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Abstract

One of the main concerns of people with multiple sclerosis is the deterioration of their mobility,
leading to overall poorer quality of life.

However, maintaining mobility comes with a need for ways to measure it. Measuring gait is
often considered as a good representation of overall mobility, but many gold-standard proce-
dures are lab-based (not representative of real-world walking) and expensive. The Mobilise-D
consortium of experts are on the mission to clinically validate the use of wearable digital de-
vices to track and extract digital parameters measuring every-day walking bouts.

While validation is in progress, this project aims to provide a useful tool for clinicians,
allowing them to efficiently extract, visualise and interpret these digital parameters to aid
gait analysis and mobility treatment in their patients with multiple sclerosis.
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Chapter 1

Introduction

1.1 Background

Multiple sclerosis (MS) is an auto-immune condition that affects 2.9 million people across

the world (National Multiple Sclerosis Society, no date). The body attacks its own nervous

system and the body has a hard time sending messages throughout, causing basic functions

such as vision and mobility to deteriorate.

Impaired mobility has detrimental effects to a person’s overall quality of life, therefore the

maintenance of mobility is prioritised in MS patients (Sutliff, 2009). To measure mobility,

current gold-standard approaches are expensive in terms of both the equipment and time.

They are also typically lab-based and therefore not representative of the variability in real-

world walking.

The Mobilise-D consortium of experts aim to validate the use of wearable digital sensors to

help understand and analyse gait in clinical settings. Parameters known as digital mobility

outcomes (DMOs) are extracted from sensor data (specifically in this project, gait-related

DMOs), and analysed to understand the patient’s ability to walk. This is a representative

measure of the patient’s overall disability.

With most of this being in the validation stage, there is little work in the actual application

of these DMOs. The main focus of this project is on applying these DMOs, by creating a

visualisation tool for clinicians that shall help them form conclusions, from DMOs extracted

from a single IMU sensor worn at the lower-back, about the gait quality of their MS patients.

With this, the clinician can then make more informed decisions and provide better treatment.

1
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1.2 Aims and Objectives

The main aim is to create a web visualisation interface for DMO data, for clinicians to easily

make conclusions about their MS patients’ gait. This involves allowing clinicians to easily

upload patient walking data collected from a single wearable inertial measurement unit (IMU)

sensor, worn at the lower-back. DMOs should then be automatically extracted and visualised

in ways that aid clinician decisions surrounding treatment of an MS patient’s gait and thus

overall mobility. Features must meet real clinician needs and wants during gait analysis.

1.3 Overview of the Report

This report is structured as follows:

1. Introduction: some background about the project, aims and objectives and report

structure.

2. Literature survey: summary of all preliminary research. Topics explore MS as a

condition, DMOs and their validity, and visualisation tools and techniques.

3. Requirements and analysis: requirements (functional, non-functional and input

data). Also, the iterative design process and results, analyses on target user, required

tools, ethical considerations, potential risks and final evaluation method.

4. Design: exploration of data storage requirements, proposed application flow and visual

design mock-ups.

5. Implementation and Testing: showcase of implemented features with explained

code snippets. Testing methods (unit testing, manual testing and user testing) are also

described.

6. Results and Discussion: success of the project in terms of meeting requirements and

satisfying the target user, and suggestions for possible future work.



Chapter 2

Literature Survey

This chapter presents preliminary research. First, this chapter introduces what MS is and

how it affects the gait of people with MS (pwMS). Then, the validity and extraction of

DMOs are analysed, alongside identification of relevant DMOs. Finally, visualisation tools

and techniques are explored to determine relevant features for the final system.

2.1 Multiple sclerosis

2.1.1 What is multiple sclerosis?

Multiple sclerosis is an autoimmune condition that affects the central nervous system, which

consists of the brain and spinal cord. The immune system becomes self-destructive and

attacks the protective cover of nerves, called myelin. Myelin aids in communication between

neurons and, as a result, patients often experience a deterioration of basic functions such as

sight and movement. (Cleveland Clinic, 2024)

2.1.2 Main types of multiple sclerosis

MS can be categorised into three different main types. These types are not indicative of

condition severity, but rather how the patient’s symptoms occur.

The first is relapsing remitting MS (RRMS). This is often the initial type that patients are

diagnosed with. This is when patients experience symptoms in cycles of relapses (worsen)

and remissions (get better).

The next type usually comes after RRMS - secondary progressive MS (SPMS). This is when

3
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the patient doesn’t experience cycles of relapsing and remitting symptoms anymore. The

symptoms remain steady and gradually worsen.

Finally, the third main type is primary progressive MS (PPMS), where symptoms gradually

worsen from the very start (MS Society, no date).

2.1.3 Effect of multiple sclerosis on gait

One of the main problems of MS is the deterioration of gait quality. Online surveys were

conducted to evaluate the impact of gait impairment from the perspective of pwMS and their

caretakers (Larocca, 2011). 41% of those with MS reported difficulty walking, of which 70%

found that it was the most challenging part of having the disease. Consequently, maintaining

mobility is one of the highest priorities for pwMS (Sutliff, 2009).

More specifically, studies commonly reported a decrease in gait speed, and step and stride

length (see difference in figure 2.1). Some studies also reported decreases in swing period

duration, increases in stance period percentage and increases in step width (see figure 2.1)

(Coca-Tapia et al., 2021). These are all examples of gait-related DMOs, which will be inves-

tigated further in the sections below.

Figure 2.1: Illustration of step width, step length and stride length
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2.2 Digital mobility outcomes

2.2.1 Validity in assessing multiple sclerosis

There is ongoing work in validating the use of DMOs in monitoring diseases that impair

gait, including MS. The main advantage of DMOs is that they can be extracted from simple,

wearable sensors. This makes gait assessment less expensive (than e.g. complex camera

systems) and the hope is that results can be more representative of real-world walking as

data can be collected while patients go about their daily lives. Thus, successful validation of

DMOs will greatly advance treatments of gait-impairing diseases like MS.

A longitudinal study of 600 pwMS (Brittain et al., 2023) found that gait-related DMOs

were able to differentiate between the different types of MS. People with PPMS and SPMS,

compared to those with RRMS, had shorter walking bouts (WBs), fewer turns, slower gait

speeds, shorter stride lengths and step durations.

To add, there is an older scoping review (Polhemus et al., 2021) over existing studies that

sought to assess the clinical utility of DMOs, across different conditions (including MS). For

MS, this review found several DMOs were able to distinguish between different, known levels

of gait. There was also good association between many DMOs and other validated measures

of disease severity. However, there was limited evidence for the predictive validity, ecological

validity, and responsiveness of DMOs.

At the time of writing, the official Mobilise-D clinical validation study (Mikolaizak et al.,

2022) is still ongoing. It is a longitudinal study of 2400 participants that is looking to solidify

the clinical utility of DMOs in measuring and monitoring impaired mobility.

There is clearly still work to be done on validating the use of DMOs in real-world, clinical

settings. This project can therefore be viewed as ’preparation’ for when DMOs are fully

validated - a tool that is readily available for clinicians to easily make sense of these DMOs

and provide more informed treatments for mobility in pwMS.

2.2.2 Core algorithms for extraction from inertial measurement unit data

Patients can wear an inertial measurement unit (IMU) sensor and continue living as normal,

as data is continuously collected. However, IMU data itself is meaningless. DMOs, such as

gait speed, must be extracted from this IMU data using specific algorithms.

Technical validation of algorithms that extract gait-related DMOs from single IMU sensors

worn at the lower back has been carried out by Mobilise-D (Micó-Amigo et al., 2023). This

study evaluated different algorithms for estimating gait sequence detection (GSD) and foot
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initial contact detection (ICD). These are imperative for identifying periods of walking and

steps taken. These are prerequisites for extracting any kind of DMO. The study also evaluates

estimation algorithms for cadence (CAD) and stride length (SL), which are DMOs. These

can be interpreted as the ”main” algorithms for extracting DMOs that will be used to derive

other DMOs. The top performing algorithms in MS for GSD, ICD and CAD had relatively

high overall performance scores, while the top performing algorithm for SL remained on the

lower side. This highlights that the algorithms on which this project will be built upon,

will be generally reliable, though for the SL algorithm comparatively less so. In particular,

this hints that temporal DMOs (e.g. CAD) may be more reliable than spatial DMOs (e.g.

SL) displayed in the final system. The study mentions that the poor performance for SL

could be due to turns and non-straight walking patterns of real-world walking. However,

this is unjustified, since the main aim of DMOs is to better represent real-world mobility.

Nonetheless, more research on SL algorithms is required for the final system of this project

to present better estimates of SL.

Referencing the same study, it is useful to consider that the algorithms for CAD, ICD and SL

performed generally worse for shorter duration WBs and slower gait speeds. Higher errors

(greater than 50%) in the study were observed in durations and speeds specified in table

2.1. The study observed that algorithms performed significantly worse when the subject’s

walking speed was below 0.5 m/s. This suggests that this project’s final system would be

most suitable for longer and higher speed gait assessments than values shown in table 2.1.

This may be unsuitable for patients with more severe disability. However, this is crucial to

consider when fairly evaluating the results displayed by the final system. This highlights the

need for more research to create algorithms that avoid this problem, to make results displayed

by this project’s final system more reliable.

DMO Walking bout duration Gait speed

Step duration (from ICD) 8.37± 4.71s 0.44± 0.24m/s

CAD 8.88± 5.97s 0.28± 0.09m/s

SL 13.03± 10.53s 0.36± 0.13m/s

Table 2.1: Means ± standard deviations of walking bout durations and gait speeds that had
relative errors greater than 50% (compared with values from the reference system) for each

DMO. (Micó-Amigo et al., 2023)

2.2.3 Gait speed estimation and Mobilise-D algorithm pipelines

The Mobilise-D algorithm pipelines were created from results of the study analysed in sub-

section 2.2.2. There are two different recommended pipelines, constructed from the top-

performing algorithms for each gait-impairing condition. Thus, there is a recommended

pipeline specifically for MS.
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A study was conducted on the validation of gait speed estimation with the Mobilise-D algo-

rithm pipelines (Kirk et al., 2024). The study found overall positive results. As the study

describes, gait speed is a ”composite measure”, because it is derived from final results from

the pipeline. This study therefore supports the reliability of the overall Mobilise-D algorithm

pipelines in extracting accurate DMOs. However, it was also discussed that some results were

negatively impacted by slow WBs (as seen in sub-section 2.2.2), which further emphasises

the need for more research to improve algorithms for patients with severely impaired gait.

