
stands in contrast to the ”dearth of research on dashboards” [4].

2.1 Emergence of Dashboards

Business intelligence systems, systems that ”combine data gathering, data storage, and
knowledge management with analytical tools to present complex internal and competitive
information to planners and decision makers” [5], arose from an idea by Hans Peter Luhn [6]
as early as 1958. His article, ’A Business Intelligence System’, describes an arrangement for
the automated ”retrieval and dissemination” [6] of information abstracted from documents
in order cope with the ”ever-increasing rate” [6] in which information is being generated
and utilised. Luhn’s system lays the foundation for BI with introducing its general idea
of an automated process to provide necessary or desired information for specific business
activities – yet, without computerized support [7].

BI only started to evolve and thrive with the emergence of ”computerized quantitative
[modelling]” [7] during the 1960s; initiating the era of Analytics 1.0 – as Thomas Davenport
[8], Professor of IT and Management at Babson College, has labelled the first era of BI.
With the commence of BI, various business activities where ”recorded, aggregated, and
analysed” [8] for the first time. Davenport [8] further explains that performing analyses
took weeks or months, as BI solutions were still inadequate and computational performance
was insufficient. Thus, he adds, first-era business intelligence was limited to ”[addressing]
only what had happened in the past” [8]. Even though technology advanced and BI tools
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matured, it was only post-millennial that business intelligence would experience the next
game-changing impulse.

Uprising Internet-based companies, such as Google and Amazon, started to ”amass and
analyse new kinds of information” [8] and paved the way for Analytics 2.0. Information,
gathered from internal and external sources, were combined instead of deriving information
solely from data which is ”generated purely by a firm’s internal transaction system” [8]. This
development yielded in highly sophisticated analysts, so-called data scientists, specialised
on extracting and processing information from amassed data through complex algorithms.

Currently uprising, however, is what Davenport [8] describes as the era of Analytics 3.0.
While the transition has not been marked by a crucial technological or analytical advance
so far, it distinguishes itself in the fact that ”today [..] not just information firms and
online companies”, but ”every firm in every industry” starts analysing their ”increasing
amounts of data” [8]. The era of Analytics 3.0 is not only marked by the need for faster
and more efficient analyses, yet also by a broader scope of data, increased importance of
data understanding, and more than ever: the inclusion of the acquired information into
business decisions and processes. For that, however, the process of gathering insight must
shift from data scientists to a broader public, facilitating non-specialists to quickly make
sense of available data – so-called self-service.

According to Eckerson, providing business users with self-service access to information is
at the core of BI, with dashboards ”represent[ing] the latest incarnation of BI, building on
years of innovation to deliver an interface that conforms to the way a majority of users
want to consume information” [9, p. 32]. Moreover, BI users’ visual expectations have
changed with ”[u]se of the Internet for business, e-mail, social media, and other activities”
[2]; elaborate Bremser and Wagner, professors of accountancy and information systems at
Villanova University. Lisa Pappas and Lisa Whitman from the SAS Institute, agree when
they explain that ”[t]echnical capability and choices are ever-expanding, as are expectations
of business data consumers who want the information they need, when they need it, in an
easy-to-perceive format, wherever they are” [10].

”Dashboard graphics can enhance ease of use and provide for instant recognition of impor-
tant changes in key performance metrics” [2], explain Bremser and Wagner, and it is the
combination of ever-increasing amounts of data and the need for information systems to
”[amplify] cognition and [capitalize] on human perceptual capabilities” [4] from which the
development of dashboards stems. We are ”[r]iding the technology wave”, explain Pappas
and Whitman [10], ”we are awash in data. Attempts to stem the tide, or at least to man-
age its flow, have led to a proliferation of dashboards”. Stephen Few, on the other hand,
mentions the 2001 Enron scandal as causing ”heads to turn in recognition of dashboards
as much more than your everyday fledgling technology” [11, p. 15]. He bases the rise
of dashboards to the aftermath of the scandal which required companies to ”demonstrate
their ability to closely monitor what was going on in their midst” [11, p. 15]. This lead
management to seek ways to ”more easily and efficiently keep an eye on performance” [11,
p. 15] – hence, the introduction of dashboards.

Currently, dashboards are commonly understood as company-internal performance manage-
ment and decision support systems [12, 9]. However, dashboards – as Bremser and Wagner
propose [2] – should find their way into information and consulting service offerings in the
near future. It is this very progression of dashboards into a broader application that this
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project aims at facilitating; as to enable companies – like WINGX Advance GmbH – to
offer novel information services.

2.2 Dashboard Definition

The term dashboard is still a rudimentary outline for an accumulation of graphical data rep-
resentations and has yet to be clearly defined: ”there is not a clear definition of dashboards”,
explain Yigitbasioglu and Velcu [4], ”neither given by software vendors nor by academics”.
Initially, Yigitbasioglu and Velcu provide a rather broad description of a dashboard in that
it ”can be regarded as a data driven decision support system, which provides information
in a particular format to the decision maker” [4]. According to Few, a dashboard is ”a
visual display of the most important information needed to achieve one or more objectives;
consolidated and arranged on a single screen so the information can be monitored at a
glance” [11, p. 26]. Few’s definition corresponds with that of Yigitbasioglu and Velcu [4]
and Bremser [2] – yet, expands it by the limitation on the dashboard’s presentation.

However, Yigitbasioglu and Velcu acknowledge the progression of dashboard technology
and conclude that, by now, there are different types of dashboards with some being ”more
simple and static by nature” [4], while others provide a wider set of features – such as
interactive drill-down capabilities. It is this differentiation of dashboards that have led to
the introduction of the term data discovery to summarize the novel capability of letting
users visually and interactively query data, e.g. via brushing and linking (see [13, 14]).

Interactive brushing, i.e. enabling a dashboard user to ”interactively mark up interesting
data subsets directly in the views” [15], allows dashboard users to visually filter presented
data besides interactively retrieving supplementary information (e.g. via hovering the cur-
sor over a data item). According to Hauser, brushing is ”very useful to intuitively select
interesting subsets in a large and complex dataset” [15], yet ”[i]n many cases, [...] combi-
nations of several brushes in different views are necessary” [15] to obtain the desired data
subset. This, fortunately, can be achieved by view linking. Linked views (i.e. charts) up-
date instantly ”[o]nce a specific data subset is marked with a brush in one view” [15], which
maintains ’visual consistency’, explains Hauser. He adds, however, that views are often
confined ”to the selected data subset only” [15] upon brushing, which can cause additional
mental load as ”it becomes more difficult for the user to stay oriented and to keep the
visualized data subset in mental relation with the rest of the data” [15]. This issue can be
remedied by utilising the so-called focus+context approach in which unselected data is be-
ing ”included in a reduced visual form” [15] – instead of being omitted. This enables users
to ”visually relate selected data to their context” [15]. Brushing, linking, and focus+context
combined allow for ”powerful information drill-down” [16] and enable novel dashboards to
redefine interactivity. In an attempt to emphasize this enhanced interactivity and refine
their purpose, Yigitbasioglu and Velcu [4] fittingly conclude:

In view of the recent developments in their design, their purpose and the concept
itself, a more accurate definition of a dashboard might be that of a visual and
interactive performance management tool that displays on a single screen the
most important information to achieve [...] individual and/or organizational
objectives.
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In the context of this project, the usage of the term dashboard will follow Yigitbasioglu
and Velcu’s novel interpretation, in which a dashboard includes interactive features such as
brushing and linking – resulting in a data discovery dashboard.

2.3 Dashboard Tools and Service Providers

Gartner, an American information technology research company and renowned for their
market reviews, notes that the business intelligence and analytics market is ”undergoing
a fundamental shift” [17], as new products and competitors emerge, while the customers’
needs continuously change. Further, Gartner states that ”[n]ow, a wider range of busi-
ness users are demanding access to interactive styles of analysis and insights [...], without
requiring them to have IT or data science skills” [17], supporting the rise of data discovery.

The emergence of data discovery has revealed the trend towards ease-of-use tools and the
consequential differentiation within the BI market. It is only since 2014 that the – previously
niche – data discovery vendors are now included in Gartner’s main report, the ’Magic
Quadrant for Business Intelligence and Analytics Platform’, which illustrates their new-
found market significance and the importance of self-service BI. Further, Gartner [17] lists
interactive exploration and analytic dashboards as critical capabilities for their assessment
of current BI solutions – benchmarking those tools on their ability to provide effective data
discovery dashboards.

This lead traditional business intelligence vendors to try ”very hard to meet the needs of the
current market” [17] and spurred the development of data discovery/dashboard features.
Yet, their ”offerings have been pale imitations of the successful data discovery specialists”
[17]. Back in 2006, Stephen Few [11, p. 15] already mentioned the BI providers’ hurried
adaptation to the increasing interest in data discovery and dashboard technology:

Most BI vendors that hadn’t already started offering a dashboard product soon
began to do so, sometimes by cleverly changing the name of an existing product,
sometimes by quickly purchasing the rights to an existing product from a smaller
vendor, and sometimes by cobbling together pieces of products that already
existed.

Despite data discovery still being in its ”early stages” [18], today’s business intelligence
market offers a wide range of data discovery/dashboard tools and providers to choose from
[19, 2, 17]. Gartner’s Magic Quadrant (see Figure 2.1) depicts the current strategic po-
sitions of various BI vendors and illustrates the vast amount – but also spread – of BI
providers. While this market segment is dominated by emerging, specialised providers,
such as Tableau; all leading, conventional BI vendors have released data visualization mod-
ules, with examples including IBM Cognos Insight, Microsoft Power View, SAS Visual
Analytics, and SAP Crystal Dashboard [20, 2].

It has to be noted that due to a lack of academic BI vendor analyses, market reviews of IT
research companies have to be consulted, which may be biased, as many of those companies
hold business relations to BI vendors. Yet, various reports agree on the same data discovery
tools to be the best-known and most widespread: Qlik and Tableau [17, 21].
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Figure 2.1: Gartner’s Magic Quad-
rant for BI and analytics platforms

Qlik was founded in 1993 and was ”one of the
first large business intelligence and data visualiza-
tion software companies on the market” [22] and is
the ”market leader in data discovery” [17]. However,
it is Tableau – founded in 2003 – that is currently the
”gold standard” [17] for self-service dashboards and
has significantly influenced today’s customer expec-
tations in regards to interaction, presentation, and
intuitiveness. Still, the dashboard market continu-
ously experiences differentiation as start-ups, such as
Datameer (Hadoop big data visualisation) or Chartio
(easy-to-use, cloud-based dashboards), try to estab-
lish themselves by providing a high degree of special-
isation.

Even though most data discovery providers offer mul-
tiple deployment options, such as Software as a ser-
vice, desktop applications, or Web servers; most are

bound to licensing and subscription models. Merely Qlik’s most recent tool, Qlik Sense
Desktop, is free for private use with limited features. Further, the available deployment
options for data discovery tools allow for intra-firm dashboard development – not, how-
ever, for dashboards as an information service to a third-party company or customer (c.f.
WINGX Advance GmbH’s case). For such cases, dashboards and their underlying technol-
ogy have to be custom-made. Yet, this may change as dashboard components are emerging
as out-of-the-box libraries and frameworks for Web development.

2.4 Dashboard Components for Web Development

As mentioned in Section 2.2, the term dashboard is generally used with varying interpreta-
tions. In current Web development, however, dashboard is understood as the presentation
and arrangement of multiple widgets, varying in size and type (e.g. charts, images, text),
rather than that of data discovery. There are numerous frameworks that provide dashboard
features (see Table 2.1). Yet, most libraries focus on arranging, adding, removing, and re-
sizing tiles. These placeholders are then to be filled by Web developers with individual
content (i.e. widgets). While some of the listed dashboard frameworks (e.g. RazorFlow) do
provide integrated charting and rudimentary drill-down capabilities, none can be considered
a framework for data discovery dashboards (i.e. providing brushing and linking).

Despite the – current – unavailability of a full-stack discovery dashboard framework, some
libraries do facilitate their development. Charting, the fundamental element of any discov-
ery dashboard, is being provided by countless libraries – so many in fact, that Table 2.2
is merely an excerpt of JavaScript libraries that provide charting with interactive elements
(e.g. mouse-over events). The restriction on JavaScript stems from its dominating market
share for client-side languages used for Web pages (90% as of August 2015) [23].

To be emphasised, first of all, are VanCharts, ZingChart, and D3.js. In contrast to most
other pure charting libraries, VanCharts and ZingChart also offer integrated chart arrange-
ment capabilities and support functions upon selecting a data item within a chart – enabling

7

http://www.datameer.com/
https://chartio.com/


Table 2.1: List of dashboard/widget-handling frameworks

Name Characteristic(s) License

angular-
dashboard-
framework

Open-source, module for Angular.js MIT

Atlasboard Open-source, module for Node.js Apache
Dashing Open-source, Ruby gem MIT
FnordMetric Open-source, for charting using SQL GPL
Gridster.js Open-source, jQuery plugin MIT
jDash For Asp.Net users Commercial
jSlate Provided as service Free
Pyxley Open-source, for Python users MIT
RazorFlow Open-source, provides rudimentary drill-down Commercial
Reportr Open-source, built using Node.js Apache
Shiny Open-source, for R users GPL

the development of basic drill-downs. However, brushing and linking are not supported
which would lead to dashboards consisting of interactive – yet, isolated – charts. D3.js,
on the other hand, stands out as it provides a thorough basis for all sorts of interactive
data visualizations and, thus, quickly gained in popularity after its release in 2011 [24, 25].
By now, D3.js is used to power visualizations across industries (for example, Datameer
also uses D3.js [26]) and has already brought about numerous instruction and guidance
books [27, 28, 29]. It is also D3.js’ versatility that allowed for Web-based charts providing
brushing and linking [24] and focus+context capabilities.

