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[bookmark: _Toc483981986]Introduction
Recent increases in the improvement of mobile technologies and its decreasing cost during the past few years, have disposed developers and researchers into putting more focus towards mobile development and supporting its very rapidly growing user-base. With an abundance of such capable devices and the popularity of social media, the world has now been accustomed to being able to access large amounts of information quickly and with ease from almost anywhere. The prevalence of mobile device usage for information gathering emphasises the importance of effective and efficient data visualisation in mobile platforms. 
[bookmark: _Toc483981987] Applications of Mobile Devices
[bookmark: _GoBack]Mobile devices are small and portable by nature, making them easy to carry around and access from almost anywhere. They are widely used for various applications that allow us access to all kinds of information from almost anywhere with little cost to time and resources for the user. They are used to communicate with other people across different platforms through text messaging, audio, video communication as well as through many social media applications.
Information can be accessed from mobile devices in the form of different mediums, such as books, news, articles, videos, images, among many others and are easily accessible online through searching, feeds (receiving data on a regular and continuous basis), social media and other forms of services.
As a result of recent technological advancements, different types of complex applications have also become available for mobile devices, such as games and other services that were previously only possible on desktop computers.
[bookmark: _Toc483981988] Mobile Data Visualisation
Data visualisation is present in many fields of professions today such as businesses, science, medicine, etc. and are relied on to effectively find solutions to problems in a timely manner. With the help of mobile devices, these visualisations can be accessed from almost anywhere at any time, but it is not without its problems. Due to the technical limitations of a mobile device, such as a small screen, visualising data for mobiles is very challenging [1].
In mobile devices, data visualisations share many universal problems that are also faced by other platforms, according to Chittaro [1], who goes on to mention that there are six major steps in the process for successful data visualisation design for mobile devices, listed below:
Mapping: How the data is visually represented on the device e.g. lines, bars, colours, positions, animations, etc. Effective mapping is indicated by its consistency throughout an application and must give adequate indication to a user, which areas or data points are most important or relevant.
Selection: The appropriate delegation of relevant data to be displayed to the users. While displaying insufficient data may lead users to make wrong or misguided decisions, showing too much unnecessary information can also make tasks more difficult and confusing for users. While selection is an important component to any effective visualisation, it is an even more crucial part of mobile visualisation because of the restrictions that smaller screens pose in a mobile device.
Presentation: Describes how the visualisation is organised in the limited screen space. A visualisation with effective mapping and selection can still be difficult to navigate if users are unable to see the information in a small display. Good presentation will allow the users to see all the necessary information from the visualisation despite the limitations of screen size.
Interactivity: Represents the facilities that the users are provided to be able to rearrange, organise and explore the visualisation through the device.  Effective interactivity is necessary to increase user engagement and to enable them to explore the data displayed to them.
Human Factors: The considerations for human perceptual and cognitive capabilities, i.e. the users’ ability to effectively interpret a visualisation. This step is highly attributed to usability and accessibility factors – making sure that the visualisations adhere to usability standards, as well as being accessible to users with disabilities. As mobile devices reach a wider audience, the importance of considering human factors also becomes greater.
Evaluation: User testing to evaluate the effectiveness of the visualisation. In order to determine whether or not a visualisation method is an effective way to visualise information for users, they must first be tested on users to observe whether they are able to complete tasks and achieve their goals effectively and with ease.
In order to accurately evaluate mobile data visualisations, the use of mobile devices is required, since the use of emulators may produce unreliable results [1].
[bookmark: _Toc483981989] Mobile Device Limitations
While mobile devices offer many features and advantages, which often stem from its differences from desktop computers, such as its portability, it is also the root of its disadvantages and limitations, which causes issues to arise when developing websites and applications for mobile devices. In the more recent years, some of these disadvantages have been addressed, however, most are still relevant.
· Small display / screen size: Small screen sizes severely limit the available space for displaying information and elements of a page or application, which affects usability and accessibility, especially for its availability to a more diverse set of audiences. This is a very common and difficult challenge that many designers must face [1]–[3].
· Limited Display or Resolution: Some mobile devices with very small screen sizes also bear low resolutions as well as limited colour displays. This disadvantage is not as relevant as it once was however due to the rapid advances in mobile technology, which has produced high resolution devices with larger support for colours [1]–[3].
· Hardware: A mobile device’s processing power, on-board graphics hardware as well as its memory capacity can limit its capability to display complex graphics and animations, which may incur longer loading times and sluggish responsiveness to user interaction, leading to a negative impact in user satisfaction and usability [1], [2].

[bookmark: _Toc483981990] Differences in Mobile and Desktop
Despite the rapid growth of internet enabled devices in the last decade, still many website designs only cater to desktop users. Shrestha [4] reminds us that web browsing is intended to be for open-ended, exploratory use whereas mobile devices were originally designed for task-specific use. Their study presents results of an evaluation of the participants' mobile browsing experience in comparison to desktop web browsing, showing that user performance on mobile devices were poor because they expected a similar browsing experience to one in a desktop environment. They go on to say that an issue with browsing websites that are not optimised for mobile devices causes inconvenience, reporting that the main problem that participants encountered during their study was that participants were having difficulty in locating content and certain elements in a long, narrow page that caused a lot of tedious scrolling, creating a negative experience.
The different experiences that the users have between mobile web browsing and desktops can also be attributed to the different input capabilities of mobile devices as opposed to desktops, which are briefly discussed below.
· No standardisation: Desktop computers are typically expected to come with a keyboard and a 2D pointing device such as a mouse or trackpad as standard input devices, however the same cannot be said for mobile devices which have different standards of input and interaction facilities, which make skill-transfer between different mobile devices difficult [2].
· Different input peripherals: As already mentioned, the input facilities of mobile and desktop are very different, which goes against the expectations of users that web browsing on mobile devices will be similar to desktop computers. The use of smaller, virtual keyboards and the restrictive amount of room for buttons due to the size of mobile devices limits the interactive capabilities of mobiles as opposed to desktop computers with larger room for different input options [1], [2]. Different input peripherals also directly relate to the next point.
· Different input techniques and interactions: The different input methods that desktop computers and mobile devices allow also lead to differences in the way that users are able to interact with the device. Where mobile devices make use of touch gestures, orientation, location, among others for interactivity, desktop computers do not – furthering the differences in mobile and desktop experiences on the web [1], [2].
Other factors that need to be taken into consideration when designing websites and applications for mobile devices are the context of use. Studies conducted by Tsiaousis et al. [5] mention that the constraints of the mobile device itself are not the only factors that can cause users to have a negative experience with websites and applications on a mobile device. They go on to state that noisy and crowded areas, different lighting conditions as well as being in motion can negatively affect the interaction of the user, which is in contrast to the static nature of the surroundings and environment when browsing on a desktop computer. The study also shows that background noise, ongoing conversations, among others, are able to exhaust a user’s auditory, visual and cognitive resources when performing tasks. This causes an overload of the user’s attention, negatively impacting their performance and diminishing their effectiveness as well as affecting usability.
[bookmark: _Toc483981991] Motivation
The factors described in the preceding sections signify the need for websites and applications to be designed with mobile users also in mind. By considering the features and limitations of mobile devices during a product’s design process, it opens up the potential for that product to be available to a larger and growing audience. To further this point, a study performed by Schmiedl et al. [6] compares the usability of mobile optimised websites and desktop websites that show results that users do prefer to use mobile optimised sites, and that they effectively benefit from using them.
Displaying large of information on a mobile optimised website without losing important information is a challenging task because of the lack of screen real-estate that mobile devices offer. However, it is also attributed with the greater necessity for displaying only essential and relevant information on a mobile website than there is for a desktop website. Krug [7] tells us that while having only the necessary, concise information on a website benefits them from a mobile standpoint, that these features also affect the usability of websites on desktop environments. By developing web applications and websites that only feature the most relevant information, it reduces the noise-level of the pages, making all of the information that is important to the user easier to locate and allows pages to be shorter, making them appear less daunting and confusing.
[bookmark: _Toc483981992]  Aim and Objectives
The aim of this project is to investigate the usability of data visualisation in mobile web applications.
The objectives are to:
· Research and establish an understanding of usability testing, data visualisation software and responsive mobile web application development.
· Apply responsive mobile web techniques to develop a website to display data, applying usability principles
· Evaluate the usability of data visualisation in web applications through usability testing, and analyse the results to determine which methods are most effective.