2.2.4 Implications on the validity of data displayed on this project

Although these research findings are not completely positive for the project, expectations can

be set on the overall usefulness and validity of the final system. Until DMOs are completely

validated and the gaps in the performances of current algorithms are addressed, the validity

of the results visualised in the final system can be challenged.

2.2.5 Relevant digital mobility outcomes for MS

DMOs that best highlight mobility impairments and disease severity in MS should be iden-

tified. There are many DMOs that can be extracted. Shah et al. (2020) verifies that DMOs

discriminate mobility impairments differently across different conditions, so to better analyse

gait in pwMS, only a select group of DMOs should be focused on.

Shah et al. (2020) tested which DMOs best discriminated between pwMS and a healthy

control group. Results can be found in figure 2.2. Nine DMOs with Area under Curves

(AUC) scores greater or equal to 0.80 are considered to have good discriminatory ability and

the final implementation should prioritise these DMOs.
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Figure 2.2: Discriminatory ability of DMOs between pwMS and a healthy control group.
Higher AUC value indicates better discrimination. (Shah et al., 2020)
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The same study investigated correlations between these discriminative DMOs and MS sever-

ity (represented by existing clinical scores/measures). Significant correlations were found

between the Patient-Reported Expanded Disability Status Scale and double support per-

centage, swing percentage, pitch at initial contact and pitch at toe off CV (representing the

variability of pitch at toe off). Although only close to statistical significance, there were

also correlations between the median strides per bout and The Modified Fatigue Index Scale.

Finally, there were also correlations between gait speed and the Timed 25-Foot Walk test.

Therefore, these DMOs should be noted, as there is some evidence of being reflective of MS

severity.

2.3 Visualisation

2.3.1 Data types involved and visualisation requirements

To establish how to best visualise data, understanding the type of data concerned is crucial.

The data involved in this project is multivariate and heterogenous. There are many numerical

gait parameters (DMOs) that can be extracted and analysed together. DMOs can also be

defined on many levels - aggregated metrics (e.g. mean) across all identified walking bouts

(WB), per WB or per stride of a given WB. Additionally, these are associated with patients

of different MS category types and backgrounds. This project therefore requires visualisation

techniques for analysing multivariate and heterogenous data. Furthermore, techniques focus-

ing on the progression of parameter values over time will be useful. Sub-sections below will

uncover useful data visualisation techniques, beyond simple approaches such as a bar chart

or line graph.

2.3.2 Parallel coordinate plots

Parallel coordinate plots (PCP) are useful for analysing multiple numerical variables. Each

variable has its own axis with different or normalised scales. Each record would have values for

each variable, with points plotted on respective axes and connected to create a polyline across

all axes. The axes order can be shifted to bring desired variables closer for analysis and specific

polylines can be highlighted to focus on specific records (called brushing). Correlations

between variables can then be identified depending collective positioning of polylines (The

Data Visualisation Catalogue, no date-a).
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Figure 2.3: PCP for vehicle stats (The Data Visualisation Catalogue, no date-a)

This will be useful in finding correlations between multiple DMOs at once, or comparing

DMO values for different selected strides/walking bouts.

2.3.3 Parallel set plots

Parallel set plots (PSPs) are useful for analysing multiple categorical variables (e.g. gender).

An axis is divided into separate parts for each sub-category (e.g. male, female) with widths

proportional to their prominence within the respective category in the dataset. Each ”ribbon”

(coloured shapes in figure 2.4) is connected across all dimensions, representing the proportion

of records that are in each category. As one analyses further down the plot, percentage

intersections between the categories are revealed (The Data Visualisation Catalogue, no date-

b).

Figure 2.4: PSP representing categorical distribution within Titanic survivors (Jason
Davies, no date)
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PSPs would be useful when working with system-wide data, where more records with cate-

gorical data are available. They may be useful for providing additional context to assist in

any hypotheses the clinicians may have. For example, of all male patients in the system, how

many suffer from PPMS? This offers insights into the likelihood of a male patient actually

having PPMS.

2.3.4 Mosaic plots

Mosaic plots are another way of visualising multivariate categorical data. They represent

the proportion of records in the dataset within each combination of categories. However,

PSPs show how each category splits off into other categories, while mosaic plots highlight

the data distribution across category sets more clearly through cell area. Mosaic plots are

however typically limited to two to three variables; anything more makes analysis difficult.

Thus, mosaic plots can be used as an extension to PSPs, offering a more focused analysis of

categorical data distribution with fewer variables in isolation.

Figure 2.5: Mosaic plot of student goals at different locations (JMP, no date)

2.3.5 Box plots

Box plots quickly show key distribution figures for a given variable (maximum, minimum,

upper and lower quartiles, median). They will be useful for summarising the values of a

specific DMO across several identified walking bouts or strides.
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Figure 2.6: Key regions of a box plot (The Data Visualisation Catalogue, no date-d)

2.3.6 Radar charts

Radar charts might be useful in comparing overall gait performance between patients or

walking bouts. Multiple DMOs can be added as separate axes on the radar chart, with each

record’s DMO values plotted on the axes and connected to form polygons. The shape and

area of a polygon can be interpreted as an overview of overall performance. It is possible to

have more than one (translucent) polygon on the radar chart to compare different records

easily, but this should be limited to aid readability. There may be a need to normalise the

scale across all DMOs, which have different units and value ranges, to avoid misinterpretation.

Figure 2.7: Components of a radar chart (The Data Visualisation Catalogue, no date-e)
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2.3.7 Heatmaps

A quick graphical way to spot areas of concern or correlation as variable values are displayed

with colours from a scale. This technique offers straightforward visual comparisons between

DMO values. Heatmaps are good for multivariate data. Typically the rows and columns

represent categorical variables, while the cells contain either numerical or categorical data

(The Data Visualisation Catalogue, no date-c).

Figure 2.8: Heatmap of temperatures throughout the year for different towns (The Data
Visualisation Catalogue, no date-c)

2.3.8 Data requirements and visualisation in healthcare

The main aim of clinicians with data visualisation is to make quick and well-informed con-

clusions on the patient’s current and projected condition (here, on the patient’s mobility) so

that they can provide suitable treatments.

One data source in healthcare is electronic health records (EHRs), which are patient profiles

with information such as medical and treatment histories. This concept can be replicated in

the system to provide familiarity for clinicians and is also a more organised storage of patient

data. Additionally, as this data is sensitive, substantial consideration has to be placed on its

secure storage.

Dashboards are common in healthcare, offering complete overviews of key figures, charts

and graphs. Combining dashboards with EHRs, patient outcome dashboards provide a well-

rounded health overview of specific patients (Medesk, no date). A cluttered design should be

avoided and clinicians should be able to explore components of the dashboard more deeply

if need be (Vaniukov, 2024; Dunskiy, 2023).
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Figure 2.9: Patient outcome dashboard (Czaban, 2024)

Another common concept is interactivity. Clinicians often require many visualisations to

deepen their patient analysis, and it is not efficient to try to show every single possible graph.

It is simpler to allow the clinicians to manually manipulate existing graphs and dataset filter

settings (Dunskiy, 2023).

When visiting any clinic/hospital, infographics and posters can be seen throughout hallways

because they offer concise and illustrated views of medical concepts (e.g. body parts affected

by disease). Although this project is more clinician-facing and infographics/posters are often

more targeted towards the public, these visualisation techniques are worth considering due

to their easily-digestible nature.
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Figure 2.10: Infographic of the symptoms of MS (Northwestern Medicine, 2022)
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2.3.9 Review of existing visualisation tools

Evaluation has been conducted on existing tools that create visualisations and analyse gait

data. Table 2.2 provides a summary of noteworthy strengths and gaps of the systems anal-

ysed. These are considered during requirements gathering and design stages.

System Strengths Gaps

RunScribe
• Summary dashboard of key gait

stats and community data.

• Gauge charts to classify data (e.g.

high/low).

• Change visualisation options like

data smoothing or units used.

• Grouping related metrics and

colour-coding.

• Time series line graphs partitioned

into stance and swing phases.

• Connect with other users and man-

age/view their data.

• Comparison tool between custom

stat sets, with different views (e.g.

graph, precise values).

Mainly uses time series line graphs,

lacking other graph and chart types

that may provide more insight.

Proto

Kinetics

Move-

ment

Analysis

Software

• Can run video recording of walking

test with a running visualisation of

corresponding footsteps.

• Table of gait measurements can be

easily exported into Excel to create

visualisations.

• Select a record in table and high-

lights corresponding point in visu-

alisation.

• Colour coding of pressure in steps.

• Show preset time series line graphs

in separate windows as needed and

organise in view for analysis.

• Relies on Excel visualisations.

• Old software and interface.
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System Strengths Gaps

GaitSmart
• Labels data at respective positions

where sensors are placed, in an il-

lustration of the body.

• Provides aggregate percentage

scores for the assessment.

• Values highlighted with traffic

light colour coding to highlight if

in/outside normal range.

• Personalised exercise suggestions.

• Patient demographic and recording

details.

• Lacking graphs or charts.

• In a generated report format, not

an app so lacks interactivity and

customisation.

Table 2.2: Analysis of strengths and gaps of existing visualisation tools

Information sourced from RunScribe (https://runscribe.com), ProtoKinetics

(https://protokinetics.com), and GaitSmart (https://www.gaitsmart.com).

2.4 Summary

Multiple sclerosis worsens the gait of pwMS, and this can be measured by DMOs extracted

from an IMU sensor worn in everyday life. Certain DMOs better than others at representing

MS and its severity. Validation of DMOs is still in-progress and estimation algorithms are

not completely perfect. Therefore, data that will be visualised may not be 100% reliable until

validation is complete and improvements to algorithms are made. Still, this project readily

provides a tool for clinicians to visualise and make sense of patient gait. Finally, there are

many useful visualisation techniques used in existing systems that should be considered.



