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ABSTRACT

In today’s digital age, smartwatches have become popular tools for millions of run-
ners, providing metrics like pace, heart rate, and distance. Despite the widespread
use of text-based displays on these devices, research suggests that visualizations could
offer a more effective alternative. However, little is known about how visualizations
perform in real-world running scenarios. This study addresses this gap by investigat-
ing how visualizations compare to text is aiding runners’ performance and experience.
Through a study involving 20 runners completing running tasks on an outdoor track,
we found that visualizations significantly outperformed text, with runners completing
tasks 1.5 to 8 times faster. Moreover, participants expressed a strong preference for
visualizations and indicated a willingness to use them during their runs if available on
their smartwatch. These findings highlight the potential of visualizations to enhance

the usability and effectiveness of smartwatches for runners.
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Chapter 1
Context and motivation

Running is a popular physical activity [1], undertaken by many individuals seeking
a healthier lifestyle [2]. Tt is easy to perform, it has a social component, and it
is relatively inexpensive, time efficient, and easily accessible [2], [3]. Running has
important positive implications for mental health, particularly depression and anxiety
disorders [4]. The high popularity and accessibility of running are seen as a strong
contributor towards promoting and enhancing a physically active lifestyle within the
population [3]. Running is the most-uploaded sport on the Strava sports-focused
social network [5].

In recent years, the introduction of wearable technology has transformed how peo-
ple manage and engage in their running routines. Among these technologies, smart-
watches have become essential tools for runners, with about two-thirds of runners
relying on them during their workouts to track various running-related data fields [6].
Smartwatches offer real-time tracking of essential running-related data fields, such
as Distance covered, Heart Rate, and Pace. This data helps runners monitor their
progress, set goals, and adjust their training accordingly. Smartwatches are an effec-
tive tool in motivating individuals to engage in exercise by enhancing the quality of
exercise experiences [7].

Despite the advantages of using smartwatches to access running-related data fields,
representing data on smartwatches presents significant challenges, primarily due to
the small screen size [8]. Unlike larger screens, smartwatches have limited display
space, making it difficult to display detailed information without reducing readabil-
ity. Li et al. [8] also underscore users’ difficulties when interpreting data on small
screens, particularly in personal informatics systems, where clarity and conciseness

are important.



Another challenge in presenting data on smartwatches is the dynamic nature of
running. Runners are constantly in motion, and their environment is often unpre-
dictable. Shifting the runner’s attention from their environment to the display [9]
breaks the running flow [10]-[12]. They must keep their eyes on the road to navigate
obstacles and maintain their safety. Glancing at a smartwatch to check data can be
risky, as it diverts their attention from their surroundings, increasing the potential for
accidents or injuries. Studies have consistently shown that visualization can signifi-
cantly enhance data comprehension [13]-[16] and speed of decision-making. Despite
the proven benefits of visualization [17], [18], many smartwatches for runners still
predominantly use text to present data (e.g., [19]-[23]). This discrepancy highlights
a gap between what is known to be effective and what is commonly implemented in
wearable technology. The reliance on text may be due to the technical limitations
of small screens or the lack of emphasis on design innovation in wearable interfaces.
However, it is important to bridge this gap to enhance the usability and effective-
ness of smartwatches for runners. For runners, this means being able to understand
their performance metrics at a glance without the need to interpret numerical data.
This capability is particularly beneficial in scenarios where quick adjustments are
necessary.

Glanceable feedback is likely to be useful. We know that glanceable feedback [24]
on smartwatches can help for everyday activity tracking of health and activity levels;
that it is possible to retrieve information from glanceable visualization on smart-
watches [25]; and that real-time visualization can be useful for runners while running
indoors on a treadmill, a low-risk environment [18].

However, we do not know whether this holds true in realistic running settings [26]

where in runners might experience reduced cognition [27].

1.1 Research Questions

In this research, we aim to answer one primary question and one secondary question

regarding the visualization of running data fields on smartwatches:

e Primary Question: Does the use of visualization in showing the data
fields on smartwatch interfaces help runners comprehend their data

faster during physical activity?

The term “comprehending the data faster” refers to how quickly runners can



understand and interpret the data displayed on their smartwatch interface while
actively running. This question investigates whether visual representations of
data (such as graphs and icons) enable faster comprehension compared to tra-

ditional textual data displays.

To make this broad question more manageable to answer, we broke it down
into three sub-questions. Each sub-question addresses different types of tasks
for different types of data fields that are meaningful to runners, and together,

they help us answer the primary question.
Sub-questions:

Question 1.1: Does visualization help for tasks where the runner needs to

know whether they are above, below, or on a specific target?

Question 1.2: Does visualization help with tasks where the runner needs to

know their progress towards completing a set goal?

Question 1.3: Does visualization help for tasks where the runner needs to
understand how much they need to make an adjustment to keep staying in

their set goal?

e Secondary Question: How do runners subjectively perceive the clar-
ity, helpfulness, and usability of data visualization compared to tex-

trepresentations on smartwatch interfaces?