[bookmark: _Toc483981993]Literature Review
This section of the report features research work related to the exploration of data visualisation types in order to properly assess the most appropriate methods of visualisation for this project. Steps required for successful interactive visualisation are also explored in order to determine the direction of interaction design that will be utilised for achieving this project’s objectives. Usability testing and evaluation methods are going to be discussed, reviewing the different options and paths available to the researcher that have been suggested in other works found in the literature. 
[bookmark: _Toc483981994] Data Visualisation – Types of Visualisations
There are a number of different types of data visualisation techniques, each with their own advantages and effective uses when applied correctly. In order for a visualisation to be effective, Khan [8] states that it must be descriptive and easily interpretable so that the user is able to gather the necessary information quickly and easily. Choosing the most appropriate and relevant type of visualisation technique is essential for effective data visualisation [9].
This section will explore and discuss briefly the different types of known visualisation options available.
[bookmark: _Toc483981995]Tables
Tables are simple and flexible visualisations that are easy to understand, it is a structured format consisting of columns and rows, either of which can be used to represent variables and values [8].
[bookmark: _Toc483981996]Pie Chart
Pie charts are circular graphs that are divided into a number of sections and is used to visualise discrete data, often displaying values as percentages in order to show the composition of the values of a dataset related to a larger sum. They offer an easy way to convey the proportions of large amounts of data at a quick glance, but are often misused; having too much data in a pie chart can make the visualisation difficult to read and renders it useless as it is unable to effectively serve its function of providing quickly and with minimal effort from the viewer [8], [9].
[bookmark: _Toc483981997]Bar Chart
Bar charts are very commonly used visualisation methods, often depicted with vertical bars, which are also referred to as column charts. This visualisation method uses bars and lengths to represent their values. Bar graphs are used to compare data with one or more datasets, and has different variations for displaying different sets of data [8]. Listed below are some variations of bar charts that allows for comparisons of multiple datasets.
· Stacked bar charts: Displays the x-axis of a dataset, stacked on top of one another in a within a single bar, used for comparing multiple datasets that are depicted as aggregated data [9].
· Multi bar charts:  Displays and compares groups of datasets rather than only comparing individual points of data within a group. This is very useful for analysing the differences between datasets within one visualisation [8].
[bookmark: _Toc483981998]Histogram
Histograms are a very common way to represent statistical data, as it is an effective way to present, graphically, a distribution of the frequency of data. Although they appear similar to bar charts, the height of the bars does not represent the value of a variable, but rather, its frequency [8].
[bookmark: _Toc483981999]Scatter Plot
Scatter plots are normally used to observe the relationship between two variables in a large dataset in order to detect correlations and trends while easily isolating anomalies that differ from the rest of the plot points [8], [9].
[bookmark: _Toc483982000]Line Charts
Line charts are an extension of scatter plots and are commonly used to visualise information through continuous lines connected by points and are an effective way to represent statistical trends over a period of time [8], [9].
[bookmark: _Toc483982001]Area Chart
Area charts are similar to line charts, but feature a fill colour. They are mostly used for showing an increase in trends, as well as showing comparisons between trends [8].
[bookmark: _Toc483982002]Bubble Chart
Bubble charts are an extension of scatter plots and introduces a third variable. It is represented by two variables in order to plot their position on the chart along the x and y axes, as well as a third variable that determines its value and size [8]. 
[bookmark: _Toc483982003]Multiple Data Series
Multiple data series are charts that use a combination of multiple chart types, overlaid over one another in order to utilise each of their features and advantages. As an example, a bar chart could be used to show the values of multiple datasets while overlaying with a line chart in order to illustrate trends [8].
[bookmark: _Toc483982004] Choosing Chart Types
Berinato [10] explains in his book that new data visualisation methods are constantly being created, and that any effort to create a comprehensive guide on all the types of visualisations to use would be unrealistic. Instead, he goes on to tell us that identifying the basic types of categories and types of data visualisations would be more beneficial, as the knowledge could be used on a wider range of data constructs. He refers to a chart by Abela, shown in [10, Figure 1], stating that while chart “cheat-sheets” are helpful, they cannot encompass all options due to the many variants of various existing and future chart types. However, guides such as Abela’s do provide a better understanding of the different categories of data presentations such as comparison, distribution, relationship and composition.
[image: ]
[bookmark: _Toc483982048]Figure 1 – Abela’s Chart of Charts
[bookmark: _Toc483982005] Interactive Visualisation Strategies
In his study that surveys interactive mechanisms in mobile data visualisation, Khan [8] suggests four major steps that need to be taken into consideration in order to have an effective interactive visualisation design, which are discussed further in this section.
[bookmark: _Toc483982006]Selecting
A fundamental requirement to successful visual interaction design are the tools provided for the user for the selection of necessary data that are of any interest to them. Allowing users to select and view details only about the information they want allows them to solve problems more efficiently and without any confusion [8].
[bookmark: _Toc483982007]Linking
Linking is the availability of multiple views of the same information in order to allow the user to explore the different perspectives. By linking visualisation methods, users are able to overcome the disadvantages of other visualisations [8], [11].
[bookmark: _Toc483982008]Filtering
Filtering is the ability of users to dynamically adjust the amount of data that is displayed to them in a given visualisation. By giving users a tool to reduce or increase the scope of the data they view, they are able to actively choose to display a subset of the elements in a visualisation according to their specified criteria [8].
[bookmark: _Toc483982009]Rearranging or Remapping
Providing a tool for rearranging or remapping visualisations allow the users to view information in the most effective way by adjusting the visualisation according to the spatial layout of the device [8]. 
[bookmark: _Toc483982010] Usability
The term "usability" is described by Nielsen [12] as something that is an assessment of how easy users find interfaces are to use, defining them with five quality components. These are: 
· Learnability: Refers to how easily users are able to accomplish basic tasks without prior experience with a product; 
· Efficiency: Refers to how quickly users are able to accomplish tasks once they are familiarised with a product; 
· Memorability: Refers to how easily a user can re-establish proficiency with a product after not having used it for some time; 
· Errors: Refers to the severity of and how many errors users make as well as how easily they are able to recover from their errors; 
· Satisfaction: Refers to how pleasant a product is to use for the users.
However, usability is most formally described in the international standard ISO 9241-11 as "the extent to which a product can be used by specified users to achieve specified goals with effectiveness, efficiency and satisfaction in a specified context of use" [13]. In this context, effectiveness is defined as the accuracy and completeness with which users are able to achieve specified tasks; efficiency refers to the amount of resources (e.g. time) expended by the users in relation to their effectiveness in achieving their goal; finally, satisfaction is described as the user's comfort and positive attitude towards using a product as they try to accomplish their goal. 
The concept of usability can be applied to a wide range of products that requires interaction between human and machine. The purpose of usability in the context of websites and web applications is to be able to improve user satisfaction while performing tasks, allowing them to effectively and efficiently achieve their goals while also having a good experience with an interface that is easy to learn and satisfying to use.
Successful usability design implements an intuitive interface that flows naturally with how the users think. Krug [7] tells us that the most important law of usability is to not make the users have to think about what certain elements of a product are supposed to do. Instead, users should immediately be able to recognise the purpose and meaning of a product's elements and be able to use it effectively and with ease, whether they are a novice or an expert. Users will tend to avoid using a product if they find it difficult to understand and use, especially in a competitive environment where another product, such as a website or application, can easily replace another [7].
[bookmark: _Toc483982011] Usability Evaluation Methods
How good the "usability" of a product is can be determined with the use of usability evaluation methods. Brinck et al. [14] tell us that usability evaluation methods are procedures that are used by designers to determine the extent of a product's usability. It allows the designers to locate as well as address problems of a product. Usability evaluation methods are described as procedures that consist of well-defined activities that are used to collect data regarding the interactions between a user and the product, and how the properties of the product contribute to its usability, both negatively and positively [15]. 
Krug [7] and Brinck et al. [14] emphasise the importance of usability evaluation, especially involving users in every stage of the design and development process, further stating that identifying problems early in the project reduces the cost of redesigning aspects of a product later on in the project.
A study on usability for web applications [16] tells us that there are a large amount of classifications of usability evaluation methods based on a number of experts' opinions. However, there are two main classifications that stand out as being the most recognised out of the many existing classifications. These two usability evaluation method classifications, described by Nielsen [17] and Hollinger [18] are: usability inspection methods and usability testing methods. 
The difference between the two categories of usability evaluation methods is the way the usability problems in a product are identified, where usability inspection methods do not require users and usability testing methods do [18]. 
[bookmark: _Toc483982012]Usability Inspection Methods
Usability inspection methods involve usability specialists or experts to examine a product or design and identifying any problems, usually using standardised usability inspection techniques. These methods are very often more cost-effective than the alternative because of the lack of need for users and specialist equipment needed for testing [16]. Nielsen [17] describes this method of evaluation to be useful for identifying design flaws in a project at any stage of the development process. The three main usability methods as described by Holzinger [18] are briefly described below:
· Heuristic Evaluation: This inspection method involves usability experts analysing the components of a product to determine whether or not it complies with established usability standards [17]. Heuristic evaluations are popular because they are flexible enough to be performed at any stage of development and is effective at identifying major and minor issues in design [18]. 
· Cognitive Walkthrough: A cognitive walkthrough is a method in which several usability experts use the various features and functionalities of a system design. The analysts will aim to recreate the step-by-step behaviour and mental processes of the end users by performing predefined tasks. The advantage that cognitive walkthroughs offer is its independence from the end users, allowing the evaluation process to be cheaper and faster to set up as it does not require a fully functioning prototype for the users to test on [18].
· Action Analysis: Action analysis focuses more on the actions of an end user rather than what they say they do or think they would do. The analysis can be performed either through observation and a close inspection of the user’s actions, or automatically, where an application would record a user’s actions. While automation makes the analysis less accurate, it is also less time consuming [18].
[bookmark: _Toc483982013]Usability Testing Methods
In usability testing methods, a number of users are tasked to perform a set of activities on a prototype with a goal in mind. The purposes of these tasks are to allow experts to observe and examine the actions of users in order to help them identify issues in the design while also providing insight into the way users see a product, which can be vast different to that of a designer’s point of view. The types of usability testing methods according to Holzinger [18] are:
· Thinking Aloud: This method of usability testing is described by Holzinger [18] as the single most valuable usability engineering method. Thinking aloud testing involves end users operating a system and verbalising their thoughts in order to provide experts with insight into the end users’ thought processes while using a product, which helps identify major misconceptions that users have as well as problems that designers might not have realised.
· Field Observation: This is a simple usability testing method that involves an expert observing the user in their natural work environment as they use the system. In order for the test to be effective, the observer must be as unobtrusive as possible in order to not affect the actions and decisions of the observed user. Field observation is easy to perform; however, it is very time consuming since it requires observation of individual users [18], [19].
· Electronic Data Logging: An electronic observation method that logs and provides extensive timing data from user testing. This method of user testing is most effective when used in conjunction with other user testing methods, which can help highlight the frequency of which users use certain features of a design and helps identify user errors such as pressing “back” buttons, etc. [18].
[bookmark: _Toc483982014] Similar Works
A studies by Muzammil Khan [3][20] has shown similar topics to this report in that he uses visual interaction methods as methods of data mining as opposed to the investigation of its usability. In his studies, he demonstrates the use of drill-down interaction methods, which is an already well known and established visual interaction technique, as it is often seen mentioned in many other works involving visualisation interaction and data mining techniques [21][22].
[bookmark: _Toc483982015] Summary
This chapter explores the various types of data visualisation methods, their relevant variants as well as their appropriate applications. The different types of interactive visualisation studies have been explored in order to find the requirements for successful interaction design for data visualisations. Usability testing and evaluation methods have also been explored in order to determine which testing and evaluation procedures are the most appropriate for gathering the correct information needed to analyse this investigation.