Chapter 3

Analysis

Firstly, the target users of this project are defined. Then, the iterative approach is described

for collecting project requirements that satisfy the target users. IMU sensor input data,

functional and non-functional requirements are outlined, which are then prioritised. Technical

details for implementation are explored, specifically required tools and technologies. This

chapter then concludes with relevant ethical issues, possible project risks and a planned final

method of evaluation.

3.1 Target user and needs

The target users are clinicians that have patients with MS and are looking to assess their

gait through data collected by a single IMU sensor worn at the lower back. The values

produced by the IMU sensor are uninformative. Clinicians need this data extracted into a

more meaningful form (DMOs) and visualised, so they can create useful conclusions about

gait. With insight into the patient’s ability to walk and thus mobility, the clinician can

recommend treatments for maintaining mobility with MS.

3.2 Iterative requirements gathering and design

To ensure that this project implements features that are useful to clinicians, an iterative

approach is used for gathering requirements and finalising designs. Due to time constraints,

only one iterative step will be done, but this would still be sufficient in capturing clinician

needs and wants.

18
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3.2.1 Methodology

Initial requirements and prototypes were created using research from chapter 2. A ques-

tionnaire was then created on Google Forms to gather feedback on these initial designs and

requirements. This was then sent out to clinicians that have worked with patients with MS.

Results were then considered when finalising project requirements (section 3.3) and designs

(chapter 4). Feedback was collected under the approval of The University of Sheffield’s Ethics

board. Copies of the questionnaire, participant information sheet, consent form and ethics

approval letter are available in appendices A, B, C and D respectively.

The feedback questionnaire was structured into individual sections to initially build an un-

derstanding of the project before collecting feedback:

Section one firstly includes a brief introduction and a reference to the participant information

sheet, which contains essential information about the overall project, the questionnaire’s

purpose and content.

Section two integrates points from the consent form, so responses are only considered if all

consent points are agreed to.

Section three verifies that they are clinicians working with patients diagnosed with multiple

sclerosis (MS), or if not, their related profession.

Section four presents the initial lists of data requirements, and prioritised functional and

non-functional requirements. This is to build an initial understanding of planned system

features.

Section five contains a reference to the Figma design file with the mock-ups (Hum, 2025-a),

with one short 5-minute video briefly explaining each mock-up page (Hum, 2025-b). This is

accompanied by a longer, optional 25-minute video with more in-depth explanations (Hum,

2025-c). These visual resources develop on the initial understanding.

The final section six contains open questions to collect feedback about the initial requirements,

mock-ups and intended visualisations. Then, respondents are asked to give a rating on the

overall usefulness of the system.

3.2.2 Results

Five clinicians, who have experience working with patients with MS, filled out the ques-

tionnaire. As the questionnaire is dominated by open questions, summaries of answers are

provided in this sub-section.



3.2. ITERATIVE REQUIREMENTS GATHERING AND DESIGN 20

Category Points

Functional

requirements • Change from individual clinician accounts to health centre ac-

counts, as clinicians may share patients.

• Clinicians are unfamiliar with generating CSV files. Better

to integrate with wearable devices to extract data from them

directly.

• Offering data transformations into correct units and coor-

dinate system are must-haves.

• Reference ranges are a must-have to interpret results in context.

• Highlight areas of interest. For example, the presence of

any abnormalities.

• Creating new custom visualisations are a must-have.

• Integration with electronic health systems rather than stan-

dalone additional system (could-have).

• Add non gait/MS-related data, such as patient injuries and

feelings during gait assessment, to reference alongside gait re-

sults.

Non-functional

requirements • Emphasis on secure storage of data, because medical data is

sensitive information.

• Ensure colours used are colour-blind friendly.

Visualisations
• Three clinicians expressed approval of planned visualisations in

initial mock-ups.

• Particularly appreciated the different displays of data, pro-

gression of values and comparisons with previous record-

ings.

• Each plot requires sufficient textual description as clinicians are

unlikely trained in statistics to be able to form interpretations.

• Technical wording should be simplified. For example, ”ag-

gregate” to ”overview” and ”per walking-bout” to ”each

walk”.

Usefulness in forming

practical conclusions

about patient mobility

Average score of 7.6/10.

Table 3.1: Summary of points received from feedback questionnaire about initial
requirements and mockups
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These results have been considered in the final set of requirements (section 3.3) and during

development. Some of the suggestions were infeasible for the scope and duration for this

dissertation project, but are considered as potential future work.

3.3 Project Requirements

IMU sensor data, functional and non-functional requirements are listed below. IMU sensor

data requirements involve expectations surrounding the core input data for extracting DMOs.

Functional and non-functional requirements define features and attributes of the system, and

they are assigned priorities according to the MoSCoW method (M = must have, S = should

have, C = could have, W = won’t have). Those classified as ”won’t have” are less realistic

given time and resources, but will be considered as future work.

3.3.1 IMU sensor data requirements

These are requirements on the IMU sensor data uploaded into the system, so that expectations

are set on what types of input data the system can handle. Specifically, these are expected

by the DMO extraction library used in this project, mobgap (Küderle et. al, 2024).

# Requirement

1 Input data should consist of raw values collected by an IMU sensor worn on

the lower back by a person with MS.

2 Input data should contain acceleration values in m/s2 and angular velocity

values in deg/s, for all x, y, z directions.

3 IMU sensor must be worn such that the resulting coordinate system aligns

with mobgap’s expectations (see sub-sub-section 3.4.1.1).

4 Basic patient and recording metadata of the input data known. Sampling rate

(hz), sensor height (m), patient height (m), and measurement setting (lab or

real-world) are mandatory.

Table 3.2: IMU sensor data requirements

3.3.2 Functional requirements

Functional requirements are about the concrete functions and features of the system.



3.3. PROJECT REQUIREMENTS 22

# Requirement Priority

1 For a new gait analysis, the user is able to upload a CSV of sensor

data and input other details (for data requirements and additional

descriptions) to automatically generate relevant, pre-defined data

visualisations.

M

2 There should a section detailing important input data requirements

to ensure reliable information about patient gait is extracted.

M

3 Where applicable, the user is able to edit the settings of a given data

visualisation (e.g. pick specific data records to visualise).

M

4 The user is able to create their own account that will hold all their

patient and gait analysis data.

S

5 The user is able to create new patients to store their background

information (e.g. age and sex) and gait analyses.

S

6 The user is able to effectively filter through gait analyses and pa-

tients.

S

7 The user is able to select subsets of data to compare (e.g. between

average DMOs of two patients). Different visualisations should be

used for comparison (e.g. graphs or table of precise values).

S

8 A reference range should be provided with colour coding for DMO

values to provide context for analysis (e.g. what is considered low

vs. fast gait speed).

C

9 Each visualisation can be exported into an image format and saved

in the user’s device.

C

10 The user is able to create new, custom visualisations, outside of the

automatically generated ones.

C

11 There are useful infographics and posters conveying general infor-

mation about MS and gait, that may aid analysis.

C

12 The user is able to automatically transform their CSV data into the

appropriate format. Specifically: converting into the correct units

and coordinate system.

C

13 For a given patient, the user can view a patient outcome dash-

board/electronic health record summarising their current patient’s

gait condition and historical analyses.

C

14 The user is able to organise the layout of visualisations. C

Table 3.3: Functional requirements

There was feedback (sub-section 3.2.2) emphasising the need for custom visualisations and

direct integration with measurement devices. However, this is unrealistic with the time

available. Reference ranges were also desired by a clinician questionnaire respondent, but

due to the novelty of DMOs, there is insufficient information on reliable reference values.
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Hence, these are assigned lower priority.

Visualisations are the focus for this project, while features like user accounts and creating an

all-in-one gait analysis application are additional.

3.3.3 Non-functional requirements

Non-functional functional requirements relate to the quality of the system. This covers areas

like speed, security and ease of use.

# Requirement Priority

1 Data uploads are optimised and as fast as possible. M

2 The interface is optimised for desktop screens. M

3 Descriptions should be as simplified as possible for clinicians to easily

understand.

M

4 All information displayed is reliable and accurate for clinical analy-

sis.

M

5 All data is stored securely and can only be accessed by the right

users.

M

6 Navigation throughout and use of the system are easy, intuitive and

assisted if necessary.

M

7 Invalid interactions are correctly discouraged and the user is guided

towards the right paths.

M

8 The overall design and theme are modern, organised and aesthetic. S

9 Pages load quickly. S

10 Colours used are colour-blind friendly. C

Table 3.4: Non-functional requirements

3.4 Tools and technologies

In modern day software development, there are many frameworks and libraries that can be

leveraged to streamline implementation. This section analyses the core areas of implementa-

tion and what technologies will be used in each.

3.4.1 Digital mobility outcome extraction

DMOs are the main data that will be visualised. Mobgap (Küderle et. al, 2024) is the

official library developed by Mobilise-D for extracting DMOs and thus is the chosen library
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for extracting gait-related DMOs from IMU sensor data.

Mobgap provides Python implementations for both individual algorithms for extracting spe-

cific gait-related DMOs and complete high-level end-to-end pipelines for extracting the main

DMOs (cadence, stride length, stride duration, walking speed) from which other DMOs can

be derived. These pipelines were validated by the studies seen in chapter 2 (Micó-Amigo

et al., 2023; Kirk et al., 2024), and thus will be the main method of extracting DMOs.

Particularly, the recommended pipeline for MS (P2 in Kirk, et al., 2024) will be used.

3.4.1.1 Coordinate system

Attention has to be paid towards the inputs expected by mobgap, as these inputs will nat-

urally also have to be requested from the users. These have been outlined in section 3.3.1,

but the specifics on the coordinate system will be described here.

The coordinate system associated to the uploaded IMU sensor data must align with mobgap’s

expected coordinate system. Otherwise, the algorithms will not produce the correct output.

Put simply, the IMU sensor must be worn correctly - such that the orientation aligns with

the expected coordinate system.