The term “subjective perception” refers to the runners’ personal experiences
and preferences regarding how clear, helpful, and usable they find the different
data representation styles. This question investigates whether runners prefer
visual representations or traditional text displays and how these preferences
impact their overall experience and satisfaction while using the smartwatch

during physical activity.

1.2 Research approach

Our research approach consists of examining the effectiveness of visualization versus

textual data representations.

e Primary Question: Does the use of visualization in showing the data
fields on smartwatch interfaces help runners comprehend their data

faster during physical activity?



To answer this question, we created two smartwatch interfaces, to compare vi-
sual and textual data representations. We then ran an experiment where we
measured how quickly runners performed common running tasks. These tasks
were designed to mimic real-world running scenarios to ensure the data collected
was representative of actual use cases. Both watchfaces features a mix of visual-
ization and text. When one watch face displays a data field using visualization,
the other shows the same data field using text. This approach allows us to
balance visualization and text in both watch faces and compare the results for
each data field presented visually versus textually. We tested both watchfaces
by defining the same tasks for each data field (Pace, Heart Rate, Distance) to
compare how each representation type affects the time it takes for runners to
understand their data and complete the tasks. By comparing the response times
for both visual and textual representations, we could quantitatively compare the

effectiveness of each representation.

Sub-question 1.1: Does visualization help for tasks where the runner needs

to know whether they are above, below, or on a specific target?

To answer this sub-question, we defined a task where we asked participants to
compare their current Pace/Heart Rate to the target Pace/Heart Rate shown

on the watch face during their running activity.

Sub-question 1.2: Does visualization help with tasks where the runner needs

to know their progress towards completing a set goal?

To answer this sub-question, we implemented tasks that required runners to rec-
ognize and interpret their Distance progress towards a set goal at the beginning,

middle, and near the end of the run.

Sub-question 1.3: Does visualization help for tasks where the runner needs
to understand how much they need to make an adjustment to keep staying in

their set goal?

To answer this sub-question, we implemented tasks where we asked participants
how much they needed to adjust their current Pace/Heart Rate compared to the
target Pace/Heart Rate to stay on track with their set goal. This task required

runners to recognize and interpret their data in relation to a set goal.

Secondary Question: How do runners subjectively perceive the clar-

ity, helpfulness, and usability of data visualization compared to text



presentations on smartwatch interfaces?

To answer this secondary question, we interviewed the participants to gather
qualitative data on their subjective preferences and experiences with the two
presentation styles. The interviews included a series of questions designed to
rate their experience and preference for visualization versus text presentation.

Participants were asked to rate the following statements on a scale from 1 to 5:

— The representation was clear and easy to understand.

— The representation was helpful in answering questions related to this data
field.

— I would use this representation if it were supported by my watch.

1.3 Research contributions

The thesis makes two research contributions:

e Contribution 1: A comparison of visualization vs text on smart-

watches for runners in realistic settings

In our study, runners perform realistic tasks in a realistic environment. We
derived the data fields, tasks, and representations from studying through a

combination of an existing survey [6], our own survey, and our own experience.

We devised five tasks involving three commonly used data fields (Distance,
Pace, and Heart Rate). We presented each data field in both text and visual
representations, as shown in Figure 1.1. We designed two watch faces: WF1
shows Elapsed Time and Heart Rate with text and Pace and Distance with
visualization; WF2 shows Elapsed Time, Pace, and Distance with text and

Heart Rate with a visualization.



REPRESENTATION

POSITION LEFT TOP RIGHT

DATA FIELD DATA PAGE

ELAPSED TIME PACE DISTANCE HEART RATE LAYOUT
BOTTOM

w i

ELARRFD DISTANCE

HEARTRATE
- m

Elapsed Time
TEXT 00:03:02

Figure 1.1: Watchface layout showing Elapsed Time (left), Pace (top), Distance
(right), and Heart Rate (bottom). Pace, Distance, and Heart Rate are represented
with text or visualization. WF1 shows Elapsed Time and Heart Rate with text and
Pace and Distance with visualization; WF2 shows Elapsed Time, Pace, and Distance
with text and Heart Rate with visualization

Our results show that runners

— i) complete the tasks much faster with visualization,
— ii) prefer visualization to text for those tasks,

— iii) would like to have access to such visualization while running.

e Contribution 2: Methodology for evaluating smartwatches for run-

ners in realistic settings.
Our methodology for evaluating smartwatches for runners stands out due to its
emphasis on realistic settings, tasks, and the unique challenges encountered in

study design and data collection.

We conducted the evaluation on a 400m oval track, where runners often train.

This ensured that our study closely replicated a natural running environment.

One of the challenges we faced in conducting the test in a realistic environment
was collecting data and communicating with runners while they were running
and distant from the experimenter. To address this, we equipped participants
with wireless earbuds for audio communication with the experimenter, ensuring

clear instructions and timely data collection.

Participants performed 26 tasks in total, including binary tasks (e.g.,* Is your

Heart Rate above or below the target?”) and estimation tasks (e.g.,“ How much



do you need to adjust your Pace?”). These tasks were designed to mimic real-
world scenarios that runners encounter, making our findings directly applicable

to everyday use.