Further, numerous charting libraries were released building on D3.js, which provide pre-
configured charts or functions. C3.js, for example, provides all basic chart types (such as
bar-, line, and pie-charts) in an easy-to-use manner while requiring only minimal program-
ming or D3.js knowledge. Yet, C3.js – as most other charting libraries – supports neither
brushing nor linking. Crossfilter, a JavaScript library for exploring multidimensional data
[30, 31], was released in 2012 under Apache license and facilitates coordinated views. Cross-
filter initiated the development of dc.js, a charting library combining Crossfilter and D3.js
to allow brushing and linking across multiple charts. Still, filtered data context can only be
retained within singular views with dc.js. No currently available library facilitates brushing,
linking, and focus+context across multiple or all graphs of a Web-based dashboard.

Nonetheless, current libraries and frameworks can be utilised to build a coherent discovery
dashboard – using solely free and open-source resources. The development of such a dis-
covery dashboard is intended to be a major research outcome of this project – as stated in
Section 1.2. Further, the development of the exemplary dashboard shall reveal possibilities
for advancing existing libraries and spur the development of dashboards with data discovery
capabilities.
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Table 2.2: List of interactive JavaScript charting libraries

Name Characteristic(s) License

AnyChart Commercial
C3.js Open-source, built using D3.js MIT
Chart.js Open-source MIT
D3.js Open-source; highly customizable visualization library BSD
dc.js Open-source, provides brushing and linking via native

Crossfilter support, built using D3.js
Apache

FusionChart Commercial
gRaphaël Built using Raphaël MIT
Highcharts Open-source Commercial
JavaScript In-
foVis Toolkit

Open-source MIT

NVD3.js Open-source, built using D3.js Apache
Plotly.js Commercial
Project EON Open-source, for real-time data, built using C3.js MIT
Sencha Ext JS Includes dashboard framework Commercial
VanCharts Includes dashboard framework, chart builder, and ba-

sic drill-down capability
Commercial

ZingChart Includes dashboard and basic drill-down capability Commercial
ZoomCharts Commercial

2.5 Dashboard Development

As dashboards arose from company-internal performance management systems, many au-
thors emphasise organisational aspects of dashboard development – such as organisational
readiness, change management, and employee adoption [12, 9]. The following review of
dashboard development, however, will focus on technological and HCI aspects, as this
project aims to explore the technical feasibility of Web-based discovery dashboards – rather
than their company-internal deployment. Guidance for performance dashboard develop-
ment within an organisational context is given by Wayne Eckerson [9] with his comprehen-
sive book, ’Performance Dashboards: Measuring, Monitoring, and Managing Your Busi-
ness’.

Nevertheless, it is important to recognise the different roles that dashboards can fulfil in
organisations, as each type has its unique implications on dashboard requirements and
usage. Commonly, three dashboard types are being distinguished: (1) operational, (2)
analytical/tactical, and (3) strategic [9, 10, 11, 32]. ”Operational dashboards”, explains
Eckerson [9, p. 101], ”monitor operational processes, events, and activities as they occur
(every minute, hour, or day)” and often provide alerting features as ”to notify users about
exception conditions as they happen” [9, p. 107]. Whereas analytical/tactical dashboards
”tend to emphasis[e] analysis more than monitoring or management” [9, p. 17] and provide
visual analysis capabilities – allowing analysts to ”visually interact with charts and tables”
[9, p. 113]. Strategic types ”track progress toward achieving [..] objectives in a top-down
fashion” [9, p. 101] and are intended to be used ”to communicate strategy and review
performance” [9, p. 18] – enabling effective management.
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Eckerson [9, p. 101] adds, though, that these options are not mutually exclusive: ”[a]
majority of organizations have all three”, he elaborates and claims that ”no organization
is truly effective without all three”, as ”the three [dashboard types] are complementary”.
It is, however, the analytical dashboard type that comes closest to the understanding of a
discovery dashboard with its capabilities for visual analysis. Their emphasis on analytical
use ”doesn’t mean that they don’t support monitoring or reporting but, comparatively,
there is more analysis conducted in tactical dashboards than the other two types” [9, p.
111]. ”Most of the analysis”, concludes Eckerson [9, p. 111], ”is based on time series or
categorical comparisons with various options to drill up and down hierarchies and across
dimensions and attributes” – defining the main purpose of tactical dashboards and aligning
them with the requirements for data discovery.

In an effort to support dashboard development and facilitate requirements elicitation, some
authors provide lists of common dashboard characteristics and the identified options. While
various authors provide differing options (c.f. [33] and [11, Table 2-1]), their categorisations
can be used to clarify and communicate a dashboard’s purpose (see Table 2.3 as presented by
Juice [33], a US-based data analysis and visualisation provider). It has to be noted though,
that the tactical dashboard type was omitted as an available role option in Table 2.3 –
instead, the characteristic ”level of detail” [33] was introduced. Besides, Eckerson notes
that, in reality, most dashboards combine properties of multiple categories and do not
cleanly fit within specific boundaries [9, p. 121].

Table 2.3: Dashboard characteristics and available options

Characteristic Options

Scope Broad: Displaying informa-
tion about the entire organi-
zation

Specific: Focusing on a spe-
cific function, process, prod-
uct, etc.

Business role Strategic: Provides a high-
level, broad, and long-term
view of performance

Operational: Provides a fo-
cused, near-term, and tactical
view of performance

Time horizon Historical:
Looking back-
wards to track
trends

Snapshot: [..]
performance
at a single
point in time

Real-time:
Monitoring
activity as it
happens

Predictive:
Using past
performance
to predict [...]

Customisation One-size-fits-all: Presented
as a single view for all users

Customizable: Functional-
ity to let users create a view
that reflects their needs

Level of detail High: Presenting only the
most critical top-level num-
bers

Drill-able: Providing the
ability to drill down to de-
tailed numbers [...]

Point of view Prescriptive: The dash-
board explicitly tells the user
what the data means [...]

Exploratory: User has lat-
itude to interpret the results
as they see fit

While a dashboard’s business role (i.e. type) is an – if not the – major dashboard characteris-
tic, customisability has to be emphasised as well. ”Build in flexibility to allow the dashboard
to become relevant for different users”, advises Juice [33]. Yigitbasioglu and Velcu agree
and ”recommend that dashboards come with some level of flexibility, i.e. allowing users
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to switch between alternative presentation formats” [4]. However, customisability can be
delivered in various ways, e.g. by filtering data, saving configured views, or the capability
to highlight and arrange information [33]. The importance of customisation stems from its
ability to facilitate ”information discrimination” [33], i.e. excluding or hiding data that is
irrelevant to the user. Customisability lets each user decide what information to emphasise
and can, hence, increase system effectiveness and user satisfaction [34].

With regards to the accelerating popularity of mobile devices [35], Pappas and Whitman
add that ”[t]he dashboard landscape now encompasses everything from mouse-driven tradi-
tional desktop monitors to smaller-screened laptops with touch pad navigation” [10]. This
development requires dashboards to support a wide range of presentation sizes, formats,
and controls; and has significant influence on dashboards’ architecture and design.

2.5.1 Dashboard Architecture

”The architecture of performance dashboards”, explains Eckerson [9, p. 251], ”have fol-
lowed the trajectory of software architectures in general, from mainframe computing to
client/server computing to Web-based architectures”. More important than choosing a
specific technology is understanding how and where the user interface, application logic,
and data processing are being handled [9, p. 251]. Hence, Eckerson implies to pursue
a Model-View-Controller architecture (c.f. [36]), which ”has been widely embraced as an
approach for developing Web-based applications” [37] and has shown to increase maintain-
ability and re-usability by resulting in less coupled, more cohesive architectures [37].

With the emergence of Web applications, processing shifted from desktop machines (i.e. fat
clients) to application servers where desktop machines only render the HTML-based repre-
sentation within a Web browser (i.e. thin clients) [9, p. 252]. According to Eckerson [9, p.
252], this has the advantage of avoiding client-side processing loads and local software in-
stallation. Further benefits are the possibility of a centralised administration and increased
security [9, p. 252]. However, ”the downside of HTML-based thin clients is lack of per-
formance and functionality” [9, p. 252], Eckerson notes; as client-server communication is
prone to latency and, thus, introduces a delay between user action and system response. On
this basis, Web-based architectures experience a ’thickening’ as to ”take advantage of the
processing power of desktop computers and make Web-based applications more interactive
and dynamic” [9, p. 252] – resulting in, so-called rich Internet applications.

Rich Internet applications can be realised using various Web-based technologies, such as
Java applets or ActiveX controls, embedded scripting languages (e.g. JavaScript, Type-
Script), or multimedia frameworks (e.g. Adobe Flash, Microsoft Silverlight). As Java
applets and ActiveX controls represent ”mini-applications that run inside a Web browser
and execute within a virtual machine” [9, pp. 252], they more closely resemble desktop
applications than Web pages. Further, these software framework are infamous for raising
security concerns [9, p. 253] and are gradually reaching the end of their useful life, as
HTML5 replaces them in many of their functions.

Embedding scripting languages inside HTML pages, on the other hand, is a more light-
weight approach [9, p. 253]. Via scripts, a developer can modify the downloaded HTML
page or ”[retrieve] new content from the server [...] without interfering with the display and
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behaviour of the page” [9, p. 253] – so-called asynchronous JavaScript and XML (AJAX).
Currently, Web developers’ most prevalent choice, to achieve dynamic and interactive Web
pages, is using scripting languages – in particular, JavaScript [23]. Yet, Eckerson [9, p. 253]
notes that using scripting languages also has its disadvantages, as one has to ensure cross-
browser compatibility and may potentially experience performance and reliability issues.

”Another popular approach”, Eckerson [9, p. 253] adds, ”is to use multimedia development
platforms, such as Adobe Flash”. These multimedia frameworks, however, require the user
to ”download a Web browser plugin [...], which remains permanently installed on their ma-
chine” [9, p. 253]. Further, Eckerson [9, pp. 253] puts forth the increasing browser support
for multimedia plugins, their browser-independence, and offline capabilities as advantages.
However, his book was published in 2010 and Web technology has changed remarkably since
then. HTML5 has rendered most plugins obsolete by providing native multimedia capabil-
ities and was officially recommended by the World Wide Web Consortium (W3C) in 2014
[38]. While Eckerson [9, p. 253] hints at HTML5, he could not foresee the shift towards
”plugin-free browsing” [39] as plugins – executing outside of the browser – require browser-
independent updating and are often prone to vulnerabilities [39]. Thus, the combination of
HTML5 and JavaScript has established itself as the current standard for interactive Web
development, with ”no end in sight to the rise of JavaScript” [40] – especially, with its
”proliferation of open source tools and libraries” [40].

In contrast to commercial data discovery products, which make use of complex, multi-
layered architecture and deployment structures (see for example Qlik [41] and Tableau
[42] architectures); a purely Web- and open-source-based discovery dashboard will have its
architecture somewhat defined by the available and utilised libraries. Crossfilter [30], the
earlier-mentioned JavaScript library facilitating in-browser cross-dimensional data analysis,
for example, was developed to execute on client-side – burdening the local Web browser
with all of a dashboard’s calculations. However, there are a few exploratory attempts at
utilising Crossfilter on server-side (i.e. on a Web server) with the aim of providing better
support for massive datasets, which cannot be processed within the memory limits of a Web
browser [43, 44]. Besides influencing the requirements on client-side hardware, the decision
between client- and server-side processing is based on the trade-off between the introduction
of a delay (due to necessary client-server communication) and decreased processing time
(as a server is expected to provide more processing power).

Regardless of a particular architecture, all dashboards are subject to common HCI rules and
principles and are, thus, supposed to adhere to existing guidance for the front-end design of
dashboards. It is Eckerson, who concludes that ”[d]ashboard architects need to consider [...]
various Web technologies [...] to deliver an attractive, interactive, and high-performance
user interface” [9, p. 254].

2.5.2 Dashboard Design

By definition, dashboards greatly rely on visualisations. The interface – the look and feel
of a dashboard – can determine whether it succeeds or fails, according to Eckerson [9].
”Information presentation is a balancing act” [33] between conveying a lot of information
and not overwhelming the user; capturing users’ attention and not distracting them; and
between making it feel intuitive while still offering a wide range of features. To tackle the
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challenge of developing a well-designed dashboard, one can subdivide the topic into four
major parts: (1) form, (2) structure, (3) design principles, and (4) functionality [33].

Form

Technically, a dashboard’s form – i.e. the method of delivering a dashboard – can range
from Microsoft Excel sheets and online apps to static screens or even paper-based presenta-
tions [33]. The decision for or against a certain form should be made based on a dashboard’s
requirements, such as timeliness, mobility, detail, or interactivity [33]. This project, how-
ever, will focus exclusively on the delivery of an online application – which, is described as
being the most versatile of all dashboard forms [33].

While there are differing opinions (see [33]), most authors suggest confining a dashboard
to a single screen [10, 11, 9]. ”A dashboard is meant to be viewed at-a-glance”, explain
Lisa Pappas and Lisa Whitman [10], ”[...] without having to scroll or navigate to multiple
pages”. They reason that ”[t]his allows for processing the information with minimal effort”
[10]. Wayne Eckerson agrees and also states that ”[u]sers should not have to scroll down
or across a screen to view critical data” [9, p. 230]. He admits, though, that presenting all
relevant data within such constraints is the ”first and toughest goal of a dashboard designer”
[9, p. 230]. Stephen Few [11] puts forth the limitations of our short-term memories as a
reason for ensuring that a dashboard stays confined to a single screen. Few [11] further
elaborates:

One of the great benefits of a dashboard as a medium of communication is the
simultaneity of vision that it offers: the ability to see everything that you need at
once. This enables comparisons that lead to insights, those ”Aha!” experiences
that might not occur in any other way. Clearly, exceeding the boundaries of a
single screen negates this benefit.