Figure 3.1: Mobgap coordinate systems (Mobgap, no date-a)
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As seen in figure 3.1, there are four different coordinate systems that each define a set of

axes. However, only the sensor frame is important, which creates implications for how the

IMU should be worn. From the point of view of the wearer, the x axis points upwards, the

y axis right and z axis forward.

Functional requirement 12 involves converting the uploaded data into the right coordinate

system. There are two approaches for transformation, depending on whether the mounting

orientation of the sensor is known. This can be found in the sensor/manufacturer’s documen-

tation or with a test recording (Gaitmap, no date). This is dependent on the worn sensor

unit. Thus, the clinician has to personally determine the transformations. If mounting ori-

entation is known, transformation is simple by just using a fixed rotation matrix, otherwise

this rotation matrix has to be estimated using the data. Only when the coordinate systems

have aligned, then can the data be correctly transformed into the body frame (using func-

tions in mobgap) and ran through the pipeline. Due to the complexity of this process, the

requirement is low in priority.

3.4.2 Web development framework

The visualisation interface will be web-based, and there are many technologies that simplify

web-development. For this project, Next.js is used, a modern full-stack React framework.

In addition to familiarity, it has many advantages, from file-based routing to its React-

implementation. Additionally if required, this project be deployed easily using Vercel, a

platform for hosting Next.js projects.

3.4.3 Data visualisation

There are lots of front-end libraries available for creating and customising data visualisations,

such as D3.js, Chart.js and Plotly.js.

Customisability and interactivity are needed. For example, brushing and axes manipulation

in a PCP. Therefore, D3.js has been chosen, as it offers ample control and customisation to

developers. Example work to reference also exist on different plots and graphs.

3.4.4 Interface components

Given the strict time constraints, it is imperative to consider features that should and

shouldn’t be created from scratch. Component libraries, such as Shadcn UI, Chakra UI and

Ant Design, are available. These make it easy to add and customise attractive UI components

(such as drop-downs).
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Shadcn is chosen, due to its minimalistic and modern aesthetic, and ease of component

customisation.

3.4.5 Data storage

Data is extremely relevant in this project, from DMO values to account logins. Depending

on the project progression, either local storage on the user’s browser or a database will be

implemented. Features requiring user logins prompt the need for a standalone database.

Local storage inherently ensures security, while specific measures will need to be considered

for a database.

In a database, data must be linked; for example patients to their DMO data. Thus, a

relational MySQL database is the project’s choice. It is compatible with Prisma, which

is an object relational mapper frequently used to connect databases to Next.js projects.

Specifically, the free tier of Amazon Relational Database Service (RDS) would be used, a

cloud-based MySQL database. This is sufficient for academic projects, but also allows for an

easy transition to real-world deployment.

3.4.6 Connection between front-end and back-end

Due to the decision to use Next.js, a special connection is needed between the front-end

JavaScript framework and the backend in Python (to use mobgap). An API endpoint must be

created in Python, which can be called from the front-end. There are many web frameworks

for building APIs in Python, such as Flask, FastAPI and Starlette.

Due to the abundance of resources online about the integration between FastAPI and Next.js,

FastAPI has been selected.

3.4.7 Testing

Testing is required to ensure that implemented features function correctly. In addition to user

testing (section 3.7), automated unit tests will be created. React Testing Library with Jest

will be used to test front-end components function and display properly. Pytest will be used

to test back-end functionality such as DMO extraction. Finally, manual integration testing

will be conducted to ensure edge cases are covered, CSV files properly upload, visualisations

correctly generated and interactions work.
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3.5 Ethical, professional and legal issues

3.5.1 Feedback collection

The requirements gathering and evaluation processes will involve feedback collection from

real clinicians. These introduce ethical considerations.

An ethics application was created for the first feedback questionnaire, and approved by The

University of Sheffield Ethics Board. Copies of the consent form, participant information

sheet, and approval letter can be found in appendices B, C and D respectively.

This application was followed by an ethics amendment application, specifying additional

information for the evaluation process with clinicians (section 3.7). Copies of the amendment,

and modified portions of the consent form and participant information sheet can found in

appendices F, G and H respectively.

Surrounding personal information, questionnaires only collect email addresses and descrip-

tions of occupational background to identify the respondents. Additionally, identifying infor-

mation (e.g. names) are not revealed in the discussion of results in this report. Responses

are also destroyed within a month of this project’s completion date.

3.5.2 Sensitive data

As this project revolves around sensitive patient data, only information required for the

system’s functions should be stored. Only clinicians can access their own data that is stored

in local browser storage. For a standalone database, encryption should be enabled, and user

authentication and authorisation should be properly implemented.

For the scope of this dissertation project which is focused on visualisation, only synthetic

sample datasets provided by the developers of mobgap are used during development.

3.5.3 Tools and technologies

Acknowledgment and licensing of tools used are important. Specifically, use of the mobgap

library is described as demanded by its creators. All the tools and technologies mentioned

are also free to use.
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3.5.4 Research data

Finally, as per functional requirements 8 and 11, data collected in other studies may be

presented. These will have to be cited and referenced accordingly in the system, to state the

source and attribute work done to its owners.

3.6 Risks analysis

Table 3.4 shows the potential risks concerning this project and mitigation measures that will

be taken to prevent their occurrence.

Risk Mitigation measure

Clinicians don’t find the system useful. Iterative approach to gathering require-

ments and system design will establish their

needs and wants early. Prioritisation of re-

quirements also ensures most important fea-

tures are delivered.

Mobgap is still under development and new,

unexpected updates may affect progress.

Contact developers to get an idea of plans

for the library throughout project duration,

and adjust project plan if necessary.

Final system is buggy or hard to use. Thorough testing procedures involving au-

tomated unit testing, user testing, and inte-

gration testing. Maintain passing test cases.

Use of unfamiliar tools (e.g. D3.js) take too

long to learn.

Plan a dedicated learning period for learning

the basics. Work with these tools early to

develop understanding.

Final system is incomplete. Prioritise establishing final requirements

and designs early, so that development can

begin early.

Table 3.5: Potential project risks and respective mitigation measures

3.7 Evaluation

As this project is targeted towards clinician use, their satisfaction and perceived usefulness

of the final system is important. Thus, user testing involving relevant individuals will be

conducted, where they will assess the system’s usability and efficacy.

User testing will be conducted either in-person or remotely using Chrome Remote Desktop
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(CRD). CRD will allow the clinician to view the screen of another computer, with cursor

control to navigate through and use the locally-hosted interface.

Basic understanding of this project’s aims is expected before interacting with the system.

Additionally, sample IMU CSV data files with associated metadata will be provided.

Clinicians should then freely use the system without intervention, to mimic an actual user.

They are encouraged to describe their thoughts and decisions aloud as they run through the

system. The entire process will be voice and screen-recorded for reference afterwards.

After satisfied with their use, they will be asked to fill out a questionnaire (appendix E).

This will contain the integrated consent form (appendix G), participant information sheet

(appendix H) , and questions about system usability, adherence to project requirements and

system effectiveness.

An amendment of the initial feedback ethics application (appendix F) is sufficient for this

evaluation exercise. Results from the recordings and questionnaire are then analysed to

suggest future improvements.

3.8 Summary

In this chapter, clinicians have been identified as the core target users. Initial requirements

and designs have been iterated on with feedback received from clinicians. Data, functional

and non-functional requirements have been established and prioritised. Relevant tools and

technologies for implementation have been identified and chosen. Finally, consideration has

been performed on ethical issues, risks and the final evaluation process.



Chapter 4

Design and Planning

Planning the appearance and features of the system is crucial before implementation. Equipped

with the knowledge of useful visualisation techniques and clinician needs and wants, this chap-

ter presents specific data storage requirements, application flow and initial visual mockups.

4.1 Data storage

The first step is to properly establish what sort of data will be stored and visualised.

The core data are DMOs, which are extracted through the mobgap library. Through analysis

of mobgap’s documentation (Mobgap, no date-a), it has been determined that gait parameters

(or DMOs) are extracted by the pipelines on three different levels: aggregate, per-walking

bout (WB) and per-stride.

4.1.1 Per walking-bout level DMOs

A gait recording might run throughout an entire day, but the patient is not necessarily walking

at all times. Mobgap therefore identifies valid WBs using the GSD and ICD algorithms

discussed in sub-section 2.2.2.

Per-WB level DMOs are defined under each identified WB. Specifically, the total number of

strides, WB duration (s), cadence (steps per minute), stride length (m), and walking speed

(m/s).

30
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4.1.2 Aggregate-level DMOs

These are summarized metrics of the per-WB level DMOs. Mobgap pipelines extract 24 in

total, under specific time intervals (Mobgap, no date-b). For example, the average cadence

over all identified WBs, or isolated to only WBs that are at least 30 seconds long.

However, there are inconsistencies in the defined aggregated parameters by mobgap. For

instance, maximum WB duration is defined over all WBs, but not for the WBs within the

interval of 10 to 30 seconds. Küderle (2025) (a mobgap contributor) stated that these are

validated aggregations for clinical reliability and consistency. The paper verifying this has

not been published at the time of writing.

Therefore, custom aggregations will alternatively be calculated. Specifically, the maximums,

minimums, averages and variances of the gait parameters mentioned in sub-section 4.1.1, over

all WBs. Total duration of all WBs and WB count are also useful and will be incorporated.

4.1.3 Stride-level DMOs

Finally, WBs are made up of individual strides, so gait parameters are also defined under

individual strides of each WB. Notably, a left/right label, stride duration (s), cadence (steps

per minute), stride length (m), stride duration (s), and walking speed (m/s).

4.1.4 Database diagram

A database diagram (figure 4.1) was created using the Unified Modelling Language (UML). It

includes the storage of all parameters mentioned in previous sub-sections, as well as personal

information such as user accounts and supplementary patient data. This covers all the data

required to implement all functional requirements.

However, the main project focus is visualisation, and an entire database is complex. Thus,

this entire diagram will only be implemented if time permits.