[bookmark: _Toc483982016]Research Methodology
[bookmark: _Toc483982017] Philosophy
The philosophy that was adopted for the research methodology of this project is that of positivism because of the nature of the research methods that will be used for gathering data needed for analysis and results. According to Saunders et al., [23] a positivist philosophy relies on the observable social reality, which comes with a well-defined structure for experiments as the use of quantitative data offers less room for error [24]. 
Due to the nature of the positivist approach and observational research, the factor of human emotion cannot be avoided when gathering information and can dilute the results of a study or experiment. This disadvantage can be evaded, however by simply disregarding human emotional response when analysing results [24].
[bookmark: _Toc483982018] Approach
The approach that this project will be taking is the deductive approach due to the quantitative nature of this research. Saunders et al. [23] suggest that topics with a readily available abundance of literature should approach deductively. They go on to mention that the nature of a deductive approach ensures the validity of data and applies scientific principles, which are important attributes to quantitative research. By using a deductive approach, there is also no risk of concluding the research without any meaningful data patterns occurring, unlike inductive approaches.
[bookmark: _Toc483982019] Strategy
The research strategy which this project is going to adopt is the experimental strategy as it is the most appropriate general approach to evaluating a research hypothesis according to Saunders et al. [25]. The experimental research strategy involves four basic procedures in order to be conducted, which are discussed below:
· Manipulation: Involves the researcher manipulating an independent variable in order to demonstrate a relationship of cause and effect, other words, directly causing a change to occur on another variable.
· Measurement: An experiment involves a dependent variable that may or may not be directly affected by the manipulation of the independent variable. The dependent variable is observed and measured to detect variations as changes to the independent variable are made.
· Comparison: A comparison is made based on the values of the dependent variable after every change of the independent variable.
· Control: Controlling extraneous variables in order to ensure that any changes made to the dependent variable are direct causes of the manipulated independent variable. An example of an extraneous variable would be environmental changes, which might affect the effectiveness with which users are able to complete tasks (e.g. attempting to complete a task in a quiet environment vs. a noisy one.)
[bookmark: _Toc483982020] Time Horizons
The time horizon most appropriate for this project is the cross-sectional time horizon because of the nature of the research, which requires the data to be collected and analysed, which is already presented with an established time when the data must be collected. The longitudinal time horizon’s extended and continuous data gathering scope would be inappropriate for this particular experiment [25].
[bookmark: _Toc483982021] Research Design
The chosen research design for this experiment is the causal research design, which is a research design framework with a clearly defined structure. It is also known as explanatory research design. Causal research will be used in this project in order to effectively identify cause-and-effect relationships when conducting experiments. 
[bookmark: _Toc483982022] Sampling
Sampling is the process of selecting individuals from the readily available population and are used as representatives for the entire population as a whole. There are various sampling techniques available, and this project will be using the convenience sampling technique, which involves members of the population who are able to participate in the experiment and are also conveniently available. This sampling technique has been selected due to the researcher being able to negotiate the participation of existing contacts, allowing for simplicity and ease of research.
[bookmark: _Toc483982023] Experimental Hypotheses
In this experiment, the usability of the drill-down interaction versus the changing chart-type interaction technique for data visualisations are being investigated. 
The standardised nature of the drill-down technique as well as being a more universally familiar interaction outside of mobile web visualisation leads the researcher to believe that it will be the more usable interactive method for mobile data visualisations. As previously mentioned in section 1.4, which discusses the expectations of users to browse mobile websites similarly to that on the desktop, the likelihood of user familiarity with drill-down techniques is much higher, therefore making it more usable for users. This is in contrast to the interactive functionality of the changing chart-type that relies on orientation changes on a mobile device, which may not be as familiar of an interaction for much of the population [1], [2]. In respect to this, the following hypotheses have been identified for this research, addressing the usability of the prototype based on the criteria for usability presented in the ISO 9241-11 (effectiveness, efficiency and satisfaction:
H1. The drill-down approach is more effective.
H2. The drill-down approach is more efficient.
H3. The drill-down approach gives more user satisfaction.
[bookmark: _Toc483982024] Summary
This chapter discusses the different layers of research methodology, which would convey to the reader the approach and mind-set that the researcher has decided to take on for gathering and evaluating the data gathered from usability evaluations as well as detailing the hypotheses of the researcher.