To achieve single-page – yet, highly informative – dashboards, developers must make use
of space-efficient visualisations [10], rigorously exclude non-essential information [33], and
utilise dashboard structure to convey meaning [9, p. 234].

Structure

”Dashboard content must be organized in a way that reflects the nature of the information
and that supports efficient and meaningful monitoring”, explains Stephen Few [45], when he
emphasizes to arrange, position, and size dashboard elements according to their importance.
As users pay particular attention to the top left quadrant of a dashboard, while the bottom
right quadrant receives least attention; developers must place the most essential dashboard
element prominently within the top left part of the screen [2, 10, 11, 33, 9, p. 234].

Besides positioning, it is also the visual grouping of elements that intuitively conveys re-
lations between dashboard items or indicates a flow of expected actions [33, 9, p. 234].
Grouping can be achieved by intelligent use of whitespace and adhering to a pre-defined
grid layout [33] (see Figure 2.2 for an example). Such grid systems, i.e. columns of equal
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width, ensure consistent alignment of elements and ”brings a coherence and order to the
page that puts users at ease” [33].

Figure 2.2: Grid layout of New York
Times’ Web site (highlights added)

White-space, an important aspect in interface design
and often overlooked [33], can be used to group or
separate dashboard items without requiring any ad-
ditional graphical elements (such as background im-
ages or borders) [33, 2, 9, p. 237]. Additionally, by
using spacing to indicate inter-element relations, one
”[creates] places for the eye to ’rest’ so that the non-
white space has more impact” [33]. Without spacing,
visual prioritisation would be lost, as elements would
seamlessly blend into each other [33]. One can, for
example, observe the use of whitespace between the
columns of the illustrated and highlighted grid layout
as shown in Figure 2.2.

Design Principles

Furthermore, a set of design principles has proven itself to be beneficial with regards to
user perception and is, thus, often referred to within dashboard design literature: the so-
called ’Gestalt’ principles by Moore and Fitz [46]. ’Gestalt’, the German word for pattern,
describes the psychology behind ”the way our minds perceive wholes out of incomplete
elements” [4] and offers insight that can directly be applied to dashboard design [11]. Among
these principles – and of particular interest for dashboard design – are proximity, similarity,
closure, continuity, symmetry, and figure & ground [46, 4, 11, 2, 9, p. 237]:

Proximity All else being equal, elements that are placed closer together than others are
perceived to be more related to each other than to distant elements (see Figure 2.3a).

Similarity Similar elements (via – for example – colour, size, or shape) are perceived to
be more related to each other than to dissimilar elements (see Figure 2.3b).

Closure When an element is incomplete or a space is not completely enclosed, people tend
to see a recognizable pattern by filling in missing information (see Figure 2.3c).

Continuity People tend to perceive intersecting elements as independent, uninterrupted
elements (see Figure 2.3d, where the figure is perceived as the intersection of a line
and a curve – yet, could also be the touching point of two mirrored elements).

Symmetry Symmetrical elements are perceived to more related to each other than un-
symmetrical elements and centre around a focus point (see Figure 2.3e).

Figure & ground The eye differentiates an element (i.e. figure) form its surrounding area
(i.e. background). Balancing figure and ground improves the clarity of a perceived
image (see Figure 2.3f).

In order to maintain a pleasing and clear dashboard appearance, a designer should min-
imise decorations and not misuse or overuse colour [11, 33, 10]. ”Variations in chart color
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(a) Proximity (b) Similarity (c) Closure

(d) Continuity (e) Symmetry (f) Figure & ground

Figure 2.3: Illustrations of ’Gestalt’ principles

that do not encode a meaning can be another source of distraction or distortion”, explains
Bremser [2]. Edward Tufte [47] has introduced the concept of reducing chart junk and,
thus, increasing the so-called data-ink ratio. Numerous authors [4, 33, 11] refer to this
concept and emphasise its importance for dashboard development, as a high data-ink ra-
tio maximises attention paid to the actual, presented information. Borders, background
colours, or grid lines; for example, should be removed when they are non-essential [11].
Pappas and Whitman [10] go further and describe round visualisation (such as pie charts,
speedometers, or dials) as inefficient choices, as they require a lot of space for conveying
relatively little information.

With regards to novel dashboard design features, Yigitbasioglu and Velcu [4] urge re-
searchers to develop and examine prototypes and proof of concepts, as to produce ex-
perimental dashboard elements and identify their potential value.

Functionality

While each dashboard will differ in the features that it is expected or required to provide,
there are some functionalities that ”should be considered for any dashboard” [33] while
other features can ”differentiate your dashboard and provide exceptional user control and
value” [33]. The capability to drill-down (i.e. retrieving additional detail) is considered
one of a dashboard’s basic features and can be provided in numerous ways (such as links,
drop-down menus, tabs, or brushing and linking). Filters, either global (i.e. affecting all
views) or local (i.e. affecting one view), provide the user with the ability to ”define the
scope of the data in the dashboard” [33], thus, reducing presented information to what
the user is most interest in. Facilitating comparisons is a fundamental functionality of
any dashboard and should be provided by, for example, allowing for multi-line or stacked
charts [33]. Depending of the type of dashboard, alerts can be indispensable (e.g. for
real-time monitoring dashboards) and should ”[h]ighlight information based on pre-defined
criteria” [33]. Lastly, as for basic functionality, dashboards should provide means to export
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information (e.g. as a CSV file) and create print-outs of the dashboards – in the case of a
Web-based dashboard, the latter is usually automatically provided by the Web browser.

More advanced functionality that can be included are automated text-based summaries, the
ability to customize the layout of a dashboard, creating user annotations, saving filter states,
or offering more advanced charting options (such as tree-maps, tag clouds, or scatter-plots)
[33]. Eckerson, however, advises caution as to avoid ”[exposing] too much functionality too
quickly” [9, p. 244]. ”Users”, he [9, p. 244] further elaborates, ”can be so distracted by
icons and overwhelmed by options that they stop using the tool”. Instead of trying to cram
as much functionality into a dashboard as possible, developers should focus on the required
essentials.
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Chapter 3

System Requirements

This project was initiated in collaboration with WINGX Advance GmbH, as to evaluate
the feasibility of developing a Web-based dashboard for commercial use (i.e. offering the
dashboard as a service to customers). Requirements elicitation was conducted by gather-
ing possible use cases from Christoph Kohler, founder and managing director of WINGX
Advance GmbH, and by combining the industry experience of Mr. Kohler and the author.

As dashboards have the intrinsic aim of empowering users ”by giving them self-service
access to information” [9, p. 8], it is important to specify the target audience of any
dashboard before continuing with defining requirements. WINGX pursues the effort of
offering aviation information dashboards to industry partners (such as airport, airline, and
traffic analysts) and private customers, who are interested in obtaining aviation market
reviews or retrieve information regarding specific flight events. This lays the foundation for
the to-be-developed dashboard.

3.1 Requirements

The gathered requirements were priorities according to the so-called MoSCoW technique, as
described by Qiao Ma [48]. By assigning all requirements to one of four groups of differing
importance, i.e. must-have, should-have, could-have, and won’t-have; one can make use
of the descriptive categorisations of this prioritisation method. It is, however, the least
important classification, won’t-have, that is often referred to as would-like-to-have or as
the wish-list – clarifying its role as a group of features that would be liked to be seen, yet
are agreed to be out of scope of the current development phase. It has to be noted that,
while the more important requirements were defined by WINGX, others have been derived
after reviewing relevant dashboard literature and may not have been specified by WINGX.

(1) Must-have Requirements

(a) Air traffic analyses. The main requirement for this project is the context of an
aviation analyses dashboard as set by WINGX. While WINGX itself is currently
focused on BI regarding business aviation, i.e. private – in contrast to commercial
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– air traffic; the dashboard can provide more general aviation insight, as it serves
as a proof-of-concept for marketable, Web-based dashboards. Developers require
a ”deep understanding of how the system you are measuring works” [33], as to
define the parts, metrics, and dimensions on which a potential dashboard operates
– stressing the importance domain knowledge. Previous experience in, and docu-
ments of, air traffic analyses show airlines, airports, and flights over time as the
main dimensions for any air traffic analysis. The dashboard must be structured
primarily around these dimensions.

(b) Web-Based technologies. As WINGX seeks to provide a potential dashboard
as a service, it is required for the dashboard to be based on Web technology – in
contrast to most commercial data discovery vendors, which require desktop instal-
lations. Developing a Web-based service requires cross-browser compatibility and
compliance with current Web standards. Further, the dashboard must be optimised
for Web access, e.g. minimising file sizes to reduce loading times.

(c) Static display of KPIs. The minimum set of functionality was defined by
WINGX as being the static display of KPIs, i.e. calculating metrics (such as
averages) from retrieved data and displaying them on the dashboard in numeric
format. While being simple, static KPI displays remain fundamental elements in
most dashboards (c.f. [10]).

(d) Interactive charts. As dashboards typically provide more graphical and more
interactive representations of KPIs than static displays, WINGX also asked for
charts which display air traffic data over time. The interactivity in those charts
has been defined as providing basic mouse-over functionality (such as highlighting
data and displaying additional information).

(e) Comparison capability. Discussions with WINGX have proven the importance
of being able to compare various data subsets for air traffic analyses. While some
analytical tasks may only require a narrowed view on a specific subset, the majority
of tasks require comparisons and the ability to see specific subsets in context with
other subsets or the overall market. The capability to compare data within a
dashboard, however, can be realised in numerous ways and has not been specified
in further detail by WINGX.

(f) Database access. Large datasets are primarily stored within databases. WINGX
also stores and modifies its data, primarily, via MySQL and MongoDB databases.
In accordance with Bremser, who states that dashboards ”should be able to access
a company’s database in a timely fashion” [2], this project’s dashboard is required
to be able to access and retrieve the latest tables or data subsets from either of
the two, mentioned database types. With regards to the current rise of Big Data
and NoSQL [49], it was decided that the dashboard must provide the capability to
connect to a MongoDB database.

(g) Single-page presentation. It has been decided to confine the dashboard to fit
on a single screen – without the necessity to scroll or navigate multiple pages. This
requirement was added after evaluating the first dashboard prototype and com-
plies with existing dashboard design literature (c.f. Section 2.5.2 on form). As
the dashboard is primarily intended to be used on laptops and desktop machines,
the dashboard must be fully visible using the – currently – most common screen
resolutions of 1366×768 pixels [50].
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(2) Should-have Requirements

(a) Visual querying. Besides mouse-over information, the dashboard should provide
chart brushing and linking to enable users to filter presented data and, thus, query
for specific data subsets with all dashboard views being updated in near real-time.
This requirement refers to the definition of a discovery dashboard (see Section 2.2)
and corresponds with providing discovery functionality similar to commercial data
discovery tools.

(b) Focus+context capability. Visual querying partly provides the required com-
parison features (see Requirement 1e) via brushing and linking. This, however, will
lead to unselected data being hidden, which makes the selected data lose context
(see Section 2.2). ”Part of the problem”, states Few [11], ”is that we can hold only
a few chunks of information at a time in short-term memory”; with Eckerson [9,
pp. 241] agreeing that comparisons should be made easy. The requirement for com-
parison capabilities and brushing and linking, hence, yield an additional, derived
requirement for providing focus+context capabilities – to facilitate comparisons
without losing context.

(c) Mobile accessibility. While designing dashboards that work on desktop platform
as well as mobile devices is challenging [2], this project’s dashboard should provide
mobile accessibility. Functionality may be reduced to better suit the interaction
possibilities and screen size of a smart-phones and tablets.

(d) License for commercial use. The dashboard should be built using resources
and libraries which are provided under licenses free for commercial use (such as the
MIT License) as to facilitate the development and provision of dashboard services
by WINGX.

(e) Intra-dashboard information. As dashboard users might have varying experi-
ence with dashboard technology [2], it is important to provide guidance and expla-
nations via a dashboard to its users. Therefore, this project’s dashboard should
provide additional information and help within the dashboard.

(f) Data export. The dashboard should provide means of retrieving a local copy of
the presented data. As mentioned in Section 2.5.2, allowing users to export data is
one of a dashboard’s basic functions.

(g) Pleasing aesthetics. Besides functionality, dashboard acceptance also relies on a
dashboard’s pleasing aesthetics [9, 11, 33]. Thus, the dashboard should generally
be aesthetically pleasing. This requirement is kept general on purpose, as the look
and feel of a dashboard is perceived differently by every user and is dependent on
the user’s personal preferences.

(3) Could-have Requirements

(a) Purely open-source. Open-source tools and libraries allow for more flexibility
in developing a product or platform as the developer can access and modify each
component’s source code. The dashboard, thus, could be built using only open-
sourced resources.

(b) Big Data capabilities. The dashboard could provide capabilities to allow the
processing and display of huge datasets, enabling users to visually explore those
amounts of data.
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(c) Real-time data capabilities. The dashboard could provide capabilities to allow
for near real-time data and instant view updates. Frequent data updates, with the
dashboard’s views being redrawn instantly, allows for the dashboard to be utilised
for monitoring purposes.

(d) Interface customisation. The dashboard could provide widget handling capa-
bilities (such as moving, adding, or removing dashboard elements), allowing the
dashboard user to customise the interface.

(e) User accounts. The dashboard could provide user account management, as to
allow interface customisation to be linked to accounts and, thus, saved across ses-
sions. Account management could also allow for different levels of detail, varying
set of features, or the ability to save various dashboard states during sessions.