An initial implementation of data storage using the browser local storage and JavaScript Ob-

ject Notation (JSON) will be prioritised. This will involve a subset of figure 4.1 (surrounded

by the red box). Specifically, only data fields from the tables analyses, per stride parameters,

per wb parameters, and aggregated parameters. As local storage should only store limited

data, there will only be one analysis (only one set of gait parameters at each analysis level)

saved at a time. This is sufficient in creating most visualisations and fulfilling the must-have

requirements. On early completion, it should be extended to a database to store more data

and expand possibilities for visualisations.
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Figure 4.1: Database design of planned tables, fields and associations. Area inside red box
signifies data fields that will be prioritised and included in the initial JSON
implementation. PK and FK represent primary and foreign keys respectively.

4.2 Application flow

Figure 4.2 shows the planned application flow for the complete implementation of all require-

ments. Each state (box) represents a page. It starts with basic authentication functionality,

such as logins/registration and password resets. Once the user is logged in, they can access

and manipulate their list of patients. Clinicians can then select for a given patient, to view

the gait analyses of, which they can manipulate and create new ones of. Finally, clinicians

can select a specific gait analysis to look into, which can be explored on the three different

levels (section 4.1), where the relevant visualisations can be examined and manipulated.

To account for time constraints, priority will be assigned to the components inside the red

box. This segment is sufficient to fulfill the main focus of visualisations and must-have

requirements. Instead of storing many patients with several gait analyses, there will be

one form for the user to submit a CSV file and other essential metadata. Then, only one

concurrent set of DMOs will be stored and visualised on the different levels.
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Figure 4.2: Application flow state machine diagram. The area inside the red box, and the
text coloured red are must-have, high priority features.

4.3 Mockups

This section presents the initial mockups that were designed to develop a visual understand-

ing of the interface’s features. These mockups were also presented in the initial feedback

questionnaire. They attempt to fulfill all the requirements (section 3.3). However, emphasis

has to be placed on the focus of visualisation. Sections below highlight the designs that are

essential to this focus - those that are not labeled ”(high priority)” are more optional and

may be left as future work.
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4.3.1 Clinician authentication

Basic pages for authenticating clinicians as valid users of the system. These include typical

login and registration forms, and password reset functionality implemented by a customary

reset request email.

(a) Login (b) Registration

(c) Forgot password (d) Password reset form

Figure 4.3: Authentication pages

4.3.2 Patients

4.3.2.1 Patients list

When the clinician logs in, they are greeted by a paginated list of their patients. This page

includes all the useful background data on each patient, with functionality to filter specific

patients according to their background.

From here, clinicians can create, edit, and delete patients. Additionally, by clicking on

”analyses”, they are directed to a list of the given patient’s analyses (sub-section 4.3.3).
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Figure 4.4: List of clinician’s patients

4.3.2.2 Creating a new patient

This modal window pops up when the ”new” button (figure 4.4) is clicked. It encloses a

form for creating a new patient. Essential fields are highlighted with ”*”, while fields like

”diagnosis date” may be unknown and left empty. By checking the ”public?” checkbox, the

clinician grants the use of the patient’s data in the ”population insights” feature (sub-section

4.3.4).

The form for editing a patient will be the same, differing by merely the pre-filling of fields

with existing patient data.
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Figure 4.5: New patient form

4.3.3 A patient’s analyses

4.3.3.1 List of analyses for a given patient

Similar to the patients list, this is a list of the analyses created for a given patient that

is accessed by clicking on the ”analyses” button (figure 4.4). It displays basic information

about each analysis, with filtering functionality. The clinician can also create a new analysis,

and update and delete existing ones. The ”analyse” button will direct the clinician towards

selecting a given analysis level and then viewing the actual visualisations (sub-section 4.3.5).
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Figure 4.6: List of analyses for a given patient

4.3.3.2 Creating a new analysis (high priority)

Figure 4.7 features the form that appears when clicking on the ”new” button in figure 4.6.

This requests additional data, such as name and description, and mandatory fields for the

mobgap pipelines like the CSV file, sampling rate and measurement setting (real-world or

laboratory). The checkbox to publicise the analysis, which allows other clinicians to use this

analysis for comparison (see sub-section 4.3.6).

This form is of high priority, to collect necessary information for DMO extraction.
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Figure 4.7: New gait analysis form

4.3.3.3 Editing an analysis

Only the fields seen in figure 4.8 can be modified for a given analysis. Since DMOs will

be extracted upon analysis creation and the CSV file won’t be stored (to minimise storage

requirements), pipeline-relevant fields, such as frequency, cannot be modified.

Figure 4.8: Form for editing an analysis
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4.3.3.4 CSV data file requirements

This popup appears when the ”data requirements” link on the new analysis form is clicked

(figure 4.7). These detail format and data expectations of the CSV file. There is also a link

to download an example file.

Figure 4.9: CSV data file requirements popup

4.3.4 Population insights

This page (figure 4.10) focuses on categorical patient data (e.g. age, gender) to provide more

context to any gait-related conclusions made by the clinician.

The first visualisation is a parallel set plot, which illustrates the distribution of patient

background categories in the system, and how they intersect with each other.

The second visualisation is a mosaic plot comparing a patient background category against

corresponding average values for a focus DMO. This serves as a reference for expected DMO
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values given a demographic.

Figure 4.10: Parallel set and mosaic plot visualisations for insights into system-wide patient
background information

4.3.5 Pick an analysis level

When the clinician clicks on one of the ”analyse” buttons (figure 4.6), they are greeted with

the page in figure 4.11. The clinician can see the inputs they submitted for the gait analysis,

and as well as a menu for diving deeper into a specific analysis level that contains the actual

visualisations.
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Figure 4.11: Details page of a given gait analysis, with a menu for diving into a specific
analysis level

4.3.6 Aggregate/summary level analysis (high priority)

This page contains visualisations that summarise the current, selected gait analysis. For

example, it contains stat cards on total walking bouts and duration (figure 4.12). The focus

is on summarising all the DMO values across all identified WBs.
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Figure 4.12: Top of ”aggregate analysis” page with useful stat cards about detected WBs

A useful feature is the ability to compare with aggregate metrics of other gait analyses in the

system (also explained in figure 4.12). By clicking on the blue hyperlink, the user is greeted

by the window in figure 4.13. It contains a list of available analyses to compare with the

current analysis. Each analysis can be expanded to show more details about it. The analyses

include ones owned by the logged-in clinician, or by other clinicians who have decided to

make their analyses public.

Figure 4.13: List of analyses available to compare the current analysis with
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4.3.6.1 Table of all aggregated parameters

This table contains precise values on aggregate metrics (maximum, minimum, average and

variance) for each DMO. The clinician can add aggregates for other analyses and DMOs,

using the drop-downs.

Figure 4.14: Table of precise values for aggregate metrics of DMOs

4.3.6.2 Radar chart of overall gait performance

Gait analyses are compared by their shape. This includes the current analysis, with other

selected, comparable analyses from figure 4.13. Their corresponding average values for each

DMO are plotted on each axis. The axes can be re-ordered by dragging them around, to offer

a different perspective. As with many of the future visualisations, there is a limit set (3) to

reduce clutter.
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Figure 4.15: Radar chart comparing the overall performances between different gait analyses

4.3.6.3 Violin/box plot of DMO distribution

This is a combined violin and box plot which provides insight into the distribution of values for

a focus DMO defined under walking bouts of different analyses. Similarly, the gait analyses

and focus DMO can be selected using the dropdowns.

Figure 4.16: Combined violin and box plot depicting the distribution of DMO values across
all walking bouts for selected gait analyses
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4.3.6.4 Histogram of DMO distribution

This provides another view of distribution through a histogram, which offers a more concrete

view of value intervals and corresponding frequencies. Similarly, intersecting distributions

can be plotted for a limited set of different analyses.

Figure 4.17: Histogram depicting the distribution of DMO values (with visible value
intervals and frequencies) across all walking bouts of selected analyses

4.3.7 Walking-bout level analysis

While the aggregate level examined DMO values across all WBs, this level of analysis contains

visualisations which focus on DMO values under specific walking bouts. There will be similar

visualisations to before, that simply plot specific WBs rather than aggregations over all WBs.

These will not be described as they serve the same function, but just offer analysis on a

different level.
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4.3.7.1 Table of all DMO values

This table presents the exact figures of the DMO values for each identified walking bout from

the uploaded data recording.

Figure 4.18: Top of the WB level analysis page, with the table of DMO values for each WB

4.3.7.2 Scatter plot and bar chart of DMO progression

These visualisations highlight how a DMO’s values changes over time by ordering the WBs

chronologically.

A scatter plot and bar chart are used to offer different views of the temporal relationship.

The scatter plot can be switched to a step plot by ticking a checkbox.
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Figure 4.19: Scatter/step plot and bar graph depicting the progression of DMO values
per-WB over time

4.3.7.3 Parallel coordinates plot of relationships between all DMOs

Each DMO is plotted as a vertical axis and each WB is a data line connected across its

corresponding values on each DMO axis.

Brushing will be implemented, where clinicians can colour to highlight selected data lines.

Additionally, hovering on specific data lines will expose more information about the corre-

sponding WB. Axes can also be shifted around assign more focus to the relationship between

two specific DMOs.
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Figure 4.20: Parallel coordinates plot showing the relationships between all the DMOs

4.3.7.4 Scatter plot of the relationship between two DMOs

In contrast with the PCP, this concentrates on the relationship between just two specific

DMOs. A trend-line will be plotted, which can be hovered to identify the level of significance

of the correlation.

Figure 4.21: Scatter plot with a trend-line between two DMOs to depict their relationship
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4.3.7.5 Radar chart for walking-bout comparison

Figure 4.22: Radar chart for comparing the DMO values between different WBs

4.3.8 Stride level analysis

This is the most granular level of analysis available. Intuitively, each WB consists of strides

between the left and right leg. DMOs are thus also defined for each stride. Upcoming

visualisations will involve per-stride DMOs. Similarly, most visualisations will be reused from

the previous two levels, with the main differentiating factor being that DMOs are plotted

per-stride of given WBs. As such, repeated descriptions of these will be avoided.