To maintain consistency, we used a credible dataset for all participants, ensuring
that the tasks were not based on their actual running data. This allowed for a

controlled comparison between text and visual data presentations.
Data Collection and Analysis:

Structured Approach: Participants completed tasks while running and responded
verbally to questions after a trigger sound. This method allowed us to accu-
rately measure completion time.

Statistical Analysis: We used bootstrapped confidence intervals for data anal-
ysis, following best practices in human-computer interaction (HCI) and visual-

ization research.
Subjective Feedback and User Preferences:

Surveys and Interviews: After each running trial, participants rated the clarity,
usefulness, and usability of the data presentations using a 5-point Likert scale.
This subjective feedback was important in understanding user preferences and

identifying areas for improvement.

Subjective Feedback: Participants also participated in semi-structured inter-
views to share their experiences and provide qualitative feedback. This ap-
proach provided insights into how different smartwatch interfaces might impact

user experience.

1.4 Thesis scope

This thesis focuses on information visualization. It focuses on how to display data

that runners frequently use to track their workouts on the small screens of wearable

devices.

1.5 Thesis overview

The thesis contains six additional chapters. These are described as follows:



In chapter two, we present a literature review on information visualization on
small screens, and the nature of visualization in motion for fitness trackers to

provide an overview of the relevant research and insights in these areas.

In chapter three, we look into the pre-study we conducted and describe the
design of a survey to collect data from runners for a detailed examination of the

data fields they most commonly use during their running activity.

In chapter four, we look into the overall design principles and how we apply
them to design the watch faces. We select data fields based on the results of the
pre-study conducted for evaluation in this study and we explain the rationale

behind the design choices.

In chapter five, we discuss the two phases of the study and the setup for the
evaluation test. We look into the different tasks we asked the participants
to complete in order to answer the hypotheses, which lead to answering the

research questions.

In chapter six, we look into the analysis of the data gathered from the evaluation

test and interpret them to answer the research questions.

In chapter seven, we present a discussion of the findings along with limitations

and future design recommendations.

In chapter eight, we conclude the thesis with a summary.
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Chapter 2

Background and Related Work

In this chapter, we provide an overview of the existing literature on wearable technol-
ogy, human-computer interaction in wearables, and visualizationtechniques for fitness
data, all of which are relevant to our research. We also present a brief history of wear-
able technology in running. The scope of this related work section includes studies
and methodologies that have shaped the current understanding of these areas. By
analyzing these works, we aim to identify gaps and highlight areas where further

research is needed.

2.1 Wearable Technology in Running

Wearable technology for athletes can be traced back to the late 1970s and early 1980s
when basic electronic devices like Heart Rate monitors were first introduced [28].
Polar Electro, a Finnish company, developed the first wireless Heart Rate monitor
in 1977, specifically designed for athletes. This innovation marked the beginning of
wearable technology tailored for sports and fitness, allowing athletes to monitor their
Heart Rates during training and competition [28], [29].

Garmin registered the name “Forerunner” in 2001 but released the first watches
in 2003. A major change came with the launch of the Nike+iPod Sports Kit in 2006.
This device, developed by Nike in collaboration with Apple, allowed runners to track
their Distance, Pace, and calories burned using a sensor placed in their shoes, which
synced with an iPod [30], [31].

The purpose of this innovation was to enhance the running experience by providing

real-time data and feedback to runners. This allowed them to track their performance
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more accurately and stay motivated through integrated music and audio feedback.
The collaboration aimed to combine fitness and entertainment, making running more
engaging and data-driven [32].

Wearable technology has revolutionized the way runners track and enhance their
performance. Key works in this field, such as those by Bramble and Lieberman [33],
have shown that endurance running plays an important role in human evolution,
shaping our physical form and survival strategies. Modern research, including studies
by Kilpatrick et al. [34], and Hespanhol Junior et al. [35], highlights the benefits of
running for health and leisure, showing that a significant number of runners now
use smartwatches to monitor metrics like Pace, Heart Rate, and Distance. Critical
analyses by authors like Makikawa et al. [21] and Islam et al. [36] reveal that, while
these devices provide valuable data, they primarily use text and numbers for data
representation, which may not be optimal for quick comprehension during a run
since these are symbolic representations that require cognitive effort as they require
decoding each symbol one after the other [37]. Our research connects to this body of
work by exploring how Visualization on smartwatches can improve the usability and
effectiveness of these data presentations, ultimately aiming to enhance the runner’s

experience and performance.

2.2 Human-Computer Interaction and Wearables

The field of Human-Computer Interaction (HCI) in wearables has garnered significant
attention, particularly in the context of enhancing user experience and interaction ef-
ficiency. Key works include Dunne and Raby’s [38] exploration of the relationship
between users and wearable devices, highlighting the importance of design in user
engagement and satisfaction. Fogg’s [39] concept of persuasive technology also plays
an important role, emphasizing how wearables can influence user behavior positively
through well-designed interfaces. Recent studies by Gouveia et al. [24] delve into
glanceable feedback in wearables, demonstrating that brief, easily accessible informa-
tion can significantly enhance user interaction and adherence to health-related goals.