(4) Won’t-have Requirements

(a) Interactive route-map. An interactive world map, on which flight routes are
displayed according to the routes’ great-circle distances (see [51] for more infor-
mation) and the number of flights, would provide a highly vivid illustration of air
traffic volumes and flows. While similar services exist (e.g. Great Circle Mapper),
realisation of this feature is not deemed manageable within this project’s scope and
time limitations.

(b) Data source customisation. Most data discovery tools provide users with the
ability – or even require users to – add and analyse their own data. While the
development of this feature is feasible for pure dashboard service providers, WINGX
aims at providing insight into their data – not requiring users to provide their own.
In later development, a similar feature might be realised as to enable users to
supplement presented information.

(c) Text-based summaries. Automated, text-based summaries of the latest, for
example, air traffic developments would provide the dashboard user with alternative
ways of gaining insights and benefiting from the dashboard service. Utilising and
developing algorithms to create effective summaries from KPIs – and possibly news
reports – requires considerable cross-domain knowledge and would yield a project
on its own.

3.2 Dashboard Properties and Type

Following the dashboard categorisations shown in Table 2.3 and based on the listed require-
ments, the dashboard’s characteristics and type can be specified, as to give guidance for the
dashboard’s development and allow for more effective communication between developers
and WINGX.

Scope. Even though the dashboard must allow for air traffic analyses and, thus, has a
reduced scope around a specific topic (i.e. air traffic), the dashboard’s scope can still be
described as being broad. The dashboard is intended to provide a general market overview,
instead of focusing on a specific aspect of aviation or a particular company.

Time horizon. While the dashboard is mainly intended to analyse trends, i.e. perform
historical analyses; users can apply time frame filters and, thus, obtain an air traffic snap-
shot at a specific point in time. Furthermore, the under could-have listed real-time data
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capabilities could extend the dashboard’s time horizon classification with real-time moni-
toring.

Customisation. As customisation features are assigned relatively low priority, the dash-
board is mainly designed to be a one-size-fits-all solution. It could be classified as customis-
able only in case time and resources allow for the implementation of widget handling and
user account management.

Level of detail. With filters, brushing, and linked views; the dashboard is built to be drill-
able, facilitating moving from obtaining an overview to selecting and analysing singular data
points.

Point of view. This project aims at providing a dashboard following the advances of data
discovery, with the principle of self-service, exploratory analyses – leaving users freedom in
obtaining and interpreting results.

Dashboard Type. In facilitating long-term performance, while simultaneously allowing
for monitoring activities; this project’s dashboard combines features of strategic as well as
operational dashboards. With its emphasis on enabling analyses, it would best be classified
as being an analytical dashboard; following Pappas and Whitman’s [10] description:

Analytical dashboards share attributes of both strategic and operational dash-
boards. Like the strategic dashboards, the timeframes may be wider. Like
the operational dashboards, drill-down and visual exploration are essential for
discovering patterns and trends in the data.

It has to be noted though that each of these classifications are intended for guidance and
are not excluding features or facets that might be better described by other categorisations.
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Chapter 4

Design & Implementation

During early development, it became apparent that current Web-based, open-source tech-
nology is insufficient to satisfactory cover some of the must- and should-have requirements
– in particular the capability to compare (Requirement 1e), while retaining data context
(Requirement 2b). The inability of current libraries to facilitate brushing, linking, and
focus+context across multiple views within a Web-based dashboard, as mentioned in Sec-
tion 2.4, combined with the requirement of providing context during comparisons; yielded
in the decision to extend this dashboard project with the development and application of
a novel JavaScript library – facilitating contextualised comparisons.

4.1 Development Methodology

This project’s development was, therefore, structured around comparison feature and dash-
board development rather than – the more common – versioning of one unified product.
Nonetheless, this project’s development plan is loosely based on the Scrum methodology
[52] with the concept of incremental and iterative development and was split into four,
two-week sprints (i.e. phases): (1) project and Web server setup, (2) comparison feature
development, (3) dashboard development, and (4) application testing. In accordance with
the Scrum methodology, all sprints were preceded by a review of the requirements and
concluded with an examination of the achieved development progress. Application testing,
however, was handled separately, as it included debugging, interface adjustments, as well
as preparations for the dashboard’s following user evaluation – instead of further product
development.

4.2 CrossCompare.js

As mentioned, the need for comparisons, while retaining data context, has led to the de-
velopment of CrossCompare.js: a JavaScript library enabling contextualised comparisons
on data served by Crossfilter (hence the name) through dc.js charts (see Table 2.2). As
most Web development libraries are written in JavaScript – so are, both, Crossfilter and
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dc.js – CrossCompare would follow suit as to facilitate its development and later usage.
JavaScript’s rise and prevalence within Web development [40] is further reason for its se-
lection and is, therefore, expected to enhance the longevity of this project.

Figure 4.1 illustrates a rudimentary implementation of dc.js, based on sample data served
through Crossfilter, which allows for brushing and linking. Figure 4.1a shows two charts,
a row chart and a bar chart, without any filters applied to the sample data, whereas
Figure 4.1b depicts the same charts – yet, with a visual filter (i.e. brushing) applied to
the bar chart. The row chart has automatically been updated to only represent the filtered
data subset (i.e. linking). The filtered (i.e. focused) subset remains in context to the full
sample data only within the bar chart via colour coding. The data dimension illustrated
by the row chart, however, has no indication of its relation to the unselected, hidden data.
By updating linked views upon applying a filter and – effectively – hiding unselected data,
the remaining information subset loses its context to the full dataset or, alternatively, to
other filtered states.

(a) Full data presented in both charts, as no
filters are applied.

(b) Data subset presented in row chart, as fil-
ter is applied to bar chart.

Figure 4.1: Brushing and linking using dc.js and Crossfilter

Thus, conducting comparisons between different dashboard states requires the user to either
remember, write down, or quickly switch between the values of the to-be-compared states;
as in an actual dashboard, both states would not be shown side-by-side (in contrast to
Figure 4.1). Further, the example shown in Figure 4.1 has static axes (i.e. axes are not
automatically rescaled to maximize the display of the remaining data subset after filtering).
Frequently, however, linked charts in dashboards provide this auto-scaling feature, which
further hampers the user’s ability to compare varying filtered states by switching between
them, as the proportions within charts are being changed from one state to another. The
purpose of CrossCompare is, hence, facilitating comparisons by providing context across
various filtered dashboard states.

After considering various preliminary designs for an implementation of CrossCompare (such
as introducing additional colour coding or combining chart via drag and drop), it has been
decided to develop CrossCompare so that it is able to cache (i.e. save) different dashboard
states and create a separate comparison chart, showing all cached dashboard states in re-
lation to each other, upon request. Despite the comparison chart itself, CrossCompare is a
functional – instead of a charting – library; leaving developers unrestricted in their dash-
board design choices. The figures presented in Appendix A illustrate an implementation of
CrossCompare to the charts shown in Figure 4.1. CrossCompare solves the mentioned issue,
of comparing the unfiltered and the filtered state of Figures 4.1a and 4.1b, by introducing
the ability to cache both states and, subsequently, rendering a comparison chart.
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4.2.1 Architecture & Functioning

The comparison functionality, as shown in Figure A.1, can be added to any dc.js-based
dashboard by including the CrossCompare library, i.e. including the ’crosscompare.js’ file
as a script, within the dashboard’s HTML template. CrossCompare depends primarily on
dc.js (for charts as the data source) and C3.js (for rendering the comparison chart), while
jQuery is used throughout CrossCompare to modify HTML elements (e.g. display status
texts, place the comparison chart, or listen to mouse events).

The main components within CrossCompare, as depicted by Figure 4.2, are the chart and
legend registers, the queue of cached states, and the comparison chart. Charts, built using
dc.js, can be registered with CrossCompare for later comparisons by using the crosscom-
pare.add() function. This registration serves three purposes: (1) it allows the developer to
specify comparison chart options that may be different for each data source chart (such as
axes labels or sorting); (2) it makes the added dc.js chart internals visible to CrossCom-
pare, as – upon caching – the chart’s data and filters have to be retrieved; and (3) it creates
an event listener which triggers the added chart’s caching upon activating an associated
caching link.

Figure 4.2: Illustration of the internal functional flow of CrossCompare.js

Further, dc.js charts can also be registered as providing naming for cached dashboard
states, as users should be able to tell apart different cached states and identify which filters
were applied for each cached state. This is being achieved by showing a legend within
the comparison chart, identifying the displayed cached states. Upon caching a dc.js chart,
CrossCompare retrieves the filters of all charts within the legend register and combines
those to form a descriptive title for the cached state – listing the filters that were applied
at the time of caching. It is also possible to add a dc.js chart only to the legend register,
as there might be charts that are used only for brushing (i.e. setting filters) and not for
retrieving actual information. The reverse is possible as well: charts that are used to re-
trieve information, yet do not offer filtering capabilities, can be added only to the chart
register to enable caching and will not have an influence on the naming of cached states.
The functionality of the legend register can be observed in Figure A.1c, where the compared
states are labelled ’ALL’ (as the first cached state had no filters applied) and ’0 - 5’ (as the
second state was filtered by the bar chart to a subset from zero to five).
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Upon activating a caching link, the associated chart’s data is being retrieved, labelled ac-
cording to registered legends, and stored in an internal queue. The queue is a list of cached
dashboard states, which – afterwards – can be retrieved in order of insertion (so-called first
in first out (FIFO)) to populate the to-be-rendered comparison chart – displaying all cached
states. There is no maximum number of cached states or registered charts/legends set by
CrossCompare. The order of caching dashboard states affects the comparison chart out-
come, if the cached dc.js chart has been registered with the option to be ordered (ascending
or descending). In that case, the comparison chart will always be ordered according to the
first cached state (c.f. the sorted categories ’A’, ’B’, and ’C’ in the comparison chart shown
in Figure A.1c).

CrossCompare benefits from the versatile capabilities of providing in-chart interaction by
utilising C3.js as the charting library for creating the comparison chart. The comparison
chart, thus, provides capabilities to retrieve additional information via mouse-over, to zoom
in and out, to seamlessly change the chart’s type (e.g. from a bar chart to an area chart),
and to hide or highlight certain cached states via the legend. Besides the comparison itself,
CrossCompare also outputs status information after each interaction with CrossCompare
(c.f. the changing, upper left status text in Figures A.1a, A.1b, and A.1c).

4.2.2 Documentation

CrossCompare.js is an open-source project that will allow interested developers to advance
and modify CrossCompare after project submission. It is, thus, of particular importance to
provide extensive documentation, as to ensure the project’s maintainability and re-usability.
Hence, CrossCompare provides three major forms of documentation: (1) in-code comments,
(2) a usage tutorial, and (3) an application program interface (API).

In-code comments. All logical sequences within CrossCompare’s source file, ’crosscom-
pare.js’, have been annotated by descriptive comments. Furthermore, each function pro-
vides an explanatory description in JSDoc [53] format. JSDoc is the JavaScript equivalent
of the more well-known Java documentation format, JavaDoc [54]. The source file itself also
provides a file header detailing the file’s CrossCompare version, the author, the applicable
license (MIT), and a link to CrossCompare’s online repository.

Tutorial. A tutorial, providing code examples and describing the necessary steps to im-
plement CrossCompare, has been written as to guide potential developers. More than just
describing CrossCompare’s setup, the tutorial explains the process of creating a HTML file,
adding data and setting up Crossfilter, rendering dc.js charts, and – finally – providing the
functionality of comparing the created dc.js charts through CrossCompare. It is also the
tutorial that provides a functioning version of the charts shown in Figure A.1.

API reference. All functions, their parameters, return types, and possible options are
listed and detailed within the API reference. Code samples for each function illustrate
their application and example options (e.g. on how to customize the comparison chart’s
appearance).
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4.2.3 Application Testing

Besides continuous beta testing throughout development, 47 unit test cases have been writ-
ten using Mocha, a JavaScript test framework, to examine CrossCompare’s functionality.
These unit tests can be re-run after making changes to CrossCompare’s source file as to
ensure conformity with expected behaviour. While Mocha does provide the possibility to
test front-end functionality via an in-browser test suite, CrossCompare’s front-end altering
functions have not been included in the unit tests as CrossCompare relies on jQuery and
C3.js for its charting – both of which are well-tested and maintained libraries.

Further, CrossCompare and all its functions have been run on multiple operating systems
using various browsers and can be described as being cross-browser compatible. Tests
have been performed on Linux (Ubuntu) with the browsers Chromium 43, Midori 0.4.3,
and QupZilla 1.6.0; on Windows 7 with Chrome 43, Firefox 38, Opera 29, and Internet
Explorer 9; and on OS X with Safari 5.1.

4.2.4 CrossCompare Limitations

Currently, CrossCompare supports caching from dc.js’s row-, pie-, bar-, and line-charts.
While dc.js’ latest build supports additional charting options (such as scatterplots), Cross-
Compare does not yet support their usage as data sources for comparisons. Similarly, dc.js
offers rudimentary support for stacked charts – consisting of multiple singular charts –
which, as a whole, are not supported to be used with CrossCompare.

Furthermore, CrossCompare relies on the JavaScript library jQuery for some of its function-
ality – especially for HTML modifications. This dependency, however, could be removed
by replacing all jQuery functions with more complex – yet, independent – code.

4.3 Air Traffic Delay Dashboard

After the introduction of CrossCompare, an air traffic dashboard was developed in ac-
cordance with WINGX’s requirements and the objectives of this project – identifying the
feasibility and marketability of offering Web-based dashboards as an information service.
For the realisation of an air traffic dashboard, public air traffic delay data has been retrieved
from the American Statistical Association [55], which comprises flight information (such as
origin and destination, date and time, airline code, or delays) for flights within the Unites
States from 1987 to 2008.