4.3.8.1 Table of DMO values for each stride

In this table, strides are related to their corresponding WB by spanning the WB cell across

relevant rows.
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Figure 4.23: Start of the stride level analysis page, with the table of DMO values for each
stride linked to each identified corresponding WB

4.3.8.2 Scatter/step plot and bar chart of the progression of a DMO over time

A useful addition to these repeated visualisations is that since strides can be identified as left

or right, colour coding is used to differentiate between them. This will help to identify any

asymmetry between the left and right leg.
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Figure 4.24: Scatter/step plot and bar graph displaying the progression over time of DMO
values per-stride of a given WB

4.3.8.3 Violin with box plot of distribution of a DMO

A convenient add-on to previous combined violin and box plots is a checkbox that can be

activated to split each WB into two sets of violins/boxes; one for left strides and another for

right strides.

Figure 4.25: Violin combined with box plot showing the distribution of a focus DMO’s
values for strides of specific WBs
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4.3.8.4 Histogram of the distribution of a DMO’s values

The user can also split the histogram into left and right strides, but this is restricted to when

only one WB is displayed to maintain focus and tidiness in the visualisation.

Figure 4.26: Histogram of the distribution of a given DMO’s values for strides of selected
WBs

4.3.8.5 Parallel coordinates plot of the relationships between all DMOs

As strides are grouped under specific WBs, colour coding is used to differentiate between

WBs. This colour coding can be extended to differentiating left and right strides with the

checkbox. However, this is also restricted by the condition of one WB being displayed, to

avoid overloading the visualisation.
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Figure 4.27: Parallel coordinates plot of DMO values for all the strides under selected WBs

4.3.8.6 Radar chart comparing DMO values of selected strides

Figure 4.28: Radar chart comparing the values of DMOs of selected strides of
different/identical WBs
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4.3.8.7 Heatmap comparing DMO values across strides of selected WBs

This is a new visualisation, providing a different view for the comparison between the chrono-

logical strides of chosen WBs. The cells are coloured by the magnitude of the focus DMO.

The difference in colour shades offer a more straightforward, efficient method of comparison.

Figure 4.29: Heatmap comparing the values of a DMO under each chronological stride of
selected WBs

4.4 Summary

In this chapter, data storage requirements have been identified, followed by the design of re-

quired database tables. An overall application flow diagram was also created. Sub-sections of

these design diagrams are prioritised for the project’s main focus of visualisation and in con-

sideration of time constraints. Then, initial mock-ups of individual pages and visualisations

were designed and explained.



Chapter 5

Implementation and Testing

This chapter will describe the final system with screenshots of implemented features, visu-

alisations, and the back-bone code snippets that underpins everything. Additionally, the

approach taken to testing will be explained, including automated unit test cases, manual

testing, and user evaluation testing.

5.1 Back-end extraction of digital mobility outcomes

5.1.1 Core DMO extraction functions

The first task was to determine how to properly use the Python mobgap library and its

pipeline for extracting DMOs from gait assessments of MS patients. All the relevant code for

this can be found in scripts/dmo extraction/core.py.

The main function that coordinates the entire process is extract dmos, which calls helper

functions, located within the same file, that each performs a mandatory step of the DMO

extraction process.
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Figure 5.1: extract dmos function

Figure 5.1 shows the code snippet for this function. First, is valid measurement condition

checks that the parameter measurement condition is valid (i.e. free living or laboratory),

otherwise it throws an error to the developer. Then, load csv loads in the CSV file and

converts the acceleration columns to the correct units if necessary. create dataset from -

dataframe creates a GaitDataset object, expected by the pipelines, that stores the single

recording data. Then, this is passed into the recommended pipeline for MS to return a

pipeline object, that possesses the desired DMOs as attributes.

5.1.2 API for extracting DMOs from front-end

This project is mainly based on Next.js. Typically, Next.js API routes are used to implement

back-end API endpoints, which are written in JavaScript. This means that an external

Python API endpoint had to be created to manage DMO extraction requests from the Next.js

front-end.
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Figure 5.2: DMO extraction in FastAPI Python endpoint (a)

Figure 5.3: Sending errors to the front-end from the FastAPI Python endpoint (b)

Figure 5.2 features the main code in the endpoint for extracting the DMOs. It first calls

the extract dmos method from sub-section 5.1.1 and stores the returned pipeline object,

which contains the per-WB, per-stride and predefined aggregate DMOs. The per-WB and

per-stride DMOs are taken from the pipeline, but modified to remove unnecessary columns,

add columns for efficient indexing, and change NaN values to 0 (for JSON storage). Custom

aggregate parameters are calculated using calculate aggregate parameters in core.py,
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which calculates the maximums, minimums, averages and variances for all DMOs across the

per-WB level. Total walking duration is also extracted from the pipelines and stored. Finally,

the data is stored in JSON using LocalStorage in the user’s browser (see figures 5.4 - 5.6).

Figure 5.3 shows the code for sending to the front-end, any sort of errors raised by the pipeline

or preparatory operations. Notably, after manual testing of edge cases, there was a recurring

error that was the result of an excessively high sampling rate, so a clearer message is passed

to the front-end accordingly.

Figure 5.4: Example JSON storage of aggregate parameters

Figure 5.5: Example JSON storage of per-WB parameters

Figure 5.6: Example JSON storage of per-stride parameters
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These are then accessible on all pages of the system, and used for visualisation.

5.2 Implemented features

Due to time constraints, only the requirements that were labeled must-have (most relevant

to the focus of visualisation) were completed.

5.2.1 Navigation

The application spans across only a few pages. The ”new” link sends the clinician to the home

page with the inputs form (subsection 5.2.2). Then, there are links for each analysis level,

with simplified naming changes (e.g. ”aggregate” to ”summary”) as requested by clinician

feedback.

Figure 5.7: Top navigation menu bar

5.2.2 Home page with main form

On launch, the clinician is first greeted with a page (figure 5.8) consisting of useful overview

information about what the system is about, who the target users are, what sort of inputs

are applicable, how to extract DMOs and how that has been implemented in the back-end.

These are imperative in providing the clinician with sufficient, initial understanding on how

to use the system.
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Figure 5.8: Home page with information on how to use the system and the main form for
submitting input data

On the right of the background information card, there exists another card housing the main

form for submitting essential input data for the current gait assessment. Useful information

tool tips have been added to provide a better understanding of the expectations of specific

fields.

It is useful to note the last paragraph of the background information. Visualisations are

created for the latest set of inputs that are submitted through this form. The storage,

comparison between and visualisation of multiple gait analyses could not be implemented

due to time constraints.

5.2.2.1 CSV data requirements dialog

This dialog window (figure 5.9) appears after clicking on the blue ”data requirements” hy-

perlink in figure 5.8. It details all the expectations for the uploaded CSV file, while providing

an actual downloadable sample file for clarification.
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Figure 5.9: Dialog window outlining CSV data requirements

5.2.2.2 Front-end form validation and status messages

Non-functional requirement 7 was fulfilled through standard validation error messages on the

form (e.g. presence and threshold checks) (figure 5.10) and form submission status messages

(figure 5.11).
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Figure 5.10: Front-end form validation error messages for presence and invalid value checks
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Figure 5.11: Error message dialog on trying to submit CSV with missing acc z column

5.2.3 Current inputs dialog

At the top of each analysis page, there is a hyperlink which displays a dialog on click, with

the current set of values that were submitted for each field.

Figure 5.12: Dialog with details on all submitted current inputs
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5.2.4 Visualisation card layout

To assist busy clinicians with limited data analytical knowledge, a consistent informational

layout is used in each visualisation. The first line is always the title. This is followed by a

bolded description of the purpose and basics of the visualisation type. Following un-bolded

lines describe possible interactive functions. Finally, there is a line of an example analytical

conclusion that can be reached with that visualisation. An example of this can be seen in

figure 5.14.

5.2.5 Summary level analysis

Only a few of the planned visualisations were implemented, as most of them required multiple

comparable gait analyses to be useful. Therefore, a few additional visualisations were created

in place of these.

5.2.5.1 Stat cards

Simple stat cards from the mock-ups are shown at the top. One for the integral count of

detected walking bouts. Another for the total walking duration summed across all walking

bouts, rounded to the nearest appropriate time unit.

Figure 5.13: Stat cards for total detected walking bouts and duration

5.2.5.2 Table of aggregate parameters

As described by its title, it’s a simple table with concrete values for each aggregation metric

(mean, variance, maximum and minimum). Like all tables in the system, the rows are

re-orderable through dragging. This is to allow for more direct analysis between specific

rows/gait parameters.
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Figure 5.14: Table of averages, variances, maximums and minimums of each gait parameter
across all WBs

5.2.5.3 Distribution of a gait parameter

Different views are offered of the distribution of a focus gait parameter’s values across all

WBs.

Figure 5.15: Description of box/violin distribution plot
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Figures 5.15 and 5.16 show a plot that is interchangeable between a box and violin plot. These

were not combined within each other (as in the mock-ups), so as to prevent congestion. Key

lines (e.g. maximum) are hover-able to view exact values.

(a) Box plot (b) Violin plot

Figure 5.16: Combined violin and box plot to show a focus gait parameter’s distribution
across all WBs

Figure 5.17: Description of histogram distribution plot
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Figure 5.18: Histogram to show a focus gait parameter’s distribution over all WBs

Figures 5.17 and 5.18 make up the histogram view of distribution. Clinicians can see the

exact frequencies of interval ranges, which become visible on hover of individual bars.

Both distribution plots can be manipulated by their focus parameter and the number of bins

to separate the interval ranges into.

5.2.6 Walking bout level analysis

These are all the same visualisations from the mockups, with some modifications that were

found to be more appropriate during implementation. As descriptions can be found in sub-

section 4.3 of mock-ups, only additional features or alterations will be explained.
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5.2.6.1 Table of all gait parameters under each individual walking bout

Clinicians can sort the records by individual columns by clicking on the button beside the

headers. Additionally, the records can be divided into groups of a preferred size using the

number field, and navigation between groups is available at the bottom.

Figure 5.19: Table of gait parameter values for each WB

5.2.6.2 Progression of a gait parameter over time

A connected scatter/step plot (alternate using a checkbox) and bar chart are used to deter-

mine how values of a certain gait parameter evolve over time. Each data point is hover-able

to display exact values.
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Figure 5.20: An alternating step and connected scatter plot to show value progression of a
gait parameter over chronological WBs
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Figure 5.21: Bar chart showing the value progression of a gait parameter over chronological
WBs
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5.2.6.3 Relationship between gait parameters

A PCP and scatter plot are used to expose relationships between gait parameters.