Despite the progress made in HCI for wearables, several challenges remain. Dunne
and Raby’s work [38], while pioneering, often focused more on the theoretical aspects
of design rather than practical implementations, leaving a gap in actionable guide-
lines for designers. Fogg’s [39] persuasive technology principles are widely applicable

but can sometimes lead to over-reliance on technology for behavior modification, po-
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tentially diminishing user autonomy. Gouveia et al.’s [24] research on glanceable
feedback provides valuable insights but often lacks consideration of diverse user con-
texts, particularly in high-intensity activities like running. These gaps highlight the
need for more context-specific studies that address wearable users’ unique challenges
and requirements in various environments.

Our research addresses these gaps by focusing specifically on runners, a group that
requires both quick access to information and minimal distraction. By comparing vi-
sual and textual interfaces on smartwatches, our study aims to determine the most
effective design principles for enhancing user interaction during running. Building on
the foundational theories of Dunne and Raby [38], Fogg [39], and Gouveia [24], this
research not only applies their insights to a specific context but also expands the un-
derstanding of HCI in dynamic, real-world scenarios. This contributes to the broader
HCI literature by providing empirical data on the effectiveness of Visualization in

wearable technology, particularly in the context of physical activities.

2.3 Visualization Techniques for Fitness Data

Several studies have explored visualization techniques for fitness data, aiming to
enhance user engagement and comprehension. Gouveia et al. [24] investigated the
design space of glanceable feedback for physical activity trackers, highlighting the
importance of quick and easy-to-understand visual cues. Similarly, Schiewe et al. [18]
demonstrated the effectiveness of real-time Visualization for runners on treadmills,
showing that visual feedback could significantly improve performance and motiva-
tion. Amini et al. [26] explored in-situ Visualization for fitness tracking, emphasizing
the potential of context-aware Visualization to provide meaningful insights during
physical activities.

While these studies provide valuable insights into designing and implementing Vi-
sualization for fitness data, they often focus on controlled environments or specific
user groups. Gouveia et al. [24] primarily examined daily activity tracking, which
may not directly translate to the dynamic and intense running environment. Schiewe
et al. [18] limited their research to treadmill running, an indoor and controlled set-
ting, which may not reflect the challenges faced by outdoor runners. Amini et al. [26]
proposed context-aware Visualization but did not extensively test them in real-world
scenarios. This gap in research underscores the need for studies that evaluate visual-

ization techniques in more varied and realistic running conditions.
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Building on these foundational works, our research aims to address the gaps iden-
tified by testing Visualization in realistic running scenarios. By comparing visual and
textual presentations of fitness data fields such as Distance, Pace, and Heart Rate,
we seek to determine which method enhances runner performance and satisfaction in
outdoor environments. Our study contributes to the literature by providing empirical
evidence on the effectiveness of Visualization in real-world running, offering practical

design recommendations for smartwatches used by runners.

2.4 Methodologies

The study of wearable technology, particularly in the context of fitness tracking, em-
ploys a variety of methodologies to gather data and derive insights. Common methods
include user surveys, controlled experiments, field studies, and data analytics. User
surveys, e.g., such as used by Janssen et al. [6] are often used to gather subjective
feedback on usability and preferences. Controlled experiments, such as those con-
ducted by Amini et al. [26], allow researchers to isolate specific variables and measure
their impact on performance and user experience. Field studies, like those described
by Schiewe et al. [18], involve testing devices in real-world scenarios to evaluate their
effectiveness and user acceptance.

Each methodology has its strengths and limitations. User surveys provide rich
qualitative data but may be subject to biases such as self-reporting inaccuracies and
non-response bias by Janssen et al. [6]. Controlled experiments offer precise control
over variables but may lack ecological validity, as they often occur in artificial settings
by Amini et al. [26]. Field studies provide high ecological validity by capturing real-
world usage, but they can be challenging to control and may introduce confounding
variables by Schiewe et al. [18]. Data analytics offer quantitative insights but may
miss the nuanced, qualitative aspects of user experience and motivation by Mun-
son [40]. A balanced approach, incorporating multiple methodologies, can provide a
comprehensive understanding of wearable technology in fitness tracking.

Our research aimed to address the gap in understanding the effectiveness of Visu-
alization on smartwatches for runners in real-world conditions. Existing studies had
primarily focused on controlled environments or theoretical designs, leaving a lack of
evidence regarding how Visualization perform in practical, outdoor running scenarios.

To fill this gap, we conducted a study where runners used smartwatches displaying

running metrics through both text-based and visual representations. We designed
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domain-specific tasks and scenarios that runners would encounter during typical runs,
such as monitoring their Pace, Distance, and Heart Rate. By comparing the objective
performance and subjective preference between these two presentation types, we are
able to gather concrete data on how Visualization impact runners’ experience and
effectiveness in real-world settings. Our findings indicate that visual representations
significantly improve task completion time and user satisfaction for the tasks we
tested, demonstrating their potential to enhance data comprehension and decision-
making for runners. This research contributes insights into the design and application
of glanceable Visualization in wearable technology, which can lead to a practical

framework for future developments in this field.
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Chapter 3
Background Research, Survey

We conducted a preliminary study aimed to understand which data fields runners
mostly use and how many data fields they track during their runs. This information
was important because we wanted the watch faces to be designed with realistic data
fields that runners actually use rather than random data fields. This study would
help us design the watch faces and determine which and how many data fields to
display.