4.3.1 System Architecture

Despite the availability of numerous Web application frameworks, provided in various pro-
gramming languages; Node.js was chosen for this dashboard project, as it is a light-weight –
yet, versatile – framework. Further, utilising the same language on client- as well as server-
side allows for more flexibility in changing an application’s structure (i.e. shift workload
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from client to server or vice versa) [40]. Crossfilter – a client-side JavaScript library used for
the dashboard’s data processing – could, thus, also be implemented as a server-side service.

As per requirement, MongoDB has been used to store and serve the air traffic data. For the
realisation of this dashboard project, static data has been used which proved to render the
use of the database unnecessary as the dashboard always requested the same flight subset.
Therefore, the required subset was exported to a static CSV file which could be accessed by
Crossfilter directly – accelerating the dashboard’s development and facilitating its deploy-
ment without MongoDB. Nevertheless, all required settings, functions, and connections to
be able to use a MongoDB database, instead of static files, have been kept and commented
within the Web server’s code.

Figure 4.3: System architecture of the air traffic delay dashboard

Figure 4.3 illustrates the system architecture of the air traffic delay dashboard with the
extracted static data file. The utilised front-end technologies (i.e. HTML5, CSS, and
JavaScript) do not require any browser plugins (such as Adobe Flash) to run and display
the dashboard – resulting in the dashboard being independent of the chosen end-user device.

4.3.2 Dashboard Resources & Architecture

Various libraries and frameworks have been utilised to be able to assemble the air traf-
fic dashboard. Table 4.1 provides an overview of all resources that have been employed
during the dashboard’s development – including a brief description of their functionality
within the dashboard. Further, all components are open-source and distributed under free
licenses that allow their usage for commercial purposes (such as MIT and Apache), as per
Requirement 2d.

The core dashboard functionality, however, is defined in the ’example.js’ file in which the
majority of the mentioned resources are being combined to allow for the dashboard to func-
tion. The file is named ’example.js’ as the air traffic delay dashboard is embedded within the
CrossCompare Web site to demonstrate its capabilities. Just as ’crosscompare.js’, ’exam-
ple.js’ is also commented using the JSDoc notation and also provides a file header. Due to
its sequential structure, ’example.js’ is grouped into five parts: (1) global settings and vari-
ables, (2) Crossfilter data processing, (3) dc.js charting, (4) CrossCompare configuration,
and (5) tooltip activation.
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Table 4.1: List of utilised libraries and resources

Name Usage License

AdminLTE Dashboard front-end framework MIT
Bootstrap Provides auto-scalable front-end MIT
C3.js Rendering of comparison chart MIT
CrossCompare.js Provides contextualised comparisons MIT
D3.js Basis of all charting functionalities BSD
dc.js Rendering of charts with brushing and linking Apache
FastClick Increases responsiveness on mobile devices MIT
jQuery Basis of most HTML-modifying functions MIT
jQuery Popup
Overlay

Control of information and comparison overlays MIT

Node.js Web server MIT
Crossfilter Client-side data processing Apache

While the first section provides quick access to all dc.js charts and constants (e.g. chart
heights), it is the second part, Crossfilter, where the dashboard’s logical control commences.
Initially, the data source CSV file is being retrieved from the Node.js server. Alternatively,
an API request could be made instead, which – combined with a corresponding Node.js
route for the created request – would return the requested data from a MongoDB database.
The data rows are then processed into dimensions (e.g. date, airport, and airline) which
are then being grouped in order to derive totals, averages, or counts.

The third section configures the previously defined dc.js charts, populates them with the
Crossfilter dimensions and groups, and defines the charts’ visual appearances. Following
their configuration, all charts are being rendered by a distinct function which ensures the
responsiveness of charts upon screen size/display changes. Having Crossfilter and dc.js
deployed, CrossCompare is being introduced by adding all comparable and filterable dc.js
charts to CrossCompare’s chart and legend register. Further, CrossCompare’s controls are
being made available for control via HTML links and buttons by using jQuery functions.
Similarly, jQuery functions are used to enable message popups, which are intended to
provide additional information on each dc.js chart.

4.3.3 User Interface

The dashboard’s user interface experienced multiple redesigns as requirements changed and
the limitation of a single-screen presentation was added. The realisation of an interface that
would comply with this constraint proved to be very challenging, as each end-user device
might have different screen resolutions. This is of particular importance with regards to
mobile accessibility of the dashboard (see Requirement 2c), as adhering to a single-screen
display on mobile devices is currently infeasible. Utilising Bootstrap (see Table 4.1), how-
ever, allowed for the dashboard to be displayed on any device – be it desktop, tablet, or
mobile. The dashboard’s components are, thus, scaled and arranged automatically accord-
ing to the device’s screen size. However, automatic scaling is only provided for the elements’
widths, not heights; which can lead to unnecessary whitespace below the charts on large
screens or very high resolution displays.
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The dashboard elements, as shown in Figure 4.4, were arranged according to their impor-
tance and laid out in a grid format (c.f. Section 2.5.2 on dashboard structure). Below a
thin header with the two main filtering options for airlines and airport, KPIs for number
of flights and average delay, and an overall filter reset button; follows, prominently, the
area chart indicating the number of flight movements over time in the upper left quadrant.
The area chart is accompanied by a slim bar chart underneath, which shows the number of
flights grouped per day – providing a broader overview. The upper right quadrant shows a
scatterplot, where each dot represents a flight according to their arrival or departure time
and the corresponding delay in minutes. While allowing for interaction, the charts within
the upper half are, primarily, intended for visual analysis – rather than brushing.

Figure 4.4: Default air traffic delay dashboard user interface

The lower half, however, providing multiple bar and row charts, is specifically designed
for brushing (i.e. filtering) purposes. The appearance of these charts have, thus, been
reduced even further as to increase the mentioned data-ink ratio (c.f. Section 2.5.2 on
design principles). Possible filters can be applied to, for example, weekdays, delay lengths,
or flight distance. If screen size allows, a minimised table will be displayed below the
dashboard, which can be expanded to show a list of the latest, filtered flights. Further, this
table provides the user with the ability to download all dashboard data in a CSV format
for self-contained analyses.

Each chart provides interactive functionality. However, these differ between the various
chart types. For that reason, every chart provides an information tooltip, which can be
opened by pressing the i-button above a chart which guide users on a chart’s content and
interactive features. Further, the mouse cursor changes its appearance when hovering over
the various charts, indicating how to interact with a chart. The standard cursor icon
denotes the ability to hover over a data point for additional information, a hand icon
suggests pressing a mouse button to make a selection, and a crosshair cursor denotes the
ability to click and drag for applying a filter via brushing. Furthermore, the scatterplot
provides additional guidance via the above eye button, which dyes the scatterplot’s data
points (i.e. flights) according to the severity of their delay. The, otherwise, uniform blue
colouring allows for a calm and distraction-free dashboard appearance.
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In this line, CrossCompare has been implemented as an unobtrusive overlay, due to the
single-page limitations and the resulting scarcity of charting space. Via caching/bookmark
buttons above most charts, the chart’s current data can be cached for later comparisons.
Upon pressing one of these caching buttons, a semi-transparent container will be made
visible – displaying CrossCompare’s status information and controls. it is the combination
of the – relatively simple – charts for filtering and the ability to freely compare any filtered
state that facilitates the dashboard’s analytical capabilities.

4.3.4 Dashboard Limitations

With more time and resources, the dashboard’s features could be further refined and ex-
tended. For example, the current customisability lies within applying filters, yet could
also include the rearrangement or removal of dashboard elements (e.g. by implementing
widget-handling framework as listed in Table 2.1).

Unfortunately, the dataset had to be reduced considerably to form a subset with which
the functionality and responsiveness of the dashboard could be guaranteed – regardless of
end-user device. The remaining dataset comprises 1,988 flights by three, selected airlines
and airports between the 22nd and 28th December 2008 – which is a mere fraction of
the originally, available dataset. A potential performance benefit by using Crossfilter on
server-side could not be examined within the scope of this project.

4.4 Project Deployment

The project’s code base, accompanying this paper, can be used to deploy a local version
of the CrossCompare site with the air traffic delay dashboard. After ensuring that the
local machine has Node.js installed, open a terminal and navigate to the CrossCompare-js
folder. The terminal command ’npm start’ will run the application, which is then reachable
via opening ’http://localhost:3000/’ in a Web browser. The Mocha tests can be re-
run via executing ’./node modules/.bin/mocha’. The experiment setup is accessible via
’http://localhost:3000/experiment’.

As to reduce loading times, all larger JavaScript files have been minimised (i.e. compressed),
which removes all comments and annotations. Thus, the main JavaScript files for this
project, ’crosscompare.js’ and ’example.js’, can be found uncompressed in the project’s
root directory.

Additionally, all project code can be found in the Github online repository at ’https://
github.com/RRothfeld/CrossCompare-js’. The online repository also provides a README
file with further deployment options. A live version of the project can also be found at
’http://rrothfeld.github.io/CrossCompare-js/’. This hosted version, however, does
not offer experimental functions, which were used to evaluate CrossCompare’s and the
dashboard’s usability.
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Chapter 5

User Evaluation

In order to investigate our research objectives of providing contextualised comparisons
within a dashboard information system, two user studies have been conducted. Both sur-
veys involved the participants performing information seeking tasks and concluded with
an overall dashboard evaluation using the System Usability Scale (SUS) – a robust, and
reliable evaluation tool for the subjective measure of a system’s usability [56, 57].

5.1 Research Question

In particular, the conducted experiments are intended to allow for an examination of a
potential reduction in task completion time and mouse clicks required to retrieve desired
information from the dashboard. The following hypotheses have, thus, been formulated:

(1) Task completion time:
H0 : The mean task completion time for dashboard usage with and without contextu-
alised comparisons, on a desktop machine, is the same.
H1 : The mean task completion time for dashboard usage with and without contextu-
alised comparisons, on a desktop machine, is not the same.

(2) Mouse clicks:
H0 : The mean number of mouse clicks for dashboard usage with and without contex-
tualised comparisons, on a desktop machine, is the same.
H1 : The mean number of mouse clicks for dashboard usage with and without contex-
tualised comparisons, on a desktop machine, is not the same.

Further, the evaluation is also meant to assess the overall perceived usability of the dash-
board system – providing a comprehensive foundation for discussing the project’s outcomes.
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5.2 Experimental Methodology

After initial pilot experiments, a first user evaluation was performed. The tasks of the first
study, however, proved to be unsuited for examining the potential benefit of CrossCompare.
Thus, a second study was conducted as to allow for a closer examination of contextualised
comparisons. While both evaluations have a very similar structure and use the same en-
try and exit questionnaires, their tasks differ considerably and are, thus, being examined
separately.

5.2.1 Experiment Design

Both studies used a within subject design, with the independent variables being task diffi-
culty and the availability of CrossCompare. Task difficulty was controlled by the number
of required actions (i.e. filters to be applied to the dashboard) before the desired infor-
mation could be retrieved. Further, by highlighting or hiding CrossCompare’s implemen-
tation within the air traffic dashboard, the users were forced to – or kept from – using
the comparison feature. The dependent variables are the qualitative (gathered through
the accompanying questionnaires) and quantitative (gathered through system interaction
logging) data.

5.2.2 Tasks

The experiment tasks aimed at simulating a user seeking specific air traffic related in-
formation by using the dashboard’s functionalities. While both studies have tasks that
vary in terms of their difficulty, it is the difference in requiring the participant to com-
pare data points with each other, which sets the tasks of both studies apart. The tasks
of the first study did not require any comparisons across multiple dashboard states (i.e.
non-comparison tasks). All tasks of the second survey, on the other hand, are specifically
formulated as to require the participants to contrast various filter states (i.e. comparison
tasks).

Non-Comparison Tasks

Within the first user evaluation, each participant was asked to answer four different tasks.
The tasks were split with two being classified as ’easy’ and the remaining two as ’difficult’.
Further, for two of the tasks, CrossCompare was enabled; while this feature was otherwise
hidden. The order of the tasks and whether or not the comparison functionality was enabled
was previously randomized and structured in the style of the Graeco-Latin square design
[58]. The following tasks were presented to the participants within the first study:

(1a) At what time on December 26th, did each airline have its peak flights per hour?
This task required the participant to apply one time filter, while cycling through all
airlines. This task was set to be ’easy’.
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(1b) What airport provides the most connecting flights before 12:00, with at least 20 min-
utes delay, from/to BOS, LAS, and GPT?
This task required the participant to apply one time, one delay, and multiple connec-
tions filters; while cycling through all airports. This task was set to be ’difficult’.

(1c) How many flights were operated per weekday?
This task required the participant to apply no filters and was, thus, set to be ’easy’.

(1d) How many American (AA) airline flights were operated during the busiest hour at
Chicago (ORD) airport, which had a delay of 0-60 and 60-120 minutes?
This task required the participant to apply one airline and one airport filter, while
switching between two delay filter states. This task was set to be ’difficult’.

Comparison Tasks

For the second study, the nature of the task was shifted to explicitly require the user
to perform comparisons between filtered states. After feedback from the participants of
the first study, the number of tasks was reduced from four to three – as to shorten the
experiment duration. Further, the task difficulty was now described by three categories:
(1) ’easy’, (2) ’medium, and (3) ’difficult’. Again, the order of the tasks and whether or
not CrossCompare would be enabled was previously randomized. The following tasks were
presented to the participants within the second study:

(2a) On Thursday the 25th , what is the difference in number of flights with a delay of
less than 20 minutes compared to the number of flights with a delay of 20 or more
minutes; at 8, 12, 16, and 20 o’clock?
This task required the participant to apply one time filter and compare the two
different delay filter states at four points in time. This task was set to be ’difficult’.