[bookmark: _Toc483982025]Design
This section discusses the design of the prototype that will be developed and utilised throughout this experiment as a tool used to gather data from users through usability evaluation techniques. 
The application will need to feature elements that facilitate a fair evaluation of two different data visualisation methods through testing. The objectives of this project dictate the need to apply responsive mobile web techniques to develop a website that can display data while applying usability principles. In order to achieve this, the design must feature requirements that demonstrate adherence to the objectives.
Through deliberation, it was decided that an appropriate tool for testing for this experiment would be to create functionally simple prototypes that only contain a small part of an application rather than a complete web application. This will allow the researcher to create a functional and affordable prototype that emphasises the goal of the experiment [18], [26]. 
The prototypes would be sales dashboards that are used to observe stock levels and employee performance data. Each prototype will feature a data visualisation method that enables users to navigate through the data using different interactive approaches that aim to improve effectiveness, efficiency and satisfaction through the use of different mobile input methods. 
The interactive techniques chosen for improving the usability of the data visualisations in the prototypes are tied with the interactive visualisation strategies detailed in section 2.3 – selection, linking, filtering and rearranging/remapping.
The use of selection for this application is discussed in section 5, explaining the rationale and methods used to apply the principle of selection onto the prototypes.
Another interactive technique is linking, which requires the use of multiple views or visualisations displaying the same information in order to provide multiple perspectives of the data, letting users compare different visualisations with one another. While this technique can be successfully employed in many interactive visualisations with larger screens, it is not appropriate in this scenario due to the limitations that are presented by mobile devices; notably, the lack of screen real-estate which prevents mobile devices from being able to effectively display multiple data visualisations. It was decided that the implementation of linking would only make the visualisations too small or would require the users to engage in too much navigating (e.g. scrolling), negating the advantages of linking and making the application too complicated and confusing to use.
The remaining two interactive strategies are filtering and rearranging/remapping, which will be used to represent two different approaches for interactive mechanisms that aim to improve usability. It was decided, through internal discussions and research that the interactive approaches that will be used for this application would be the drill-down approach and the changing chart-type approach. 
The drill-down approach (DD) enables users to go from a higher-level view into a lower-level view of a visualisation. High-level views summarise a broad dataset, which in this case refers to requirement 3 in Table 1. Lower-level views provide focused displays of smaller parts of a dataset [20]. This approach effectively reflects the goals of filtering, which is to dynamically adjust the amount of data displayed by allowing users to reduce and increase the scope of the view [8].
The changing chart-type approach (CCT) is used for automatically remapping the displayed data from a less detailed overview into a more detailed visualisation depending on the orientation of a mobile device. This approach takes advantage of a form of user input that is exclusive to mobile devices, which is mentioned in a study by Wessels et al. [27] where they address the issue of mobile device limitations and raise the point that mobile-exclusive features such as orientation change, among others, should be taken advantage of. By changing the chart type dynamically, it reflects the goals of rearranging/remapping as the visualisation is adjusted according to the spatial layout of the device [8]. 
Shown in Table 1 is a list of 11 requirements that have been identified for the prototypes to be developed for this project.

	Requirement
	Description

	1
	Responsive format

	2
	Display relevant subsets of data

	3
	Generate visualisation for a top-level overview of data

	4
	Filter data through parameters

	5
	Detailed view of data using Drill-Down Approach

	6
	Detailed view of data using Changing Chart Type Approach with the appropriate chart type for screen size.

	7
	Allow users to return to the overview

	8
	Clear representation of data values

	9
	Legend to identify variables

	10
	Appropriate use of colour for visualisations

	11
	Indicators for interactive mechanisms


[bookmark: _Toc483982072]Table 1 - List of requirements


[bookmark: _Toc483982026]Implementation
This implementation section discusses the techniques used during development as well as the thought processes behind the use of such techniques. The use of code samples will be employed where appropriate in order to adequately demonstrate the strategies for implementation. 
[bookmark: _Toc483982027] Data Source
The requirements state the for prototypes that are able to display data visualisations in the form of a company dashboard that display sales and employee statistics. Due to the nature of this application, a large set of data is needed in order to display information that needs to be filtered and appropriately selected in order to create meaningful visualisations that are fit for evaluation.
Instead of manually producing large sets of data for use in the prototypes, in order to save time and resources for the researcher, a sample database published by Microsoft as part of Microsoft Access to demonstrate its features. The Northwind sample database contains large amounts of data from a fictional trading company; containing three years’ worth of information from 1996 to 1998 including product information, employee and customer data, and so on [28].
[bookmark: _Toc483982028] Relevant Technologies
Various technologies are utilised in the implementation of the prototypes for this experiment, such as HTML, CSS and JavaScript. The development of the interface, visualisations and interactions have been aided by the use of libraries such as:
· Bootstrap: To assist in speeding up the process for styling the prototypes, Bootstrap was utilised because of its predefined styles for various elements in a web page, as well as its support for responsive mobile web development.
· jQuery: Offers many advantages due to its of use and compatibility with other technologies involved in the development of the prototypes. Other technologies that utilise some of jQuery’s features are Bootstrap and ChartJS. jQuery also offers support for AJAX, which is required for asynchronously retrieving data from a database.
· ChartJS: A popular open source charting library that offers the use of a number of predefined chart types that will be utilised to visualise data in this experiment. Though there are other options for displaying charts and other forms of visualisations, ChartJS has been chosen due to its ease of use, large community support [29], and it is free for use.
As for the business logic of the application, PHP and AJAX are used for retrieving data from a backend database hosted through MySQL.
[bookmark: _Toc483982029] Selection of Data
As gathered in the literature, the proper selection of data is required to provide the users with relevant information in order to aid them in completing their tasks efficiently and avoiding confusion. In the context of the development of the prototypes, data selection is also used to help in overcoming some of the limitations of Chart.js, which are discussed further in section 5.5.
The Northwind database contains an abundance of information needed in a large trading company, containing tables that store information such as sales data, customer details, suppliers and more. However, for the purposes of this experiment, only a few of the included tables are relevant, and only some of the fields are needed.
Views have been constructed with the use of multiple joins, where only relevant fields from the appropriate tables have been included. This will allow the researcher to much more easily obtain the data from the database with simpler and cleaner SQL statements when pulling data from the server using PHP, such as shown in Figure 2.
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[bookmark: _Toc483982049]Figure 2 - Simple SQL query for obtaining product data from the product_purchases view.
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[bookmark: _Toc483982050]Figure 3 - SQL statement for sales report
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[bookmark: _Toc483982051]Figure 4 - Sales report query
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[bookmark: _Toc483982052]Figure 5 - SQL statement for employee sales
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[bookmark: _Toc483982053]Figure 6 - Employee sales query