Through an online survey, we collected data from runners, the primary demo-
graphic for this research. The survey targeted individuals who run at least once a
week and use smartwatches to track their activity. It took 10 minutes to complete.
Participants were invited to leave their email addresses for a chance to win a draw as
a thank-you for their participation.

We recruited participants to answer the survey by distributing recruitment posters
around the university campus and sharing them on social media. The survey was
available for a month, and we received 200 responses. However, only 19 of these

responses were complete and reliable enough to work with.

3.1 Survey Design and The Sections

The survey’s main goal was to identify which data fields runners rely on and how
these data fields are displayed. We wanted to ensure that the information we present
in our study is realistic and relevant. Therefore, we designed the survey to meet this

goal and to collect data on:

1. How their watch faces look while running,
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2. How often they use the data fields provided in the survey,
3. How these data fields are visualized on the watch face they use.

Additionally, we included a section in the survey to gather information about
runners’ workout types to see if their preferred data fields change based on their type

of run.

3.1.1 Consent Form and Demography

The survey started with a consent form stating that participation would be completely
anonymous and highlighting the potential benefits of their participation. These ben-
efits include contributing to the advancement of knowledge, particularly in the field
of data visualization.

After consenting to participate, participants were asked to fill out a demographic
section. This section asked about their age range, gender, running experience (how
many years they have been actively running), and their expertise with smartwatches
(how many years they have been using smartwatches while running).

For answering the survey questions, we provided multiple-choice answers. Also,
we included an “Other” option so participants could provide their own answers if

necessary.

3.1.2 Smartwatch Brand and its watch Faces

The brands we provided as answers to the multiple-choice question “What brand of
smartwatch do you use while running?” were Apple Watch, Suunto, Garmin, Sam-
sung, Fossil, Coros, and Huawei. For the “Other” option, two participants mentioned
using Fitbit as their wearable device for running.

After selecting their smartwatch brand, participants were directed to questions
specific to their chosen brand. All participants were asked the same questions, but

the watch faces shown corresponded to their own watch brand.

3.1.3 Main Survey Questions

First Question: Which watch face do you use for each type of running?
We designed this question with a multiple-choice matrix. Figure 3.1 shows an

example of how this section of the survey looks for Garmin watch faces, where the rows
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represent the watch faces and the columns represent the types of running. Participants
could choose multiple types of running for each watch face.

We provided some watch faces that were available online for the specific brand
that participants chose based on their responses to the previous section. We catego-
rized the types of running into Base Run, Long Run, Tempo Run, Progression Run,
Interval Training Workout, Fartlek Training, Hill Repeats, and Sprints. These types
of running were listed in front of each watch face so participants could choose which

watch face they use for different types of running.
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Figure 3.1: Selection of Garmin watch faces presented in the survey, enabling par-
ticipants to identify and select the specific watch face utilized for various types of
running.

If participants could not find their watch face among those we provided, they were
directed to a section where we included three blank spots for watch faces. We asked
participants if they had customized their watch face. If their specific watch face was
not among the options we provided, they could either upload an image of their watch
face, describe it, or share a link to a picture of their watch face.

Guidance was provided to participants in this section to gather more accurate

data. The guidance suggested that participants either upload an image of their watch
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face (for example, start a run activity on their watch, display the watch face, take
a picture with their phone, and upload it in the survey), describe the watch face
following the example provided in Figure (see Figure 3.2 or share a link to an image

of the watch face (for example, a link to an image found on the web).

v158u0r

0:52'48

Figure 3.2: example of how participants were asked to describe their watch face: At
the top: Small heart icon, Heart Rate number (big font), bpm(small font size) in a
row. In the middle: Heart Rate graph with low opacity. At the bottom: Elapsed
time with the same font size as Heart Rate number.

Second Question: While Running, tell us how often you need to access
this information on your smartwatch.

For this question, participants were asked how often they use the specific data
fields we provided in the survey while running. The purpose of this question was
to understand which data fields runners use most while running. This information

would allow us to use the same data fields in our study and display them in the watch
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faces we were designing.

The data fields we included in the survey were: Time of day, Date, Weather,
Power (watts), Elapsed Time, Lap Pace, Pace (Speed), Steps, Distance, Calories,
Heart Rate, Activity Level, Navigation (Map), Body Battery, Barometric Altimeter,
Accelerometer, Thermometer, Compass, Notifications, and Calls or Messages. This
list was based on typical data fields found in running watches. Additionally, we
provided an “Other” option for participants to specify any additional data fields they
used that we might have missed. No additional data fields were suggested by the
participants.