(2b) For each day of a week, which airport has the most flights per weekday?
This task required the participant to cycle through all airports and contrast the
weekday values. This task was set to be ’easy’.

(2c) At New York (JFK) airport, how often does Delta (DL) airlines operate more flights
per hour (time of day) than any other airline?
This task required the participant to apply one airport filter, while cycling through
all airlines and contrast the hourly flight values. This task was set to be of ’medium’
difficulty.

5.2.3 Procedure

Both studies were conducted in laboratory settings. The participants were seated in front
of a standard desktop computer with a mouse, a keyboard, an Internet connection, and
a maximized browser window. The browser was preconfigured to display the experiment
start page via the CrossCompare-js Web server – which was temporarily hosted. Following
an oral introduction to the study, its purpose, and structure; the participants were handed
the paper-based questionnaires with entry questions, a training leaflet, the upcoming tasks,
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and an exit questionnaire (c.f. Appendices C and D, for the questionnaire templates used
for the first (B) and second (C) study).

The participants were given the possibility to ask questions and were notified that they
can withdraw from the experiment at any time before signing a Consent Form. After
completing the introductory questions, the questionnaire required the participant to notify
the researcher of their progress, as to start the training and familiarisation phase under the
researcher’s guidance. The various dashboard elements, their purpose, and functionalities
were explained to the participants, which then had time to try each function and get
comfortable in using them.

When the participants were ready, they could progress with the questionnaire and answer
each task by using the dashboard, presented via the desktop computer. For each task,
the dashboard would automatically highlight the required components to find the correct
answers. Upon completing a task, the participant would click a ’Continue’ button within the
dashboard which instructed the participant to continue with the paper-based questionnaire.
Upon completing all tasks, the participants were asked to fill in the remaining questionnaire,
which provided the participants with the possibility to comment on and rate the overall
dashboard and comparison feature. All participants were thanked and given the researcher’s
email address after completing the questionnaire.

5.2.4 Participants

Overall, 24 experiments were conducted equally distributed between, both, the non-comparison
and comparison study (i.e. 12 participants per study). Eight participants were female
(33.33%) with the remaining 16 (66.67%) being male. All participants were between 18
and 64 years old, with the majority being between 18 and 24 (62.59%) or between 25 and
34 (25.00%) years old. Many nationalities were represented (such as Finnish, Omani, Greek,
or Portuguese), however, the largest nationality group was British (41.67%), followed by
German (20.83%).

Most participants were students (83.33%) at the time of the experiments – only few were
professionals (16.67%). Thus, half of the participants reported having obtained a Bachelor’s
degree as their highest, current educational qualification; while others held a Master’s degree
(20.83%), a PhD (8.33%) or none of these options (20.83%). Further, most participants’
field of work or study was computing (66.67%), with other participants working in or
studying various fields (such as law, medicine, or tourism).

Finally, most participants were very or moderately familiar with reading charts (70.83%),
others were extremely familiar (16.67%) or slightly familiar (12.50%). No participant was
completely unfamiliar with reading charts. The participants, however, were less familiar
with dashboards (moderately familiar (45.83%); slightly familiar and not at all familiar
(54.17%)) and were, mainly, not at all familiar with air traffic data (75.00%). Only few
participants reported to be slightly familiar (25.00%) with air traffic data.
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5.3 Results

While the identical entry and exit questionnaires allow for a combined examination of the
overall perceived usability of the air traffic dashboard, the quantitative analysis will be split
according to the first and second study, as the differing task experiment structures render
them incomparable.

Non-Comparison Tasks Analysis

Each task of the first study – i.e. Tasks (1a), (1b), (1c), and (1d) – was performed 12 times,
once by each participant, in equal proportions either with or without the comparison feature.
Each task has, thus, been performed six times with and six times without CrossCompare.

Across all tasks of the first study, the mean (M) task completion time without the compari-
son feature yielded 133.54 seconds, with a standard deviation (SD) of 125.17 seconds. With
the comparison feature, the mean task completion time amounted to M = 159.25 seconds,
with SD = 110.41 seconds. The mean number of mouse clicks without CrossCompare was
M = 15.92 (SD = 9.48), while it was M = 26.88 (SD = 20.54) with the comparison
feature.

As multiple hypothesis are being tested, the p-value has been adjusted to counteract the
problem of conducting multiple comparisons. By applying the Bonferroni correction [59],
statistical significance is assumed with p < 0.0125. Based on the above means and devia-
tions, the two-tailed p-value for task completion time equals 0.45 and, hence, results in no
significant outcome (p > 0.0125). For the number of mouse clicks, the p-value is also below
the threshold of 0.0125 with p = 0.02. Therefore, with the results of the first study, neither
of the two null hypotheses can be rejected.

While the research focus is the general comparison of using the dashboard with and without
CrossCompare, the differences between separate tasks can support discussing the overall
findings. Figure 5.1, hence, illustrates each task’s completion times (Figure 5.1a) and mouse
clicks (Figure 5.1b).

(a) Completion time per non-comparison task (b) Mouse clicks per non-comparison task

Figure 5.1: Quantitative analysis of non-comparison tasks
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Task (1b) with using CrossCompare has the highest average task completion time (M =
234.67s (SD = 143.04s)), while the lowest mean completion time was recorded for Task
(1c) without the comparison feature (M = 58.00s (SD = 27.66s)). Task (1b) with Cross-
Compare also required the most mouse clicks on average (M = 35.33 (SD = 21.42)), while
Task (1a) without the comparison feature required the least (M = 10.67 (SD = 2.94)).

Comparison Tasks Analysis

As with the first study, each task of the second study – i.e. Tasks (2a), (2b), and (2c) – was
performed 12 times, once by each participant, in equal proportions either with or without
the comparison feature. Each task has, thus, been performed six times with and six times
without CrossCompare.

Across all tasks of the second study, the task completion time without the comparison
feature yielded M = 416.39s (SD = 265.17s). With the comparison feature, the results are
M = 156.39s (SD = 107.25s). The mean number of mouse clicks without CrossCompare
was M = 88.89 (SD = 54.98), while it was M = 23.56 (SD = 14.78) with the comparison
feature. For, both, task completion time and the number of mouse clicks, the p-values
are below 0.0005 and, thus, fulfil the requirement for statistical significance of p < 0.0125.
Hence, for the second study, both null hypotheses can be rejected.

Again, the differences between separate tasks will be presented to allow a more thorough
discussion of the findings. Figure 5.2 illustrates each task’s completion times (Figure 5.2a)
and mouse clicks (Figure 5.2b).

(a) Completion time per comparison task (b) Mouse clicks per comparison task

Figure 5.2: Quantitative analysis of comparison tasks

Task (2c) without using CrossCompare has the highest average task completion time (M =
571.67s (SD = 353.95s)), while the lowest mean completion time was recorded for Task (2b)
with the comparison feature (M = 95.50s (SD = 58.84s)). Task (2c) without CrossCompare
also required the most mouse clicks on average (M = 143.83 (SD = 55.30)), while Task
(2b) with the comparison feature required the least (M = 19.67 (SD = 12.37)). All mean
task completion times, mouse clicks, and task difficulties of the first and second study are
summarised, per task, in Appendix E.
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General Analysis

Across both studies, 23 out of 24 (95.83%) participants reported that they preferred using
the dashboard with the comparison function. Further, all participants found CrossCompare
to be somewhat (25.00%) or very (75.00%) helpful; while it was being described as somewhat
unintuitive (8.33%), somewhat intuitive (37.50%), and very intuitive (54.17%).

The overall dashboard was described as very (87.50%) or somewhat (12.50%) appealing;
leaving the participants very (87.50%) or somewhat (8.33%) satisfied with their experience,
while one participant (4.17%) was somewhat dissatisfied. Additionally, the participants
were presented the System Usability Scale and were asked to rate the overall dashboard
by the scale’s predefined categories. A short description of each of the categories can be
found in Table 5.1 together with the average response value. A full list of questions can be
found in each study template (Appendices C and D). The participants answer each SUS
question with values between 1 (strongly disagree) and 5 (strongly agree). These values
are then converted to an overall system usability score which ranks a system on a scale
from 0 to 100. The air traffic dashboard has received an average SUS rating of M = 81.15
(SD = 12.58) by its 24 users (i.e. experiment participants).

Table 5.1: Average SUS responses

SUS Category Avg. Response

Would use frequently 4.38
Unnecessarily complex 1.54
Easy-to-use 4.21
Requires technical support 2.29
Well integrated 4.63
Too much inconsistency 1.21
Easy to learn 4.38
Cumbersome to use 1.67
Confidence during usage 3.71
High learning load 2.13

The questionnaires also invited each partic-
ipant to comment on the comparison fea-
ture and the overall dashboard. Recur-
ring themes in the comments regarding the
comparison feature were that it made dash-
board usage ”easier” and ”faster”. ”[The]
ability to cache and then compare filtered
data significantly aided the [data’s] inter-
pretation”, stated one participant with oth-
ers agreeing that CrossCompare was ”ideal
for complex querying” and for filtering out
”the factors that matter to you”. However,
multiple participants stated that the com-
parison feature did not benefit the comple-
tion of simple tasks. Regarding the overall

dashboard, participants repeatedly commended the dashboard’s ”clean looks”, its respon-
siveness, the easy-to-navigate layout, and the interactivity provided by the charts. Multiple
participants, however, wished for more coherent labelling and the ability to apply a filter
to bar charts by clicking, instead of brushing (i.e. click and dragging).

5.4 Discussion

As neither null hypothesis could be rejected when using non-comparison tasks (first study),
it has to be assumed that CrossCompare did not reduce completion time or required mouse
clicks. If anything, the participants took longer and required more clicks for this kind of
task. As, due to randomisation, some of the non-comparison tasks had to be solved using
CrossCompare, it seemed that most participants used the dashboard as if they would not
have access to the comparison feature and only activated it after they were already certain in
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their answers – resulting in additional time and clicks. The participant’s opinions, however,
are in contrast to the quantitative data of the first study as most participants preferred
the dashboard with the comparison feature. It has to be mentioned though, that feature
preference cannot be equated with potential usage.

Fortunately, the participants’ perceived task difficulty was consistent with the intended dif-
ficulty level of each task (i.e. Tasks (1a), (1c), and (2b) being ’easy’; Tasks (1b), (1d), and
(2a) being ’difficult’; while Task (2c) could have been somewhat easier as it was also per-
ceived as rather ’difficult’ – instead of ’medium’ difficulty). The various difficulties, however,
did not show any effect on the usage of the dashboard with or without CrossCompare.

Some participants apparently struggled with particular tasks, especially with Tasks (1b) and
(1c) when using the comparison feature, as one task completion has required significantly
more time and mouse clicks (see Figures 5.1a and 5.1b). When examining the individual
interaction logs, it seems that, for Task (1b), a participant had falsely set filters which
hid the required information from the dashboard view – resulting in multiple filter resets
and, thus, required more time and clicks. Another participant found the notation on the
comparison chart confusing which yielded the completion time outlier and required mouse
click maximum for Task (1c). Task (1d), however, with one outlier for task completion
time is believed to be an inaccurate measurement, where the participant continued with
the questionnaire without pressing the continue button in the experiment dashboard screen,
which would have stopped the timing of the task. This is based upon the observation that,
despite this long completion time, no participant required substantially more clicks for Task
(1d) (see Figure 5.1b).

While set to be ’easy’, Task (2c) required the most comparisons (out of all comparison
tasks). Some participants were unsure of their retrieved results and, often, repeated steps
as to increase their confidence in their answers – resulting in the wide spread of obtained
completion time and clicks when performing the task without CrossCompare. Two partic-
ipants, performing Task (2c) without the comparison feature described the task as ”quite
laborious” and even ”infuriating”.

For comparison tasks, both null hypotheses could be rejected, suggesting that CrossCom-
pare did reduce task completion time and required mouse clicks for those tasks. Further, it
is striking that the spread of required times and clicks between the participants was reduced
when using the comparison feature. Thus, it is assumed that CrossCompare facilitated its
usage with all participants, regardless of task difficulty, their familiarity with the subject, or
field of work/study – an observation which correlates with the participants stating that the
comparison tool was mostly helpful and intuitive. Many participants directly commended
the comparison feature’s ability to retain data context while having various filtered states,
which – fortunately – is the intention of CrossCompare.

The overall system usability score of 81.15 renders the dashboard as being above industry-
average – which Jeff Sauro [57] describes as being 68 (based on more than 500 studies).
Further, the dashboard aesthetics haven been very well received with participants enjoying
the responsiveness and interactivity of brushing and linking. Still, there is plenty room
for improvements. When analysing the SUS categories and their average response values
(as shown in Table 5.1), the dashboard could especially improve by requiring less technical
support, reducing the initial learning load, and – in particular – provide indications or
features to reinforce confidence during dashboard usage.
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Chapter 6

Conclusion

The increasing interest in dashboards as information systems has transformed the business
intelligence landscape. BI vendors and service providers are adapting to this ever-developing
branch of visual data analytics which has led to a diversification of the BI market towards
visual data discovery. These data discovery solutions, however, require licenses, complex
deployments, and are intended for company-internal (i.e. performance management) usage.
To facilitate dashboard usage as information services outside a company-focused context,
additional research efforts are required.

Thus, contemporary dashboard usage and design practices have been reviewed to lay the
foundation for the development of a Web-based discovery dashboard. An examination of
current Web-based dashboard and charting solutions has shown that Web-based dashboard
development is feasible and can already provide the user with highly interactive views which
allow brushing and linking. However, some discovery features were not available. Especially
the ability to compare various dashboard states, following the principle of focus+context,
was yet to be realised.