[bookmark: _Toc483982030]Interactive Visualisation Techniques
In section 2, the literature surrounding various visualisation techniques have been explored, detailing the appropriate scenarios in which the different chart types should be implemented. Visualising data demands the use of appropriate data visualisation techniques in order for them to be easily understood and clearly defined. Abela’s [10, Figure 1] chart of charts was used as a general guideline in determining the most appropriate chart types to use with the visualisations in this application.
Requirement 3, listed in Table 1 expresses the need for a top-level overview of data, which warrants the use of a pie chart. Pie charts are used to display a composition of data, which are often displayed as percentages in order to emphasize its value in relation to a total sum, and are also an effective way of displaying large amounts of data at a quick glance. Charts that are easily and quickly readable is important for mobile data visualisation due to external factors that affect how effectively a user can interact with a mobile application [5]. The pie chart also continues to be used when user drills down to a more focused view of the data in the DD approach for the same rationalisations.
[bookmark: _Toc483982054]Figure 7 - Pie chart overview of DD and CCT respectively
As discussed in section 4 for the design of the application, the CCT approach requires that the chart type must transform into a different chart type that is more appropriate to the current spatial layout of the device as it changes orientation from portrait to landscape. Referring to the chart of charts once more in Figure 1, it was decided that the most appropriate chart type to be used with CCT would be the stacked bar chart. Stacked bar charts are effective at showing compositions of data while allowing for comparisons of the differences between multiple datasets by presenting the x-axis of a single dataset stacked on top of one another in a single bar per dataset. 
[image: ../../../Downloads/IMG_2051.PNG]
[bookmark: _Toc483982055]Figure 8 - Stacked Bar Chart in CCT
[bookmark: _Toc483982031] Interactive Mechanisms
As discussed in section 4, interactive mechanisms have been applied to further increase the aspects of usability that the visualisations are able to provide through layout and composition alone.
While ChartJS offers a comprehensive set of predefined chart types, that feature various options such as animations, multiple types of axes layouts and so on, it currently lacks predefined methods of displaying complex interactive data visualisations. In this section, the techniques used to achieve the DD and CCT interactions are discussed.
[bookmark: _Toc483982032]Drill-Down Approach (DD)
The DD prototype is responsible for displaying sales reports for each category of products in the database. The prototype initially displays a total amount of sales, separated into sections by category but drills down into a lower-level view of a specific category based on what section the user selects on the screen, revealing a new chart that displays the product sales within the selected category.
[bookmark: _Toc483982056]Figure 8 - Drill-Down Interaction

In order to understand the challenges in developing the drill-down approach for ChartJS, it is important to first take a look at how ChartJS structures the datasets that are inputted into the chart before it is drawn. Illustrated in [30, Figure 10]  is a basic example of the data structure required as an input by ChartJS in order to be displayed as a chart. 
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[bookmark: _Toc483982057]Figure 10 - Data structure for pie chart in ChartJS
The code block in Figure 10 shows that number values must be passed into the data array within the datasets parameter as well as their respective labels passed as an array of strings into the labels property. In order to display the total of products sold in every category, every product entry from each category must be added together to create a sum total of the number of products sold from each respective category, and then paired with their respective labels. In addition, displaying all the products within a category in its own view once a user decides to drill down requires each product quantity and name to be stored within an array for their respective category. This was achieved by pulling data from the database using AJAX, grouped by product name as seen in Figure 2 and then looping through that data using a switch statement to store the quantity and name of every sold product within objects that represent each category. This process is illustrated in the code blocks shown below; note that repeated blocks have been minimised for the sake of brevity.
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[bookmark: _Toc483982058]Figure 11 - Objects containing information on each category
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[bookmark: _Toc483982059]Figure 12 - Switch statement to assign each product to their respective categories
Once the products are stored in their categorically organised objects, the process involved in simulating a drill-down mechanism requires a function that updates the chart with new data corresponding to any of the eight defined categories.
The application listens for a click event on the top-level chart and uses a switch statement to fill the chart with data depending on what section of the chart has been clicked and then uses a predefined update method to update the chart.
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[bookmark: _Toc483982060]Figure 13 - Click event handler responsible for updating the chart data
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[bookmark: _Toc483982061]Figure 14 - fillChartData function
[bookmark: _Toc483982033]Changing Chart-Type Approach (CCT)
The CCT prototype is responsible for displaying the employee sales statistics, allowing users to see which employee has sold the most products in total as well as in specific categories. This approach initially presents the users with a top-level overview of the total number of sales each employee has in the form of a pie chart. The view can be switched by changing the device orientation to draw a different chart type – a stacked bar chart that reveals a more detailed view of the total sales, with sections separating each category of sold products.

[bookmark: _Toc483982062]Figure 15 - Changing Chart-Type Interaction

Unlike the pie chart, the stacked bar chart syntax requires multiple arrays within its dataset property containing the values of each category along the x-axis. To understand this concept better, a simple example of the stacked bar chart syntax is illustrated in Figure 16 and the output in Figure 17.
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[bookmark: _Toc483982063]Figure 16 - Simple example of stacked bar chart data property syntax
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[bookmark: _Toc483982064]Figure 17 - Simple example of stacked bar chart
In order to store the values of the different categories under each employee, the data must first be pulled in from the database using AJAX from the employee_sales view (Figure 6). The data is then looped through and passed on to a switch statement which delegates the sales data to be stored into employee blocks that hold information for total amount of sales as well as the amount of sales they have under each category of products. Shown in Figure 18 is the code used to loop through the data and assigning them to the appropriate objects. Note that repeated code blocks have been minimised for the sake of brevity.
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[bookmark: _Toc483982065]Figure 18 - Looping through employee_sales data and sorting the values to employee objects
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[bookmark: _Toc483982066]Figure 19 – One employee object for storing sales data
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[bookmark: _Toc483982067]Figure 20 - sortCategory function
Once all the sales data have been stored within an employee object, the category sales data from each employee object is simply stored in their own array for their respective categories and input into the datasets property of the chart data parameters before drawing. The process of storing the sales data based on category is illustrated in Figure 21.
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[bookmark: _Toc483982068]Figure 21 - Process for storing sales data per category into their own arrays
Once the data has been initialised and delegated, the prototype is ready to display the data in either of the two chosen chart types. To change chart types, orientation changes must be detected by the browser. This has been done using JavaScript to detect orientation changes in the browser using the matchMedia() method. The matchMedia() method requires a media query string input which is used to compare against the current media features of the browser window allowing for different behaviours depending on whether or not the media feature matches the query [31]. 
In the implemented application, an if statement is used when initially drawing the chart which detects the current orientation of the browser and compares it with the “(orientation: portrait)” query; drawing a pie chart if the query matches (the window is in portrait mode) and draws the stacked bar chart if the query does not match (the window is in landscape mode). However, this only serves to detect the orientation of the window when the chart is initially drawn and not when the orientation changes dynamically. To account for this, an event listener is added to the matchMedia() query that observes the changes in the orientation of the window and re-draws the appropriate chart type depending on new orientation.
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[bookmark: _Toc483982069]Figure 22 - matchMedia() queries for detecting initial and changes in orientation
[bookmark: _Toc483982035]Chart Elements
There are a number of important elements in charts that are crucial for providing clarity and context, namely the axes, labels, legends and gridlines to name a few. However, in certain contexts, many of these features may provide to be more of a hindrance rather than an advantage especially in the compromising position that mobile devices impose on developers by having a smaller screen size. This limits the ability of designers and developers to create meaningful visualisations that are clear and understandable. Allen and Chudley [32] express in their book that poor use of space in data visualisations can lead to low readability, stating that showing all elements of a chart is unnecessary and should be avoided if possible to create a more attractive design. This opinion is also shared by Berinato [10] who expands on this topic by stating that designers must take away as many elements as possible while still maintaining the meaning of the visualisation. For the purposes of simplicity and clarity, some elements of the visualisations have been omitted while others have been added. For the stacked bar chart, the y-axis labels have been removed in order to make room for more horizontal space. Moreover, by removing the y-axis labels, it reduces confusion for users when comparing individual sections of the bars because they are not equally laid out and is therefore of little use. Instead, tooltips are utilised for displaying a clear indication of a section’s value when a user selects one. 
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[bookmark: _Toc483982070]Figure 23 - Showing a tooltip
One significant addition to the visualisations is the display of the percentage values on each section of the pie chart, which is simply blank by default and is also not a natively supported feature by ChartJS. For this purpose, a plug-in for ChartJS called PieceLabel by Chen [33] has been implemented to improve the clarity of the pie charts at a glance by providing diverse options for displaying values and labels within the sections of pie charts.
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[bookmark: _Toc483982071]Figure 24 - Showing percentage values on pie chart sections
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Evaluation is one of the most important steps to any research process; it is a systematic way of proving the credibility, reliability and significance of any given study [34]. Usability evaluations focus on collecting usage data through well-defined sets of activities for end-user interactions with a product. As found in the literature, there are two main classifications for usability evaluation methods, described by Nielsen [17] and Holzinger [18] usability testing methods and usability inspection methods, which is differentiated by their means of gathering data and testing, with the former being performed by users with the supervision of usability experts, and the latter being performed by the usability experts themselves. 
In order to determine the most effective data visualisation approach for mobile web applications, two prototypes of a mobile application themed around a sales dashboard for a fictional trading company has been developed. The two prototypes have been designed to have a similar look and feel so as to standardise the visual appeal of each prototype but are each equipped with a unique data visualisation technique that aims to improve usability. In this evaluation, the Thinking Aloud usability testing method will be used observe users operating the application using the DD prototype and the CCT prototype while expressing their thoughts in the process. Holzinger [18] states that the Thinking Aloud protocol is the single most valuable usability testing method as it allows researchers to fully understand and identify the misconceptions of users surrounding an application. 
The tests are performed in a quiet setting with the least amount of possible distractions in an effort to create a controlled testing environment that eliminates the effects of environmental context-of-use, which according to a study by Tsiaousis and Giaglis [35], can influence the mobile website usability. They specifically address the issues of auditory and visual distractions as well as being on the move. In this evaluation, the participants are sitting down in a quiet room free from distractions.
Video recordings using an iPhone 7 smartphone has been used to create a complete record of all user interactions with the prototypes. The video recordings have also been used later in the analysis phase of the experiment, allowing the researcher to refer to earlier interactions, eliminating the possibility of human error when recalling the events of the tests and at the same time aiding in producing more accurate analyses of the test results.
[bookmark: _Toc483982037]User Tasks
For the usability test, the participants were required to complete two tasks given in Table 2. Each task has been constructed in a way that they provide the opportunity for the participants to interact with as many features of the prototypes as possible. In order to keep the tasks fair, the fundamental structure of the tasks have been made to be identical despite being used on different datasets.
	Task
	Description