The PCP axes can be shifted using drop-downs, selecting the axis and new position. Data

lines can be brushed with a selected colour, and hovered to reveal the corresponding WB ID.

Figure 5.22: Parallel coordinates plot with data lines for each WB

There is a trend-line on the scatter plot plotted using the least squares regression formula.

Hovering over it shows the Pearson correlation coefficient, representing the significance of the

correlation.

Figure 5.23: Scatter plot of the relationship between two selected parameters with its
significance represented by line of best fit (uses least squares regression) and Pearson

correlation coefficient
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5.2.6.4 Comparison between walking bouts

The axes order in the radar chart is manipulated using drop-downs, due to the difficulty of

implementing dragging behaviour.

Figure 5.24: Radar chart comparing different WBs

5.2.7 Stride level analysis

Most visualisations are also repeated from previous analysis levels, and also closely follow the

mock-ups. Therefore, only new implementation details will be described.

5.2.7.1 Table of gait parameter values

The clinician can choose between WBs to display the strides for using the arrows. The

plan was initially to display all strides of all WBs, and relate the strides to WBs with a

row-spanning column. However, this was difficult to achieve alongside choosing how many

records to display.
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Figure 5.25: Table of gait parameter values for each stride

5.2.7.2 Progression of a gait parameter’s values

Figure 5.26: Description of scatter plot showing the progression of a gait parameter across
strides
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Figure 5.27: Scatter plot showing the progression of a gait parameter across strides

Figure 5.28: Description of bar chart showing the progression of a gait parameter across
strides
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Figure 5.29: Bar chart showing the progression of a gait parameter across strides
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5.2.7.3 Distribution of a given parameter by a box and violin plot

Figure 5.30: Violin/box plot showing the distribution of a gait parameter for strides of
multiple WBs

5.2.7.4 Distribution of a given parameter by histogram

It is important to note that hovering on overlapping bars will only show the range and

frequency of the histogram plotted last.
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Figure 5.31: (a) Distribution of a given parameter across strides of multiple WBs by a
histogram

Figure 5.32: (b) Distribution of a given parameter across split left and right strides of a
singular WB by a histogram
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5.2.7.5 Relationship between all gait parameter by a PCP

Hovering on a specific data line will display the corresponding WB and stride.

Figure 5.33: (a) Parallel coordinates plot for the per-stride DMO values of multiple selected
WBs

Figure 5.34: (b) Parallel coordinates plot for the per-stride DMO values of left and right
strides of a given WB
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5.2.7.6 Comparison between specific strides by a radar chart

Figure 5.35: Comparison between selected strides of multiple WBs with a radar chart

5.2.7.7 Comparison between specific strides by a heat map

Comparison is intended between chronological strides of multiple WBs, so some cells are

blacked out to account for unequal stride counts between WBs.
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Figure 5.36: Comparison between chronological strides of multiple WBs by a heat map

5.2.8 d3.js implementation

It is useful to showcase an exemplar code snippet of how these visualisations were created

using d3.js. The overall approach to creating each visualisation type is the same, differing

only by some additional operations to draw components unique to each type. Additionally,

with React, reusable components were created for each visualisation type, so plots and graphs

for different datasets could be easily generated.

The implementation of the bar chart component (src/components/viz/charts&graphs/bar

-chart.tsx) will be used to detail the use of d3.js in this sub-section.
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5.2.8.1 Basic template

All visualisation components use this base code structure (figures 5.37 and 5.38). Firstly, the

definition of common component properties so that it can be reused for different visualisations

of the same type. Then, variables are defined for establishing dimensions and data values.

Figure 5.38 features the actual SVG HTML element that gets progressively ”drawn on” in

the custom draw() method.

Figure 5.37: Template (a): basic definitions of component’s properties, SVG element
reference, dimensions and data
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Figure 5.38: Template (b): main HTML SVG element

5.2.8.2 Custom draw() method

The draw() method defines the actual operations for drawing the actual components of the

visualisation. There are still a few common operations, such as the creation of the x and

y axes (figures 5.39 and 5.40), but with slight differences depending on the visualisation.

For example, the bar chart uses .scaleBand() for the x axis, as we’re dealing with discrete

values, whereas the scatter plot would use .scaleLinear() as values are continuous. Finally,

figure 5.41 shows the creation of the actual bars, which is specific to the bar chart.

Figure 5.39: draw() method (a): Definition of the actual plot area, and creation of x axis.
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Figure 5.40: draw() method (b): Creation of y axis and axes labels

Figure 5.41: draw() method (c): Drawing the actual bars of the bar chart
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5.3 Testing

The creation of automated unit tests was minimised, due to limited time constraints and aim

of delivering all the basic functionality. Where a given function was simple and confidence

could be easily placed on its correctness, a test case would not be created. Additionally, it

is difficult to create test cases for visualisations. For example, it is difficult to assert that

a bar of a bar graph is of the correct height given the value. The time cost of producing

such test cases is substantial, compared with simple, sufficient manual testing through visual

observation.

Nevertheless, this section presents exemplar unit tests where they were created, and the user

testing conducted to evaluate the final system.

5.3.1 Pytest back-end testing

Unit tests were created with Pytest to ensure that core functions and the API endpoint for

DMO extraction behave as expected. These can be found in py tests/dmo extraction and

py tests/api respectively.

5.3.1.1 Core DMO extraction functions

Figure 5.42 features an example unit test for the create dataset from dataframe function.

It takes a dataset in the form of a pandas (Python data analysis library) DataFrame, alongside

other metadata, and outputs a GaitDatasetFromData object that is expected by the mobgap

pipelines. The test asserts that the returned object truly contains the dataset that was passed

in.



5.3. TESTING 85

Figure 5.42: Unit test for create dataset from dataframe function

5.3.1.2 API endpoint

An example unit test case for the DMO extraction API endpoint can be seen in figure 5.43.

It passes in valid inputs for all of the endpoint’s parameters except for the sampling rate,

which should therefore return an error. The error is asserted in the last two lines, by the

failing status code and expected error message to be returned.

Figure 5.43: API endpoint unit test for invalid input
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5.3.2 Jest front-end testing

Jest was used to test the front-end functionality written in JavaScript. It provides customary

assertion unit test statements. This is used in combination with React Testing Library to

test the correct rendering of created components, and in isolation to test for utility functions

written in vanilla JavaScript. These can be found in the tests folder.

5.3.2.1 Component testing

Figure 5.44 features the unit test for checking that the main form component for submitting

analysis inputs, properly calls the submission handler with the correct values. A stub function

is used to assert that it is called upon clicking submit, and with the correct input values.

Figure 5.44: Submission unit test for new analysis form component

5.3.2.2 Utility function testing

Utility functions for vanilla JavaScript operations (e.g. string manipulation) were also tested.

An exemplar can be seen in figure 5.45. It features three unit tests for the different cases,

each checking that the function converts the input in hours to the correct time units.
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Figure 5.45: Unit test cases for convertHoursToReadableForm function

5.3.3 User testing/evaluation

User testing was conducted with a healthcare researcher and clinician, that each have ex-

perience monitoring patients with MS. The methodology has been previously described in

sub-section 3.7. Results from the entire evaluation process will be revealed here.

5.3.3.1 System usability

The average score given for overall system usability was 8/10. The general consensus was that

all the functionality was intuitive, and there was sufficient information given to understand

the more complex visualisations. The modern interface was appreciated.

However, there was disapproval of the large amount of text content across the system. Al-

though explanations are useful, too much information can be off-putting. Participants sug-

gested a separate manual or training stage. Additionally, if there are lots of WBs/strides,

filtering through and selecting the correct WB/stride is difficult, especially in drop-down

menus.

5.3.3.2 Fulfillment of requirements

There was only sufficient time to attempt a subset of the planned requirements. Only these

were included in the questionnaire, and participants were asked how successfully they felt
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each had been met. Tables 5.1 and 5.2 show the average success scores for each non-functional

and functional requirement.

# Requirement Priority Score

1 For a new gait analysis, the user is able to upload a

CSV of sensor data and input other details (to abide

by data requirements and also additional descriptions

about the gait analysis) to automatically generate rel-

evant, pre-defined data visualisations.

M 7.5

2 There should a section detailing important input data

requirements to ensure reliable information about pa-

tient gait is extracted.

M 7.5

3 Where applicable, the user is able to edit the settings

of a given data visualisation (e.g. pick specific data

records to visualise).

M 7.5

7 The user is able to select subsets of data to compare

(e.g. between average DMOs of two patients). Differ-

ent visualisations should be used for comparison (e.g.

graphs or table of precise values).

S 8

12 The user is able to automatically transform their CSV

data into the appropriate format. Specifically: con-

verting into the correct units and coordinate system.

C 8.5

Table 5.1: Averages of evaluation participant’s perceived success scores for each attempted
functional requirement

# Requirement Priority Score

1 Data uploads are optimised and as fast as possible. M 8

2 The interface is optimised for desktop screens. M 9

4 All information displayed is reliable and accurate for

clinical analysis.

M 8.5

6 Navigation throughout and use of the system are easy,

intuitive and assisted if necessary.

M 8.5

7 Invalid interactions are correctly discouraged and the

user is guided towards the right paths.

M 9

8 The overall design and theme are modern, organised

and aesthetic.

S 8.5

9 Pages load quickly. S 9

Table 5.2: Averages of evaluation participant’s perceived success scores for each attempted
non-functional requirement
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5.3.3.3 User acceptance/system effectiveness

An average score of 8.5 was given on the likeliness of actual, real-world usage. While this

is an extremely positive result, this can be further improved by implementing the leftover

requirements and considering suggestions made by participants. Lots of feedback were given

regarding the effectiveness of the visualisations and overall system. The full list can be found

in Appendix I, but the main points will be discussed here.

Participants approved of some visualisations in particular. Specifically, visualisations that

split left and right strides will be useful for examining differences between left and right

limbs. One participant liked visualisations that looked at relationships between parameters;

particularly the ability to view how walking speed has a knock-on effect on other parameters.