This project, hence, resulted in the development of CrossCompare.js, a JavaScript library
to facilitate contextualised comparisons, and its implementation in an exemplary air traffic
delay dashboard – according to the requirements of WINGX, who seeks to investigate
the marketability of Web-based dashboards. This paper accompanies the development
process and outcomes of, both, CrossCompare and the air traffic dashboard. Their following
evaluation has shown the benefits of contextualised comparisons and proven the viability
of Web-based dashboards.

With the release of CrossCompare.js v1.0.0 and the air traffic dashboard, both of which are
open-source and built using only freely licensed resources, it is hoped to have advanced and
spurred the development of Web-based discovery dashboards. By now, it is fair to assume
that Web-based, open-source dashboards are fully feasible for commercial information ser-
vices and will allow a broader public to take advantage of the manifold benefits of visual
analytics.
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Future Work and Research

While a discovery dashboard has been developed, it required substantial development effort
and the combination of numerous libraries. The introduction of a full-stack, open-source,
Web-based dashboard framework could vastly accelerate the usage and adoption of online
dashboards. Further, balancing client- and server-side data processing would be an inter-
esting development project as to optimize performance and allow for – potentially – Big
Data analytics. CrossCompare will also undergo further development as to support a wider
range of chart types and charting libraries.

The popularity and increasing usage of mobile devices also poses challenges to dashboard
design, as it renders the common requirement of a single-screen view infeasible. Explor-
ing different variants of the required compromise between screen-size and presenting all
information at a glance, might provide valuable insights for mobile dashboard design and
dashboard perception in general. Additionally, the differing possibilities for interaction on
a mobile device, compared to a desktop machine, could lead to a more intuitive usage
experience for all users – regardless of their preferred platform.

Based on the experience gathered from the conducted user studies, further experiments
could identify and investigate different types of dashboard tasks and – possibly – examine
the effect of various dashboard functionalities (such as contextualised comparisons) on the
users’ satisfaction and effectiveness. A subject of particular interest and, thus, potential
topic of future research projects, are the factors that give users confidence in their dashboard
usage. Identifying aspects that – besides aesthetics – reinforce the users’ confidence might
add a new dimension to dashboard development.

Finally, it is hoped that this project – and possible future research based on it – contribute
to the amendment of the ”dearth of research on dashboards” [4].
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Appendix A

CrossCompare.js Usage Illustration
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(a) Illustration of adding the unfiltered state of the row chart to CrossCompare’s cache (i.e. saving
the row chart’s current data) upon pressing the ’Add to Cache’ button below the to-be-cached chart.

(b) Illustration of adding another – filtered – state of the row chart to CrossCompare’s cache (i.e.
saving the row chart’s filtered data subset) upon re-pressing the ’Add to Cache’ button.

(c) Illustration of the comparison chart showing both cached states (i.e. no filters and filtered) in
one grouped column chart upon pressing the ’Render’ button.

Figure A.1: Sample illustration of CrossCompare.js usage
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Appendix B

Signed Ethics Checklist Form
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Appendix C

Non-Comparison Study Template
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Interactive Dashboard Questionnaire
An air traffic delay dashboard has been developed, as part of a Master of Science project
for  Software  Development  at  the  University  of  Glasgow.  This  questionnaire aims  at
gathering  information  to  improve  the  presented  dashboard  and  advance  web-based
dashboard technology.

Research Topic
Dashboards allow non-data scientists to quickly explore and grasp presented information.
Yet, dashboard technology often relies on expensive and specialised software. In an effort
to facilitate open-source, web-based dashboards, an air traffic delay dashboard has been
developed. Further, a comparison feature has been introduced to allow quick comparisons
of differing dashboard states.

For this survey, we are exploring the key differences between dashboard usage with and
without the comparison feature. In particularly, we are looking at time-efficiency, answering
accuracy, and the number of mouse clicks when gaining insights via using the dashboard
and its features.

This project is being carried out in compliance with The University of Glasgow’s Computer
Science Department’s Ethics Standards.

Survey Structure
The survey consists of  four parts:  introductory questions, a training phase, task phase
(with four tasks), and conclusive questions:

The  introductory questions are meant to gather information on you and your existing
experience with dashboards.

The training phase is meant to familiarise yourself with the dashboard, its features, and
the upcoming tasks.

In the task phase, you will be presented four task in random order. Some of which are
more difficult than others and two of which allow you to use an added comparison ability.
This comparison feature will be explained to you before the task that requires its usage.
You will have a  comparison training phase before the task that requires usage of the
comparison feature. Each task will be followed by some post-task questions.

Conclusive questions are meant to identify your preferences and opinions.

Questionnaire Number:
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Consent Form

Project Title: Advancing web-driven Dashboards

Researcher: Raoul Rothfeld (2164502r@student.gla.ac.uk)

Please tick box

1. I confirm I have read and understand the information sheet for the 
above study and have had the opportunity to ask questions.

2. I understand that my permission is voluntary and that I am free to 
withdraw at any time, without giving any reason, without my legal 
rights being affected, and that any data gathered on me will be 
destroyed.

3. I confirm that I allow the collection and use of any data gathered on 
me (task completion time and number of mouse clicks), during the 
above study, for analysis purposes.

4. I acknowledge that all material gathered on me during this study will 
be permanently destroyed upon the completion of the data analysis.

5. I agree to take part in the above study.

6. I would like to receive a summary sheet of the experimental findings

If you wish a summary, please leave an email address:

Name of Participant Date Signature

Researcher Date Signature
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Personal Details

What is you gender?

 Female

 Male

What is you age?

 18 to 24

 25 to 34

 35 to 44

 45 to 54

 55 to 64

 65 or older

What is you nationality? ____________________________________

What is you current occupation? ____________________________________

What is your field of work/study? ____________________________________

What is the highest educational degree that you hold at the moment?

 Bachelor's degree

 Master's degree

 Doctor of Philosophy (PhD)

 None of the above
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Existing Experience

How familiar are you with reading charts and graphs (e.g. Excel/Powerpoint)?

 Extremely familiar

 Very familiar

 Moderately familiar

 Slightly familiar

 Not at all familiar

How familiar are you with dashboard usage?

 Extremely familiar

 Very familiar

 Moderately familiar

 Slightly familiar

 Not at all familiar

How familiar are you with air traffic data?

 Extremely familiar

 Very familiar

 Moderately familiar

 Slightly familiar

 Not at all familiar
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Training Task

Please notify the researcher that you are ready for the training question.
He will guide you through the exemplary task below.

Please enter the questionnaire number (first page) into the pop-up box
on your screen.

How many flights were operated with delays of 0-20 and 40-60 minutes?

Flights with 0-20 min. delay: 655                        

Flights with 40-60 min. delay: _______________

Additional information: Hovering the mouse cursor  row, line, and area charts will bring 

up information about the underlying datapoint.

The necessary dashboard components to answer this question will be highlighted with red 

background or borders within the dashboard.

Press 'Start Training' on the dashboard screen, when you want to start the training.

Press 'Continue' in the upper right corner, when you have collected all answers.
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Comparison Training Task

Please  notify  the  researcher  that  you  are  ready  for  the  comparison
training question. He will guide you through the exemplary task below.

How many flights did each airline operate at on December 27, at 08:00?

Number of flights by American (AA): 8                            

Number of flights by Jetblue (B6): _______________

Number of flights by Delta (DL): _______________

The necessary dashboard components to answer this question will be highlighted with red 

background or borders within the dashboard.

Press 'Start Training' on the dashboard screen, when you want to start the training.

Press 'Continue' in the upper right corner, when you have collected all answers.
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Task A0

For this task, you will NOT be able to use the comparison feature.

At what time on December 26, did each airline have its peak flights per hour?

Time of day with max. flights by American (AA): _______________

Time of day with max. flights by Jetblue (B6): _______________

Time of day with max. flights by Delta (DL): _______________

The necessary dashboard components to answer this question will be highlighted with red 

background or borders within the dashboard.

Press 'Start Next Task' on the dashboard screen, when you want to start the training.

Press 'Continue' in the upper right corner, when you have collected all answers.
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Task A1

For this task, you MUST use the comparison feature.

At what time on December 26, did each airline have its peak flights per hour?

Time of day with max. flights by American (AA): _______________

Time of day with max. flights by Jetblue (B6): _______________

Time of day with max. flights by Delta (DL): _______________

The necessary dashboard components to answer this question will be highlighted with red 

background or borders within the dashboard.

Press 'Start Next Task' on the dashboard screen, when you want to start the training.

Press 'Continue' in the upper right corner, when you have collected all answers.
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Task B0

For this task, you will NOT be able to use the comparison feature.

What airport provides the most connecting flights before 12:00, with at least 

20 minutes delay, from/to BOS, LAS, and GPT?

Airport with most flights from/to BOS: _______________

Airport with most flights from/to LAS: _______________

Airport with most flights from/to GPT: _______________

The necessary dashboard components to answer this question will be highlighted with red 

background or borders within the dashboard.

Press 'Start Next Task' on the dashboard screen, when you want to start the training.

Press 'Continue' in the upper right corner, when you have collected all answers.

59



Task B1

For this task, you MUST use the comparison feature.

What airport provides the most connecting flights before 12:00, with at least 

20 minutes delay, from/to BOS, LAS, and GPT?

Airport with most flights from/to BOS: _______________

Airport with most flights from/to LAS: _______________

Airport with most flights from/to GPT: _______________

The necessary dashboard components to answer this question will be highlighted with red 

background or borders within the dashboard.

Press 'Start Next Task' on the dashboard screen, when you want to start the training.

Press 'Continue' in the upper right corner, when you have collected all answers.
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Task C0

For this task, you will NOT be able to use the comparison feature.

How many flights were operated per weekday?

Flights on Monday: _______________

Flights on Wednesday: _______________

Flights on Saturday: _______________

The necessary dashboard components to answer this question will be highlighted with red 

background or borders within the dashboard.

Press 'Start Next Task' on the dashboard screen, when you want to start the training.

Press 'Continue' in the upper right corner, when you have collected all answers.
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Task C1

For this task, you MUST use the comparison feature.

How many flights were operated per weekday?

Flights on Monday: _______________

Flights on Wednesday: _______________

Flights on Saturday: _______________

The necessary dashboard components to answer this question will be highlighted with red 

background or borders within the dashboard.

Press 'Start Next Task' on the dashboard screen, when you want to start the training.

Press 'Continue' in the upper right corner, when you have collected all answers.
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Task D0

For this task, you will NOT be able to use the comparison feature.

How many American (AA) airline flights were operated during the busiest 

hour at Chicago (ORD) airport, which had a delay of 0-60 and 60-120 minutes?

Number of flights during busiest hour with delay of 0-60 min.: _______________

Number of flights during busiest hour with delay of 60-120 min.: _______________

The necessary dashboard components to answer this question will be highlighted with red 

background or borders within the dashboard.

Press 'Start Next Task' on the dashboard screen, when you want to start the training.

Press 'Continue' in the upper right corner, when you have collected all answers.
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Task D1

For this task, you MUST use the comparison feature.

How many American (AA) airline flights were operated during the busiest 

hour at Chicago (ORD) airport, which had a delay of 0-60 and 60-120 minutes?

Number of flights during busiest hour with delay of 0-60 min.: _______________

Number of flights during busiest hour with delay of 60-120 min.: _______________

The necessary dashboard components to answer this question will be highlighted with red 

background or borders within the dashboard.

Press 'Start Next Task' on the dashboard screen, when you want to start the training.

Press 'Continue' in the upper right corner, when you have collected all answers.
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Post-Task Questions (with comparison)

How difficult was the task?

 Very simple

 Somewhat simple

 Somewhat difficult

 Very difficult

How satisfied were you with the task?

 I believe I have succeeded in my performance of this task

 I am satisfied with my performance in this task

 I think I could have done better, with ________________________________________

Did the comparison feature increase the dashboard's usability for this task?

 Yes

 No

 Indifferent

Do you have any other comments or questions regarding this task?
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Post-Task Questions (with comparison)

How difficult was the task?

 Very simple

 Somewhat simple

 Somewhat difficult

 Very difficult

How satisfied were you with the task?

 I believe I have succeeded in my performance of this task

 I am satisfied with my performance in this task

 I think I could have done better, with ________________________________________

Did the comparison feature increase the dashboard's usability for this task?

 Yes

 No

 Indifferent

Do you have any other comments or questions regarding this task?
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Post-Task Questions (without comparison)

How difficult was the task?

 Very simple

 Somewhat simple

 Somewhat difficult

 Very difficult

How satisfied were you with the task?

 I believe I have succeeded in my performance of this task

 I am satisfied with my performance in this task

 I think I could have done better, with ________________________________________

Would the comparison feature have increased the dashboard's usability for 

this task?

 Yes

 No

 Indifferent

Do you have any other comments or questions regarding this task?
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Post-Task Questions (without comparison)

How difficult was the task?

 Very simple

 Somewhat simple

 Somewhat difficult

 Very difficult

How satisfied were you with the task?

 I believe I have succeeded in my performance of this task

 I am satisfied with my performance in this task

 I think I could have done better, with ________________________________________

Would the comparison feature have increased the dashboard's usability for 

this task?

 Yes

 No

 Indifferent

Do you have any other comments or questions regarding this task?
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Conclusive Questions

Overall, did you prefer dashboard usage with or without the comparison 

feature?

 With comparison feature

 Without comparison feature

Please explain your overall preference?

Overall, how helpful was the comparison feature in completing the tasks?

 Very helpful

 Somewhat helpful

 Not helpful at all

 Hindered task completion

Overall, how intuitive was the comparison feature in usage?