	Task 1
	Identify the most sold item in the category of “Beverages” for the month of June in 1997.

	Task 2
	Identify the sales person who has sold the most products in the category of “Meat/Poultry” for the month of November in 1996.


[bookmark: _Toc483982073]Table 2 - List of tasks for Thinking Aloud testing
[bookmark: _Toc483982038]User Performance
User performance has been recorded and evaluated based on the three categories described in the international standard ISO 9241-11, which are effectiveness, efficiency and satisfaction [13]. The ISO 9241-11 defines each of these categories as:
· Effectiveness: the accuracy and completeness with which users are able to achieve specified tasks;
· Efficiency: the amount of resources such as time expended by the users in relation to their effectiveness in achieving their goal;
· Satisfaction: the user’s comfort and positive attitude towards using the prototypes as they try to accomplish their goals.
Based on these three definitions as well as the guidelines described by Rubin [36] regarding task accuracy, timing and preference data, it was decided that the effectiveness should be measured based on the completion rate of tasks within a specified time limit. Efficiency will be measured based on the recorded completion times for each task. To evaluate user satisfaction, the participants have been asked to complete a post-test questionnaire.
[bookmark: _Toc483982039]Post-Test Questionnaire
A post-test questionnaire has been administered to the participants upon completion of the tasks to record their satisfaction towards the product as well as helping in identifying potential problems with the two prototypes. The questionnaire used for this experiment is the System Usability Scale (SUS) questionnaire developed by Brooke [37] as a “quick and dirty” method of evaluating the usability of an application. Although SUS is described as a quick and dirty method, studies have shown that SUS is a very reliable method of evaluation through a questionnaire [38]. Though SUS was initially designed for only measuring perceived overall usability, Lewis tells us that SUS is an accurate and precise representation of user satisfaction [38]. Another study by also shows that SUS is a very effective way for measuring satisfaction specially for smaller scale projects with only a small number of participants, which is demonstrated when Tullis compares the effectiveness of a number of questionnaires used for assessing website usability [39]. 


[bookmark: _Toc483982040]Results
In this section of the report, the outcomes of testing are collected and analysed in order to draw conclusions based on the results and are collated with the hypotheses of the researcher, specified in section 3.7. In analysing usability of the implemented application, its features must be compared with a standardised set of performance criteria. In this experiment, the international standard ISO 9241-11’s categories for defining usability of effectiveness, efficiency and satisfaction are being tested through successful task completion rates, task completion times and scoring through the system usability scale questionnaire respectively. 
[bookmark: _Toc483982041]Effectiveness
Effectiveness refers to the accuracy and completeness with which users are able to achieve tasks. As a method of measurement for the completeness of each prototype, the completion rates based on the percentage of participants who have successfully completed their task without assistance from the moderator within three minutes have been recorded for both the DD and CCT prototype. Additionally, as a measure of accuracy, the errors made by each participant on their attempts to complete the tasks have been recorded and defined as any activity performed by the participants that did not contribute towards the completion of a task. This refers to actions performed by the user that yielded an unexpected outcome or an action performed due to a clear misinterpretation of the interactive elements of a prototype. Table 3 illustrates the number of participants who have been successful in completing the task unassisted as well as those that were unsuccessful in completing the task within the time limit. The results show that the task involving the DD approach is more effective with only one participant failing to complete the task, which was due to an error in comprehension where the participant was unable to identify a particular product because they did not see the values displayed in the sections of the pie chart, which suggests that the indicators of value within the sections of the pie chart might need to be made more prominent. The CCT approach on the other hand shows that only 42.86% of the participants were unable to complete the task within the time limit. All of the failed attempts for the CCT approach are attributed to the users being unaware of the orientation change interaction, despite the implementation of animated hints that provides concise details of the interactive mechanisms in the prototype, which are intended to guide users and draw attention through colour and animation [7]. This information suggests that rotating a device as an interaction towards a visualisation is not a natural response or thought that users normally have, resulting in the users being confused and unable to proceed. Furthermore, the ineffectiveness of the hints suggest that more prominent hints are needed in order to adequately inform the users of any possible interactions.
	Participants
	Prototype 1 (DD)
	Prototype 2 (CCT)

	P1
	Completed
	Failed

	P2
	Completed
	Completed

	P3
	Completed
	Failed

	P4
	Completed
	Failed

	P5
	Completed
	Failed

	P6
	Failed
	Completed

	P7
	Completed
	Completed

	Total
	6/7
	3/7

	
	85.71%
	42.86%


[bookmark: _Toc483982074]Table 3 - Task Completion Rates
Table 4 shows the number of errors that each user made while attempting to complete each task. As discussed earlier in this section, the failed attempts for completing the CCT tasks have been due to the users being unable to identify the rotating interaction within the set time limit. In order to produce a more balanced assessment of the errors made during the performance of the tasks, the participants have been instructed to proceed with the task with some assistance, informing users of the rotating interaction and recording all further errors. It should be noted that participants, with the exception of P5, that have been assisted by informing them of an interaction that was unknown to them had made no further errors after being assisted. P5 performed one more error after being assisted in the CCT task, increasing their initial error count from 5 to 6. The results of the number of user errors shows that there are very little overall errors being made when attempting the task on the DD approach, with 9 errors made in total for each participant. In contrast, the CCT prototype yielded more errors, with a total 15, as the users attempted to complete the task. It was observed that many of these user errors stemmed from participants being unable to identify the interactive mechanism requiring them to rotate the device to reveal a more detailed view.
	Participants
	Prototype 1 (DD)
	Prototype 2 (CCT)