The same participant has also had experience using radar charts with clinic-based assessments

involving pwMS, and approved its usefulness in distinguishing between levels of mobility

impairment severity.

There was emphasis on the need for initial simplified view, accompanied by the option to

delve into more advanced visualisations and functionality if desired. For example, PCPs may

be on the more advanced side, which may be off-putting for clinicians. More co-designing

with clinicians was also suggested, to fix the best settings like axes order.

Across evaluations, participants identified the need for reference ranges in the visualisations.

The researcher involved in Mobilise-D revealed that there is ongoing research for this data.

There was also the realisation that it was difficult to identify relevant WBs/strides to visualise

for. For example, determining which WBs/strides are on a certain day/time, and having the

option to filter them out.

Although this was initially planned in functional requirement 5, the desire for longitudinal

analysis (e.g. comparison of analyses over 6 months) was also frequently expressed. Individual

strides/WBs are less useful, compared to higher-level comparisons of averages over different

analyses (e.g. normal vs. impaired) at separate time-points.

Finally, two files were provided (one 200MB and another 20MB), however participants ran

into request errors whenever they tried the larger file. Data processing needs to be better

optimised for larger CSV inputs.



Chapter 6

Results and Discussion

This chapter will discuss the overall success of the project, in terms of meeting requirements

and truly satisfying clinician wants and needs. Then, future improvements to further this

project are proposed, including evaluation feedback and personal suggestions.

6.1 Requirements

A positive outcome of this project is that all the must-have functional requirements were

implemented, and the core focus of visualisation has been achieved to a high standard.

However, a lot of the planned requirements were not attempted due to the comparatively

short duration of the project.

Tables 6.1 and 6.2 present the complete tables of functional and non-functional requirements

and whether they have been passed or failed (according to what the system objectively

can/cannot do and user evaluation from subsection 5.3.3).

# Requirement Priority P/F

1 For a new gait analysis, the user is able to upload a CSV of

sensor data and input other details (to abide by data require-

ments and also additional descriptions about the gait anal-

ysis) to automatically generate relevant, pre-defined data

visualisations.

M P

2 There should a section detailing important input data re-

quirements to ensure reliable information about patient gait

is extracted.

M P

90
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3 Where applicable, the user is able to edit the settings of a

given data visualisation (e.g. pick specific data records to

visualise).

M P

4 The user is able to create their own account that will hold

all their patient and gait analysis data.

S F

5 The user is able to create new patients to store their back-

ground information (e.g. age and sex) and gait analyses.

S F

6 The user is able to effectively filter through gait analyses

and patients.

S F

7 The user is able to select subsets of data to compare (e.g.

between average DMOs of two patients). Different visuali-

sations should be used for comparison (e.g. graphs or table

of precise values).

S P

8 A reference range should be provided with colour coding for

DMO values to provide context for analysis (e.g. what is

considered low vs. fast gait speed).

C F

9 Each visualisation can be exported into an image format

and saved in the user’s device.

C F

10 The user is able to create new, custom visualisations, outside

of the automatically generated ones, that they seem useful

analysis.

C F

11 There are useful infographics and posters conveying general

information about MS and gait, that may aid analysis.

C F

12 The user is able to automatically transform their CSV data

into the appropriate format. Specifically: converting into

the correct units and coordinate system.

C P

13 For a given patient, the user can view a patient outcome

dashboard/electronic health record summarising their cur-

rent patient’s gait condition and historical analyses.

C F

14 The user is able to organise the structure of visualisations. C F

Table 6.1: Final passing/failure (P/F) of functional requirements

# Requirement Priority P/F

1 Data uploads are optimised and as fast as possible. M F

2 The interface is optimised for desktop screens. M P

3 Descriptions and text should be as simplified as possible for

clinicians to easily understand.

M P

4 All information displayed is reliable and accurate for clinical

analysis.

M P
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5 All data is stored securely and can only be accessed by the

right users.

M P

6 Navigation throughout and use of the system are easy, in-

tuitive and assisted if necessary.

M P

7 Invalid interactions are correctly discouraged and the user

is guided towards the right paths.

M P

8 The overall design and theme are modern, organised and

aesthetic.

S P

9 Pages load quickly. S P

10 Colours used are colour-blind friendly. C F

Table 6.2: Final passing/failure (P/F) of non-functional requirements

It is useful to note that while functional requirements 7 and 12 pass and evaluation par-

ticipants were satisfied, there is still room for improvement. Users are currently unable to

compare data between different patients, and the conversion between coordinate systems is

not supported. Non-functional requirement 1 should also be mentioned. The system strug-

gles to extract DMOs for extremely large files, and optimisation should be greatly prioritised

in future work.

There was early consideration of the likelihood of not meeting all the requirements. Therefore,

priorities had to be assigned by emphasising the main focus on visualisation. The complete set

of requirements encompass an ambitious, more-comprehensive application for gait analysis.

This would be overall more useful to clinicians, but exceeded the available scope and resources

for a dissertation project.

In any case, final efforts were oriented towards improving the usability and flow of the sys-

tem, and ensuring that attempted requirements were, at minimum, implemented to a high

standard with minimal bugs. This is reflected in the passing of the majority of non-functional

requirements, and positive opinions on usability during user evaluation.

6.2 User satisfaction

From the evaluation results (sub-section 5.3.3), the overall consensus is that clinicians would

be able to easily use the system, and make meaningful conclusions about their patient’s gait.

However, there are still lots of immediate features that can be implemented to further enhance

the overall usefulness of the system. For example, storage of patient and past analysis data

would greatly expand the possible gait conclusions that can be made (e.g. longitudinal
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comparison of analyses 6 months apart).

As a visualisation interface, this project is successful as it offers practical graph and plot

types for gait analysis. Nevertheless, more data can be extracted and stored to improve the

usefulness of the visualisations themselves and the analyses that can be made with them.

6.3 Future work

There are many avenues for future improvements, in the facet of unaccomplished requirements

and evaluation feedback.

6.3.1 Unfinished requirements

There are many requirements that remain unattempted. Namely, functional requirement 4

would have improved the usefulness of the system substantially, in that multiple gait analyses

can be compared between different patients and time-points. However, this was a technically

heavy requirement, because it would involve creating a new database, authentication and

authorisation, and all while ensuring proper testing of everything.

Fortunately, mock-ups have been designed to fulfill all the requirements, so they can be used

for reference to guide implementation.

6.3.2 Evaluation feedback

During evaluation, lots of feedback was received on the system usability and effectiveness.

While the general opinion was positive, many areas for improvement were identified, both

during observation of participant use and from the questionnaire feedback afterwards. All

the findings can be found in Appendix I. Some suggested changes were smaller like pre-filling

mandatory fields with expected/typical data. Other changes were larger like segregating the

system into a simplified and more advanced part.

6.4 Conclusion

Overall, the project has been successful and offers clinicians a way to visualise gait data for

MS patients. Clinicians can use the provided visualisations to suggest possible remedies for

impaired mobility. While the planned requirements could be considered as too ambitious

given the short-time frame of a dissertation project, there exist mock-ups that can be used
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to implement unfinished requirements and offer a more complete application with more ef-

fective visualisations. Given the feedback from the evaluation, a second iteration can also be

produced. Then, this iterative process with clinicians can be continued until clinicians are

adequately satisfied to apply the system in their regular assessments and treatments of MS

patients.
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Appendix I

User evaluation results

Category Points

System usability
• Given average score of 8.

• Intuitive and information is sufficient to understand how to

use.

• The interface is modern and clean.

• Colours are easy to see.

• It might be useful to pre-fill/pre-select mandatory fields with

expected data.

• Colour-blind friendly colours should be used.

• Might be useful to redirect to summary page after form sub-

mission.

• Lots of text is off-putting. Consider a user manual or training

stage?

• Consider mobile/tablet views in the future.

• Most clinicians will just tap around (trial and error) to learn

rather than read the information.

• Lots of WBs if the recording is large. These are hard to filter

through.

120



Meeting project

requirements and

scores / 10

• Functional requirement 1: 7, 8

• Functional requirement 2: 7, 8

• Functional requirement 3: 7, 8

• Functional requirement 7: 7, 9

• Functional requirement 12: 8, 9

• Non-functional requirement 1: 7, 9

• Non-functional requirement 2: 9, 9

• Non-functional requirement 4: 8, 9

• Non-functional requirement 6: 8, 9

• Non-functional requirement 7: 9, 9

• Non-functional requirement 8: 8, 9

• Non-functional requirement 9: 8, 10



System effectiveness
• Data input/form submission should be done before clinic, by

healthcare assistants. Clinicians shouldn’t see this screen.

• Need simple overview screen as first results page (1-2 minute

read). Then have a ”show more” or advanced settings option.

• Labelling of left and right strides is useful for examining differ-

ences between left and right limbs.

• Need timestamps on walking bouts to identify which are actu-

ally useful.

• Need reference ranges to determine which values are

healthy/unhealthy. There is ongoing research on this.

• PCP/scatter plot shows useful relationships between param-

eters. Particularly links to walking speed which usually has

knock-on effects on other parameters.

• Radar chart was used with pwMS in clinic-based assessments

in the past. Found that could see patterns in disease severity.

• It might be useful to co-design with clinicians to tighten axes

orders (what generally makes the most sense).

• Need for storage of more analyses to perform longitudinal anal-

ysis.

• Overlap between progression bar and scatter graphs. No need

for both. Scatter might be an easier read.

• Individual strides/bouts are not really useful. Weekly/daily

averages (higher level) or trends over a week are better (longi-

tudinal analysis with averages).

• Ability to filter out WBs of specific length, or certain time of

day or day of the week.

• Need to be able to work with real, larger datasets, to be able

to properly evaluate clinical usefulness.

• Inclusion of other DMOs e.g. on pace, rhythm and variability.

• Link indicators like EDSS with visualisations.

• Limits to overlapping shapes and plots depend on context.

• Integration of visualisations with electronic patient records.

• Given scores 8 and 9 on likeliness of using the system. More

work is needed to implement into practice but the project is a

good start.

Table I.1: Points received from evaluation feedback questionnaire about final implemented
system