Participants were asked to rate their frequency of using each of these data fields
using either of these options: Never (0%), Sometimes (30%), Often (70%), and Always
(100%). Figure 3.3 Shows the multi select matrix question.
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Never (0%) Sometimes (30%) Often (70%) Always (100%)

Time of day O O O O
Date O O O O
Weather O O O O
Power(watts) O O O O
Elapsed Time O O O O
Lap pace O O O O
Pace / Speed O O O O
Cadence/ Steps O O O O
Distance C‘ C‘ C‘ ‘Q
Calories O O O O
Heartrate O O O O
Activity Level

(progress to daily O O O O
goals)

Navigation/Map ‘C)‘ ‘(3‘ ‘Cj' O
Body Battery C) ‘C) ‘C)‘ ‘()‘
Barometric Altimeter O O O O
Accelerometer O O O O
Thermometer O O O O
Compass C)‘ ‘C:‘ ‘C‘ ‘C‘
Notifications ‘C)‘ ‘(3‘ ‘Cj' O
Calls/messages O O O O

Specify if there is other important information that you use while running and indicate the frequency as the table
above.

Figure 3.3: We provided a list of data fields runners might use while running, including
a blank space labeled “Other” for participants to specify any additional data fields we
might have missed. We asked about the frequency of using each of these data fields
with the options: Never (0%), Sometimes (30%), Often (70%), and Always (100%).

3.2 Analysis of the data

The data we collected from the survey were divided into four categories: demography,
description of the watch face, type of running, and features of the smartwatch.

We received 200 responses. Of these responses, 70% were incomplete, so we fo-
cused only on the completed responses. We filtered these responses through a step-by-
step process to ensure reliability: first, we extracted the completed responses. Second,
we excluded responses where participants chose to upload an image, share a link, or
describe their watch face but did not provide the required information. Next, we

removed responses with irrelevant images. Finally, we eliminated duplicate responses
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from participants who took the survey multiple times to increase their chances in
the draw offered as appreciation for participation. Ultimately, we were left with 19

authentic responses for analysis.

3.2.1 Demography

In total, we considered 19 authentic responses for the survey. Participants were
categorized as follows: 21% were under 20 years old, 47% were aged 20-30 years, 21%
were aged 30-40 years, 6% were aged 40-50 years, and 5% were over 50 years old.
26.3% were female, and 73.7% were male. Additionally, 63.8% of participants had
been actively running and using a smartwatch for at least two years, while 36.2% had
been actively running and using a smartwatch for more than two years. In terms of
frequency, 52.6% of respondents ran 3-5 times a week, 36.8% ran twice a week, and

10.6% ran more than five times a week.

3.2.2 Watch Faces List

We made a table showing all the watch faces provided in the survey, and we gave an
ID to each watch face. In the table, we dedicated the next column to the watchface
to describe the data Fields (Feature) showing in that watchface, how it is displayed
(icon, number, color), and the position where the Feature has been located. This
way, it was easier to see how the most used features were presented in each watch.
Also, by the watch face ID, we could track which watch face has been used for what
running type, and the ID was the link of these two spread shits of data (Watch Faces
List and the Running Type).

3.2.3 Running Type

The list of running types was Base Run, Long Run, Tempo Run, Progression Run,
Interval Training Workout, Fartlek Training, Hill Repeats, and Sprints. The responses
we collected from the survey for this section were scattered and lacked consistency.
For example, one participant selected a specific watch face for a Base Run, while
another selected the same watch face for Hill Repeats. There was no clear relationship
between the watch faces and the eight types of running.

To identify any common patterns, we narrowed the eight types into two categories:

regular runs (Base Run, Long Run, Tempo Run) and workout runs (Progression Run,
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Interval Training Workout, Fartlek Training, Hill Repeats, Sprints). However, we still
lacked consistency, as one participant selected a watch face for a regular run while
another selected the same watch face for a workout run.

Therefore, we decided to focus only on the data fields that runners mostly use,
regardless of their running type, and not consider any specific running type while

designing the watch faces for this research.

3.2.4 Data Fields (Features)

In the survey, we listed 20 features (Time of day, Date, Weather, Power (watts),
Elapsed Time, Lap Pace, Pace (Speed), Cadence (Steps), Distance, Calories, Heart
Rate, Activity Level, Navigation (Map), Body Battery, Barometric Altimeter, Ac-
celerometer, Thermometer, Compass, Notifications, Calls (messages)). We also asked
participants to add any additional features they use during running that were not
provided. For each Feature, participants had the option of choosing between Never
(0%), Sometimes (30%), Often (70%), and Always (100%).

To analyze the responses, we assigned a numerical value to each option: Never
was converted to 0, Sometimes to 1, Often to 2, and Always to 3. By calculating
the mean and median for each feature, we determined which features were used most
often.

As shown in Figure 3.4; the features with the highest mean scores were Time of
Day, Elapsed Time, Pace (Speed), Distance, and Heart Rate, all with a mean of 1.73.
Heart Rate, Pace (Speed), and Distance also had the highest median score of 2 among
all features.