	P1
	0
	3

	P2
	1
	0

	P3
	1
	2

	P4
	2
	3

	P5
	1
	6

	P6
	1
	0

	P7
	3
	1

	Total
	9
	15


[bookmark: _Toc483982075]Table 4 - Number of user errors
In summary, the effectiveness of the prototypes has been measured by recording the rate of success in completing the given tasks as well as the number of errors the users made while attempting to complete the tasks. The results have of testing reveal that 85.71% (6/7) users were able to successfully complete the tasks while also showing low amounts of errors when interacting with the DD prototype. On the other hand, the task for the CCT prototype was completed by only 42.86% (3/7) of the participants and yielding more errors as participants attempted to figure out how to interact with the system.
[bookmark: _Toc483982042]Efficiency
The amount of time required by each participant was recorded in order to determine the efficiency of the prototypes. Shown in Table 5 are the individual completion times by each participant. Where the participants have failed to complete the task, the entry is left blank. The mean completion times are also shown, which is a calculation of the average time required by all participants to complete a task and is used as an indicator of the completion times of the group as a whole. The standard deviation (SD) of the completion times is also listed and is used as a measurement of variability, where the degrees to which the completion times differ from one another is calculated [36].  The results show that the mean completion time for DD is 1 minute and 10 seconds with a SD of 30 seconds. This suggests that there is slight variance in the performance of the participants on the DD prototype, however, the researcher suspects that P5 might be what is considered as an outlier due to their performance in the test where the act of thinking out loud appeared to have hindered the performance of P5. In this case, the mean of user performance on Prototype 1 without P5 would be 58 seconds with a SD of 11 seconds, which shows more consistency in user performance for Prototype 1. Participants who were able to complete the task for CCT produces a slightly lower mean of 55 seconds if compared with the DD mean without P5, as well as a SD of 8 seconds. This shows a consistent performance in efficiency for Prototype 2 for those that have been able to complete the task. However, a larger sample size with more data would be able to provide more accurate representations of efficiency, especially in the case of Prototype 2.
	Participants
	Prototype 1 (DD)
	Prototype 2 (CCT)

	P1
	0:01:05
	

	P2
	0:00:44
	0:00:46

	P3
	0:01:12
	

	P4
	0:00:53
	

	P5
	0:02:08
	

	P6
	
	0:01:00

	P7
	0:00:56
	0:00:58

	Mean
	0:01:10
	0:00:55

	Standard Deviation
	0:00:30
	0:00:08


[bookmark: _Toc483982076]Table 5 - Task Completion Times
	Mean and Standard Deviation without P5 on Prototype 1 (DD)

	Mean
	0:00:58

	Standard Deviation
	0:00:11


[bookmark: _Toc483982077]Table 6 - Mean and SD without P5 on Prototype 1 (DD)
In summary, the efficiency of the prototypes has been measured based on the mean completion times as well as the standard deviation. It was initially found that the DD approach was much less efficient than the CCT approach due to its higher mean times and standard deviation that suggests a wide variance in performance. Upon further inspection, it was speculated by the researcher that the performance of P5 (0:02:08) might be an outlier and performed a recalculation of the mean and SD of the completion times for Prototype 1 without P5. The recalculations revealed a mean completion time of 58 seconds and a SD of 11 seconds, which tells us that the performance of the DD approach is not too far off from the performance of the CCT approach with 55 seconds for the mean completion time and 8 seconds for the SD. The researcher notes that a larger sample size with more data for completion times on Prototype 2 would more accurately depict the efficiency of the prototype.


[bookmark: _Toc483982043]Satisfaction
Satisfaction was measured through the use of a SUS questionnaire (Appendix A) designed to retrieve quantitative data from the participants regarding their perception of the usability of an application. SUS consists of 10 questions which users can respond to with a Likert scale that ranges from Strongly agree to Strongly disagree. In order to process the SUS responses, each response must first be calculated based on their score contributions which ranges from 1 to 4. This is achieved by adjusting the scale position (from 1 to 5 based on Strongly disagree to Strongly agree) of each user response from odd-numbered questions (1, 3, 5, 7 and 9) subtracting them by 1. For the even-numbered questions (2, 4, 6, 8 and 10) their scoring contributions were calculated by taking the scale position of the user response and subtracting them from 5. This way, the user responses are scaled from 1 to 4 with the most positive response value being 4 [40]. Once all the converted scoring contributions of the participants have been calculated, the individual sum of each user score is multiplied by 2.5 in order to produce an SUS score ranging from 0 – 100 instead of 0 – 40 [37], [40]. Sauro [38] tells us that despite the SUS score ranging from 0 – 100, that it is not a percentage of a score and should not be treated as such. Instead, the SUS scores should be treated as a percentile rank by normalising the scores. Thus, the mean of all the SUS scores have been calculated as shown in Table 7 as well as the individual SUS scores from each participant. The results show that the total SUS score of the DD prototype is 91.79, which is considered to have a grading of A, according to Sauro [40] who values an SUS score of 80.3 and above as level A and an average value of 63.3 being graded as a level B. The scoring results of the CCT prototype show a mean of 58.57, which is graded by Sauro as a level D, where scores graded F are considered to be a failure. It was observed that despite the overall low SUS score of the CCT prototype, that participant that were able to complete the tasks for the CCT prototype have provided a decent score in the SUS questionnaire, leading the researcher to believe that with guidance and better understanding of the interactive functionalities available in the CCT prototype, that users might consider the CCT approach to be more usable than their scores suggest.
	Participants
	Prototype 1 (DD)
	Prototype 2 (CCT)

	P1
	97.5
	27.5

	P2
	97.5
	77.5

	P3
	87.5
	35

	P4
	95
	42.5

	P5
	95
	40

	P6
	77.5
	95

	P7
	92.5
	92.5


[bookmark: _Toc483982078]Table 7 - SUS Scores
In summary, user satisfaction has been measured using the SUS questionnaire, which uses the Likert scale for gathering responses which is then normalised to give the results a percentile ranking. The DD approach was given a SUS score of 91.79, which is graded as a level A which demonstrates far more superior user satisfaction levels when compared to the CCT approach which resulted in a SUS score of 58.57 which is graded as a level D. Despite this, the results for the individual SUS scores of P2, P6 and P7, the same participants who were able to complete the CCT tasks, are much higher than the SUS scores from other participants. The researcher speculates that awareness of the CCT interactive mechanism might change user perception of the usability of the approach. 