 Very intuitive

 Somewhat intuitive

 Somewhat unintuitive

 Very unintuitive
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Given you were professionally interested in air traffic delay data, please rate 

the overall dashboard on the following statements:

Strongly 
disagree

Strongly
agree

I think that I would like to use this system frequently:

1 2 3 4 5

I found the system unnecessarily complex:

1 2 3 4 5

I thought the system was easy to use:

1 2 3 4 5

I think that I would need the support of a technical person 
to be able to use this system: 1 2 3 4 5

I found the various functions in this system were well 
integrated: 1 2 3 4 5

I thought there was too much inconsistency in this system:

1 2 3 4 5

I would imagine that most people would learn to use this 
system very quickly: 1 2 3 4 5

I found the system very cumbersome to use:

1 2 3 4 5

I felt very confident using the system:

1 2 3 4 5

I needed to learn a lot of things before I could get going 
with this system: 1 2 3 4 5
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Is the dashboard's design aesthetically appealing?

 Very appealing

 Somewhat appealing

 Somewhat unappealing

 Very unappealing

Overall, are you satisfied with your experience using the dashboard?

 Very satisfied

 Somewhat satisfied

 Somewhat dissatisfied

 Very dissatisfied

What are the things that you like most about the dashboard?

What are the things that you would most like to be improved?
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Do you have any other comments or questions regarding the dashboard?

Do you have any other comments or questions regarding the questionnaire?
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Appendix D

Comparison Study Template
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Interactive Dashboard Questionnaire
An air traffic delay dashboard has been developed, as part of a Master of Science project
for  Software  Development  at  the  University  of  Glasgow.  This  questionnaire aims  at
gathering  information  to  improve  the  presented  dashboard  and  advance  web-based
dashboard technology.

Research Topic
Dashboards allow non-data scientists to quickly explore and grasp presented information.
Yet, dashboard technology often relies on expensive and specialised software. In an effort
to facilitate open-source, web-based dashboards, an air traffic delay dashboard has been
developed. Further, a comparison feature has been introduced to allow quick comparisons
of differing dashboard states.

For this survey, we are exploring the key differences between dashboard usage with and
without the comparison feature. In particularly, we are looking at time-efficiency, answering
accuracy, and the number of mouse clicks when gaining insights via using the dashboard
and its features.

This project is being carried out in compliance with The University of Glasgow’s Computer
Science Department’s Ethics Standards.

Survey Structure
The survey consists of four parts and will approximately take 30 minutes to complete.

The  introductory questions are meant to gather information on you and your existing
experience with dashboards.

The training phase is meant to familiarise yourself with the dashboard, its features, and
the upcoming tasks.

In the  task phase, you will be asked to find the solutions to three questions using the
dashboard and its  features.  During the task phase, certain dashboard features will  be
disabled.

Conclusive questions are meant  to identify  your  preferences and opinions about  the
dashboard and certain features.

Questionnaire Number:
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Consent Form

Project Title: Advancing web-driven Dashboards

Researcher: Raoul Rothfeld (2164502r@student.gla.ac.uk)

Please tick box

1. I confirm I have read and understand the information sheet for the 
above study and have had the opportunity to ask questions.

2. I understand that my permission is voluntary and that I am free to 
withdraw at any time, without giving any reason, without my legal 
rights being affected, and that any data gathered on me will be 
destroyed.

3. I confirm that I allow the collection and use of any data gathered on 
me (task completion time and number of mouse clicks), during the 
above study, for analysis purposes.

4. I acknowledge that all material gathered on me during this study will 
be permanently destroyed upon the completion of the data analysis.

5. I agree to take part in the above study.

6. I would like to receive a summary sheet of the experimental findings

If you wish a summary, please leave an email address:

Name of Participant Date Signature

Researcher Date Signature
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Personal Details

What is your gender?

 Female

 Male

What is your age?

 18 to 24

 25 to 34

 35 to 44

 45 to 54

 55 to 64

 65 or older

What is your nationality? ____________________________________

What is your current occupation? ____________________________________

What is your field of work/study? ____________________________________

What is the highest educational degree that you hold at the moment?

 Bachelor's degree

 Master's degree

 Doctor of Philosophy (PhD)

 None of the above
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Existing Experience

How familiar are you with reading charts and graphs (e.g. Excel/Powerpoint)?

 Extremely familiar

 Very familiar

 Moderately familiar

 Slightly familiar

 Not at all familiar

How familiar are you with dashboard usage?

 Extremely familiar

 Very familiar

 Moderately familiar

 Slightly familiar

 Not at all familiar

How familiar are you with air traffic data?

 Extremely familiar

 Very familiar

 Moderately familiar

 Slightly familiar

 Not at all familiar

77



Training Task

Please notify the researcher that you are ready for the training question.
He will guide you through the exemplary task below.

Please enter the questionnaire number (first page) into the pop-up box
on your screen.

For flights grouped by delay length, how often does Jetblue (B6) airlines 

operate more flights than American (AA) airlines?

Number of times where B6 operates more flights by delay  than AA: 3                         

Additional information: Hovering the mouse cursor  row, line, and area charts will bring 

up information about the underlying data-point. Pressing the i-button above a chart brings 

up more information about the data presented and possibilities for in-chart interaction.

The necessary dashboard components to answer this question will be highlighted with red 

background or borders within the dashboard.

Press 'Start Training' on the dashboard screen, when you want to start the training.

Press 'Continue' in the upper right corner, when you have collected all answers.
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Task A0

For this task, you will NOT be able to use the comparison feature.

On Thursday the 25th, what is the difference in number of flights with a delay 

of less than 20 minutes compared to the number of flights with a delay of 20 

or more minutes; at 8, 12, 16, and 20 o'clock?

Difference in number of flights with <20 to ≥20 min. delay at 08:00:

Difference in number of flights with <20 to ≥20 min. delay at 12:00:

Difference in number of flights with <20 to ≥20 min. delay at 16:00:

Difference in number of flights with <20 to ≥20 min. delay at 20:00:

The necessary dashboard components to answer this question will be highlighted with red 

background or borders within the dashboard.

Press 'Start Next Task' on the dashboard screen, when you want to start the training.

Press 'Continue' in the upper right corner, when you have collected all answers.
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Task A1

For this task, you MUST use the comparison feature.

On Thursday the 25th, what is the difference in number of flights with a delay 

of less than 20 minutes compared to the number of flights with a delay of 20 

or more minutes; at 8, 12, 16, and 20 o'clock?

Difference in number of flights with <20 to ≥20 min. delay at 08:00:

Difference in number of flights with <20 to ≥20 min. delay at 12:00:

Difference in number of flights with <20 to ≥20 min. delay at 16:00:

Difference in number of flights with <20 to ≥20 min. delay at 20:00:

The necessary dashboard components to answer this question will be highlighted with red 

background or borders within the dashboard.

Press 'Start Next Task' on the dashboard screen, when you want to start the training.

Press 'Continue' in the upper right corner, when you have collected all answers.
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Task B0

For this task, you will NOT be able to use the comparison feature.

For each day of a week, which airport has the most flights per weekday?

Airport with the most flights on Monday:

Airport with the most flights on Tuesday:

Airport with the most flights on Wednesday:

Airport with the most flights on Thursday:

Airport with the most flights on Friday:

Airport with the most flights on Saturday:

Airport with the most flights on Sunday:

The necessary dashboard components to answer this question will be highlighted with red 

background or borders within the dashboard.

Press 'Start Next Task' on the dashboard screen, when you want to start the training.

Press 'Continue' in the upper right corner, when you have collected all answers.
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Task B1

For this task, you MUST use the comparison feature.

For each day of a week, which airport has the most flights per weekday?

Airport with the most flights on Monday:

Airport with the most flights on Tuesday:

Airport with the most flights on Wednesday:

Airport with the most flights on Thursday:

Airport with the most flights on Friday:

Airport with the most flights on Saturday:

Airport with the most flights on Sunday:

The necessary dashboard components to answer this question will be highlighted with red 

background or borders within the dashboard.

Press 'Start Next Task' on the dashboard screen, when you want to start the training.

Press 'Continue' in the upper right corner, when you have collected all answers.
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Task C0

For this task, you will NOT be able to use the comparison feature.

At New York (JFK) airport, how often does Delta (DL) airlines operate more 

flights per hour (time of day) than any other airline?

Number of times where DL operates most flights per hour:

The necessary dashboard components to answer this question will be highlighted with red 

background or borders within the dashboard.

Press 'Start Next Task' on the dashboard screen, when you want to start the training.

Press 'Continue' in the upper right corner, when you have collected all answers.
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Task C1

For this task, you MUST use the comparison feature.

At New York (JFK) airport, how often does Delta (DL) airlines operate more 

flights per hour (time of day) than any other airline?

Number of times where DL operates most flights per hour:

The necessary dashboard components to answer this question will be highlighted with red 

background or borders within the dashboard.

Press 'Start Next Task' on the dashboard screen, when you want to start the training.

Press 'Continue' in the upper right corner, when you have collected all answers.
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Post-Task Questions

How difficult was the task?

 Very simple

 Somewhat simple

 Somewhat difficult

 Very difficult

How satisfied were you with the task?

 I believe I have succeeded in my performance of this task

 I am satisfied with my performance in this task

 I think I could have done better, with ________________________________________

Given you were professionally interested in air traffic delay data, please rate 

the dashboard for the before task on the following statements:

Strongly 
disagree

Strongly
agree

I am satisfied with the ease of completing the task:

1 2 3 4 5

I am satisfied with the amount of time it took to complete 
the task: 1 2 3 4 5

I am satisfied with the support information (labelling, pop-
up information) when completing the tasks: 1 2 3 4 5

Do you have any other comments or questions regarding this task?
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Post-Task Questions

How difficult was the task?

 Very simple

 Somewhat simple

 Somewhat difficult

 Very difficult

How satisfied were you with the task?

 I believe I have succeeded in my performance of this task

 I am satisfied with my performance in this task

 I think I could have done better, with ________________________________________

Given you were professionally interested in air traffic delay data, please rate 

the dashboard for the before task on the following statements:

Strongly 
disagree

Strongly
agree

I am satisfied with the ease of completing the task:

1 2 3 4 5

I am satisfied with the amount of time it took to complete 
the task: 1 2 3 4 5

I am satisfied with the support information (labelling, pop-
up information) when completing the tasks: 1 2 3 4 5

Do you have any other comments or questions regarding this task?
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Post-Task Questions

How difficult was the task?

 Very simple

 Somewhat simple

 Somewhat difficult

 Very difficult

How satisfied were you with the task?

 I believe I have succeeded in my performance of this task

 I am satisfied with my performance in this task

 I think I could have done better, with ________________________________________

Given you were professionally interested in air traffic delay data, please rate 

the dashboard for the before task on the following statements:

Strongly 
disagree

Strongly
agree

I am satisfied with the ease of completing the task:

1 2 3 4 5

I am satisfied with the amount of time it took to complete 
the task: 1 2 3 4 5

I am satisfied with the support information (labelling, pop-
up information) when completing the tasks: 1 2 3 4 5

Do you have any other comments or questions regarding this task?
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Conclusive Questions

Overall, did you prefer dashboard usage with or without the comparison 

feature?

 With comparison feature

 Without comparison feature

Please explain your overall preference?

Overall, how helpful was the comparison feature in completing the tasks?

 Very helpful

 Somewhat helpful

 Not helpful at all

 Hindered task completion

Overall, how intuitive was the comparison feature in usage?

 Very intuitive

 Somewhat intuitive

 Somewhat unintuitive

 Very unintuitive
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Given you were professionally interested in air traffic delay data, please rate 

the overall dashboard on the following statements:

Strongly 
disagree

Strongly
agree

I think that I would like to use this system frequently:

1 2 3 4 5

I found the system unnecessarily complex:

1 2 3 4 5

I thought the system was easy to use:

1 2 3 4 5

I think that I would need the support of a technical person 
to be able to use this system: 1 2 3 4 5

I found the various functions in this system were well 
integrated: 1 2 3 4 5

I thought there was too much inconsistency in this system:

1 2 3 4 5

I would imagine that most people would learn to use this 
system very quickly: 1 2 3 4 5

I found the system very cumbersome to use:

1 2 3 4 5

I felt very confident using the system:

1 2 3 4 5

I needed to learn a lot of things before I could get going 
with this system: 1 2 3 4 5
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Is the dashboard's design aesthetically appealing?

 Very appealing

 Somewhat appealing

 Somewhat unappealing

 Very unappealing

Overall, are you satisfied with your experience using the dashboard?

 Very satisfied

 Somewhat satisfied

 Somewhat dissatisfied

 Very dissatisfied

What are the things that you like most about the dashboard?

What are the things that you would most like to be improved?
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Do you have any other comments or questions regarding the dashboard?

Do you have any other comments or questions regarding the questionnaire?
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Appendix E

Quantitative Task Data

Table E.1: Mean completion times and mouse clicks per task (M(SD)), including perceived
difficulty (0 (easy) to 100 (difficult))

Task Task completion time Mouse Clicks Difficulty

Without With Without With

(1a) 78.17 (29.60) 103.83 (33.39) 10.67 (2.94) 18.50 (6.02) 10.42
(1b) 169.00 (52.75) 234.67 (143.04) 24.83 (14.22) 35.33 (21.42) 35.42
(1c) 58.00 (27.66) 123.67 (114.07) 10.83 (4.54) 30.83 (34.08) 16.67
(1d) 229.00 (211.38) 174.83 (95.73) 17.33 (4.50) 22.83 (8.73) 29.17
(2a) 449.50 (162.97) 244.83 (139.94) 62.67 (33.90) 29.83 (20.80) 31.25
(2b) 228.00 (119.99) 95.50 (58.84) 60.17 (25.17) 19.67 (12.37) 12.50
(2c) 571.67 (353.95) 128.83 (36.28) 143.83 (55.30) 21.17 (9.22) 27.08
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