Additionally, Elapsed Time had a high mean score of 1.63 but a low median of 1,
and Activity Level had a low mean score of 1.42 but a high median of 2. These were

important features to consider for the watch face design in this research.
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Figure 3.4: Average and median scores after converting the frequency of use into
numerical values for each data field selected by participants.

3.3 Results of the survey

To choose which features to test in this research, we referred to the list of watch faces
we created and checked how many times each of the 20 features provided in the survey
were presented in these watch faces. This allowed us to understand which features
were common across all watch faces. We then compared the most common features
with the results from the data fields (features) list, focusing on those with the highest
mean and median numbers. Ultimately, we selected the features that were common
to both the watch faces list and the data field list.

As shown in Figure 3.5; In the watch face list, Elapsed Time appeared in 55% of
all the watch faces, Pace appeared in 66%, and Distance appeared in 100%. These
were the most common features across all the watch faces.

Comparing these features with the list of data fields, Pace and Distance both had
high mean and median scores. Additionally, Elapsed Time, Heart Rate, and Time
of Day were considered because Elapsed Time had the highest mean score and was
present in more than 50% of all watch faces. Heart Rate and Time of Day also had

high mean and median scores.
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Figure 3.5: In this table, the first column shows the most selected watchfaces, the
second column indicates how many features are presented on each watchface, and the
third column shows how many times each watchface was selected. An X’ under a
feature indicates that the feature is present on the corresponding watchface. The last
row shows the percentage of times each feature was selected across all watchfaces.
The features with the highest percentages are highlighted.

To decide how many features to include in our research, we examined the watch
faces list to see how many features the most used watch faces had. Watch face number
1, chosen seven times, was the most selected watch face and had three features. Watch
face number 8, chosen six times, was the next most used and had five features. All
other watch faces were selected only once or twice. Therefore, we decided to use a
median of four features and test four features for this study.

When choosing four features from the common list of data fields and watch faces,
Pace, Elapsed Time, and Distance were the top three features with the highest per-
centage of representation in each watch face and the highest mean and median num-
bers in the data fields list.

For the fourth Feature, we had to choose between Heart Rate and Time of Day, as
both had the same statistical values. We decided to go with Heart Rate because it was
more related to running, and different designs could lead to different interpretations
and results.

Therefore, we chose four features for our study: Pace, Elapsed time, Distance,
and Heart Rate.
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Chapter 4

Design and Representation of
Watch Face Data Fields

This chapter explains the process of designing and implementing the data fields in the
watch faces based on the pre-study results. We describe the overarching goals and
principles used to design the watch faces, followed by an explanation of how these

were applied throughout the design process.

4.1 Tools and Device

Before designing the watch faces for the evaluation test, we needed a device to test
them. The watch we used for this study is the Fossil Gen6, which has a round screen
resolution of 416 x 416 pixels and an AMOLED display.

We used Watch Face Studio for the design stage because it was compatible with
the Wear OS watch we are using for the study. This allowed us to see the designs on
the watch screen while we were designing the watchfaces.

This was important for the study, where initial findings required tweaks or en-
tirely new data fields to address unforeseen issues and insights. It also allowed us to
experiment with different layouts and visual elements.

Later in this chapter, we will discuss how we decided to present the participants’

data for each data field in text and visualization.
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4.2 Screen Sections

Based on the results from the survey, we identified four Data Fields for the study.
Therefore, before starting to design for each data field, we needed to decide how to
divide the watch screen into four sections.

The watch has a round screen, and we needed to divide it into four sections to place
the four data fields. By examining the data screens of popular smartwatch brands
used by runners like Garmin, Suunto, and Coros, we realized they commonly divide
the screen into uneven sections depending on the number of data fields displayed.
Figure 4.1 shows an example of a Coros smartwatch data screen. Our motivation for
dividing the screen into three sections—top, middle, and bottom—and then splitting
the middle into two sections is that it’s a very standard layout on existing smart-
watches. This layout aligns with the curvature of the watch, potentially making
better use of space than a quadrant design, which can result in awkwardly shaped

corners that are harder to utilize effectively.

2 frames

Figure 4.1: Example of a data screen for a Coros smartwatch, representing the sec-
tioning of the screen based on the number of data fields shown.

Based on the discussions in the research meetings regarding placing each data
field into sections, we realized that we could group the data fields into two categories.
As shown in Figure 4.2, one group consists of data fields that continuously increase
over time (Distance and Elapsed Time). The other group includes data fields that
fluctuate unpredictably, either increasing or decreasing depending on the runner’s

performance (Pace and Heart Rate). Grouping similar types of information helped
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us place data fields like Elapsed Time and Distance next to each other, as both are
measures of progress. As a result, we placed the other two data fields—Pace at the
top and Heart Rate at the bottom of the watch face.

Pace

Elapsed Time
Heart Rate

Distance

Time Time
(a) Monotonic data fields: changes in (b) Fluctuating data fields: changes in
Distance and Elapsed Time over Time. Pace and Heart Rate over Time.

Figure 4.2: Grouping the data fields based on how they change over time.

4.3 Watchface Designs

To design the watch faces for this research, we began by considering how each data
field was displayed on the watch faces chosen by participants in the survey.