[bookmark: _Toc483982044]Conclusion
The overarching aim of this project is to investigate the usability of data visualisations in mobile web applications with three objectives that needed to be achieved. The first objective is to research and establish an understanding of usability testing, data visualisation software and responsive mobile web application development. In the first part of this project, a literature review has been conducted in order to gather information regarding usability evaluation methods, where the researcher has found that there are two types usability evaluation methods – the usability inspection methods and usability testing methods. It was determined that the best way to measure usability would be observe users interacting with data visualisations, specifically, using the Thinking Aloud testing method. Further explorations were also made in the literature review surrounding the topic of data visualisations and the different types, aiding in the decisions behind which data visualisations would be most appropriate for the development of prototypes to be tested. The second objective is to develop a website which applies usability principles to data visualisations. For this, two prototypes have been developed for the project that explores two different approaches for improving usability in mobile data visualisations. Each prototype featured a different interactive mechanism for visualisation interaction, which were the drill-down (DD) approach and the changing chart-type (CCT) approach. The purposes of each prototype is to provide a platform which participants are able to interact with, allowing the researcher to observe and analyse their actions. The third objective is to evaluate the usability of data visualisations by gathering test results from participants through the Thinking Aloud testing method. The tests have been structured to provide the opportunity for users to explore all of the features offered in each prototype, with one task for each prototype that the users must try to complete. Through testing, the three aspects of usability (effectiveness, efficiency and satisfaction) have been measured. As a method of determining the effectiveness of the prototypes, data has been recorded involving the success rates of each participant’s attempts of completing tasks with a time limit. For measuring efficiency, the amount of time needed by the participants to complete any given task has been recorded and calculated to determine the mean and standard deviations for completing the tasks. In order to measure satisfaction, a System Usability Scale (SUS) questionnaire has been used to gather quantitative data through SUS scoring.
Section 3.7 details the hypotheses of the researcher, where H1 is the hypothesis that the DD approach would be the more effective than the CCT approach. As seen from the results of testing, the participants’ success rates for completing the tasks in the DD prototype shows that the DD approach is indeed more effective at helping the users achieve their goals. In addition, the number of errors for the DD approach has shown to be much lower than the CCT approach, showing that users found the DD prototype to be a lot more straightforward to use and therefore more effective in aiding users for competing their tasks. For H2, the researcher hypothesises that the drill-down approach would be more efficient. However, the results of testing show that the participants who were able to complete their task for the CCT prototype have been able to do so slightly more quickly on average when compared to the results of the DD prototype. However, the researcher expresses that a lack of completion time data for the CCT approach might product inaccurate results. For H3, the researcher hypothesises that the DD approach would provide more satisfaction for users. The results from the SUS questionnaire reveals a better overall response from users regarding the DD approach where the SUS scores graded the DD approach as a level A, whereas the grading for the CCT approach is a level D. However, as mentioned in section 7.3, as part of the discussion regarding the results of the SUS questionnaire, the participants who have been able to complete the tasks for the CCT approach have given it a high SUS score, which suggests that user satisfaction for using the prototypes are very dependent on how much the participants have been able to understand the interactive features of each approach.


[bookmark: _Toc483982045]Reflection
Upon reflection, I have most of all appreciated the importance of planning in all aspects of the project, such as rigorous adherence to a project plan in order to adequately complete tasks in a timely manner and also planning for other areas of the project such as testing. 
I have found the testing aspect to be the most interesting venture throughout the entire project and was surprisingly more enjoyable and interesting than what was initially anticipated. Through research on usability evaluation and testing, it has been discovered that usability tests require a lot of preparation for activities such as finding participants, planning the structure of the tests and organising even low-budget testing environments among others. Much of the literature behind usability testing also repeatedly expresses the sheer importance of a number of factors, like having larger sample sizes for testing, but as someone who has not had prior experiences in organising usability tests, I was only able to imagine its importance until I had undertaken the task to test, analyse and evaluate the results of testing. One of the most surprising aspects of testing that was found was the discovery of how much developers and end-users think differently, which was reflected in my project based on the number of features such as hints, clear labels as well as instructions were either unseen or ignored by the test subjects. For future developmental pursuits, I will be taking greater care to plan for aspects such as testing – gathering more participants to produce unambiguous test results as well as being more vigilant towards the expectations and needs of end-users from a product.
 

[bookmark: _Toc483982046]Appendix
Appendix A – System Usability Scale Questionnaire [40]
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129 v  for (var i in data) {

130 c = data[i].CategoryName;

131

132 v switch(c) {

133 v case "Beverages":

134 beverages.total++;

135 beverages.products.push(data[i] .ProductName);
136 beverages.quantities.push(datalil.Quantity);
137 break;

138 > case "Condiments": mm

143 > case "Confections": mm

148 > case "Dairy Product an

153 > case "Grains/Cereals": mm
158 > case "Meat/Poultry": em
163 > case "Produce": mm

168 > case "Seafood": mm

173 default:

174 break;

175 }

176 }

177
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$(canvas).click(function (evt) {
var activePoints = productsChart.getElementsAtEvent(evt);

// determines which section of the chart was clicked

if (activePoints[@] == null) {
$(".chart-title").html("Products");

} else {
var chartData = activePoints[@]["_chart"].config.data;
var idx = activePoints[@] ["_index"];
var label = chartData. labels[idx];
var value = chartData.datasets[0].data[idx];

// change chart data depending on clicked section
switch(label) {
case "Beverages":
productsChart.config.data

fillChartData(beverages.products,
beverages.quantities,
colours.beverage) ;
break;
case "Condiments": mm
case "Confections": mm
case "Dairy Products": mm
case "Grains/Cereals": mm
case "Meat/Poultry": em
case "Produce": am
case "Seafood":
default:
break;
}

// updates the chart once the new data has been applied
productsChart.update();
}
H;
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function fillChartData(labels, data, bgcolours) {
var chartData = {
labels: labels,
datasets: [{
data: data,
backgroundColor: bgcolours
H
}

return chartData;
}
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247 // responsible for sorting the data into their respective employee objects
248 // to be used

249 for (var i in data) {

250 var empID = datal[il.EmployeelID;

251 var category = datal[il.CategoryName;

252 var categorySales = parseInt(datalil.CategorySales)
253

254 v switch (empID) {

255 case "1":

256 sortCategory(empl, category, categorySales);
257 break;

258 > case "2": mm

261 > case "3": mm

264 > case -

267 > case -

270 > case -

273 > case -

276 > case -

279 > case "9": mm

282 default:

283 break;

284 }

285 }
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// will contain employee sales for individual categories,
// as well as the total of all their sales.

// Nancy Davolio
empl = {
totalSales: 0,
categorySales: {
beverages: 0,
condiments: 0,
confections: 0,
dairyProducts: 0,
grainsCereals: 0,
meatPoultry: 0,
produce: 0,
seafood: @
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479 v function sortCategory(empObj, category, categorySales) {
480 var empCat = empObj.categorySales;

481

482 switch (category) {

483 v case "Beverages":

484 empCat.beverages += categorySales;
485 break;

486 v case "Condiments":

487 empCat.condiments += categorySales;
488 break;

489 > case "Confections": mm

492 > case "Dairy Products": mm

495 > case "Grains/Cereals": mm

498 > case "Meat/Poultry": em

501 > case "Produce": mm

504 > case "Seafood": mm

507 default:

508 break;

509 }
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81 // will contain the data for the stacked bar chart
82 // formatted [employeel, employee2, employee3, etc...]

83 var beverages = [1;

84 var condiments = [1;

85 var confections = [];

86 var dairyProducts = [];

87 var grainsCereals = [];

88 var meatPoultry = [];

89 var produce = [];

90 var seafood = [];

91

92 // contains all the categories to loop through

93 var categories = [beverages, condiments, confections,

94 dairyProducts, grainsCereals, meatPoultry,
95 produce, seafood];

96

97

98 // allows for easier looping through contents

99 var empArray = [empl, emp2, emp3,

100 emp4, emp5, emp6,

101 emp7, emp8, emp9];

102

103 // loops through every employee

104 // and pushing each of their category sales

105 // into the individual category arrays within the categories array
106 // in order to have them in the correct format to display in stacked bar charts
107 for (var i in empArray) {

108 count = @;

109 for (var n in empArray[il.categorySales) {

110 categories [count].push(empArray[i].categorySales[n]);
111 count++;

112 }

113 }

114
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if (window.matchMedia("(orientation: portrait)").matches) {

// Opened in portrait

displayPie(employees, totalsArray);

$("#hint-msg").html("Rotate your device for a detailed view.");

} else {

// Opened in landscape

displayBar(employees, categories);

$("#hint-msg").html("Tap on the bars' colours to view individual information.");
}

window.matchMedia(" (orientation: portrait)").addListener(function(m) {
if(m.matches) {
// Changed to portrait
displayPie(employees, totalsArray);
$("#hint-msg").html("Rotate your device for a detailed view.");
}
else {
// Changed to landscape
displayBar(employees, categories);

if ($("#hint-msg").css("margin-left") !== "-5px") {

setTimeout (function(){$("#hint-msg").css("margin-left", "-5px")}, 2000);
}
$("#hint-btn").css("animation", "spin 2s infinite");

$("#hint-msg").html("Tap on the bars' colours to view individual information.");

b;
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