For Pace and Elapsed Time, all the watch faces displayed these data fields using
digital numbers without any visualization. However, there were two types of displays
for Distance and Heart Rate: digital numbers and visualization.

Distance was visualized using icons combined with digital numbers or graphs to
show progress. Heart Rate was visualized using icons combined with digital numbers,
different colors to represent various Heart Rate ranges or animated heart-shaped icons
with static graphs. Figure 4.3 shows some examples of how Distance and Heart Rate

were displayed on the watch faces chosen by participants in the survey.
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(a) Example of how Heart Rate was visualized in the smartwatches provided
in the survey.

(b) Example of how Distance/steps were visualized in the
smartwatches provided in the survey.

Figure 4.3: Example of how Distance and Heart Rate were visualized in the smart-
watches provided in the survey.

Based on this information, we designed five different watchfaces. As shown in
Figure 4.4, each watchfaces utilizes one of the following types: digital numbers, graphs
to show progress, icons, and different colors to represent various ranges.

The first prototypes presented the four data fields (Pace, Elapsed Time, Distance,
and Heart Rate). We began with Design 1, where the data fields were displayed
only with text. In Design 2, we added an icon to each data field to indicate which

data field each screen section represented. We incorporated color-coded progression
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bars for Designs 3, 4, and 5 to help runners visualize their progress. We used three
different styles to present the progression bars: a line, a curve, and a section filled
with different colors. Design 5 was a combination of text, a color-coded progression
bar, and an icon for each data field. The use of color codes, icons, and progression
bars aimed to help participants identify and understand their data more quickly and
accurately, potentially improving their task completion speed compared to text-only

displays
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1:39:46 © 10.78Kmos°

(a) Design 1 (b) Design 2

(c) Design 3 (d) Design 4 (e) Design 5

Figure 4.4: The first prototypes presented the four data fields (Pace, Elapsed Time,
Distance, Heart Rate). In Design 1, the data fields were displayed only with text. In
Design 2, we added an icon to each data field to indicate which data field each section
of the screen represented. We added color-coded progression bars in Designs 3, 4,
and 5. Design 5 also included an icon for each data field. The use of color codes and
icons was intended to help participants identify which data field they were looking
at, while the progression bars represented the data visually instead of textually.

To align with the research question of whether visualization helps runners under-
stand their data faster and more accurately, we decided to develop two presentation
types: text versus visualization. Therefore, instead of using one specific type for vi-
sualizing the data fields (icons, progression bars, colors) in one watch face and having

multiple watch faces to test, we designed only two watch faces, WF1 and WF2. In
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these designs, each data field is presented either in a visual or text format, and where
we used visualization, we applied different styles to visualize each data field. In the

next section, we explain in detail how we visualized each data field.

Target: 6 k/h Target: 6 wn

2 K/h

Elapsed Time Elapsed Time
0]

00:03:02 4/10 Km 00:03:02 | mm

Target Range [100-165]

198 spm

(a) Watch Face 1 (b) Watch Face 2

Figure 4.5: Display of the final Design of the watch faces.

Based on several rounds of design ideation and discussions among the researchers,
our design choices for visualizing each data field on the watch are grounded in both

the survey results and the tasks defined to answer the research questions.

4.3.1 Tasks and Design choices for each data field

We defined five meaningful tasks based on the survey results and the selected data
fields for this research. The two watch faces (WF1 and WEF2) would allow us to
study runners’ ability to complete these identified tasks with either in the watchface

presented with text or visualization.

e Distance is a fundamental data field that increases over time. Common runner
questions associated with this data type include knowing the actual number and

getting a sense of completion that tells them how far in their run they are.

Therefore, as you can see in Figure 4.6, we visualized this data field with a
progression bar that fills up as the runner progresses toward their goal Distance.
We placed an arrow on top of the progression bar to indicate the runner’s current

position, with the exact Distance covered displayed inside the arrow. The text
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version of the watch face shows the completed Distance over the target Distance,

allowing runners to compare how much of their total run they have completed.

(a) Distance displayed with only Text. (b) Distance displayed with visualization.

Figure 4.6: Display of Distance.

We formulated the following task for Distance.

TDistance: Have you finished the first quarter of your run? Are you closer to
the end or the beginning of your run? Do you have less than a quarter of your
run left? These three questions ask runners to provide a binary response based

on their estimated percentage of completed runs.

e Pace is important in workouts and races. Target Pace is often dynamic when
performing high-intensity interval training. Common runner questions about
Pace include knowing their current Pace, knowing whether they are on Pace or

they should run slower or faster based on their activity goals, and by how much.

Therefore, we visualized this data field to show runners their current Pace. As
you can see in Figure 4.7 the watchface with text shows the current Pace with a
large font and the target Pace with a small font. Figure 4.8 shows the watchface
with visualization; a dual bar chart with a gray vertical line that is centered at
the target Pace. A rectangular indicator shows the current Pace. It is placed
on the left bar if the current Pace is lower than the target Pace at a Distance
proportional to the Pace difference and on the right bar if it is higher. It also

includes a small label that shows the exact Pace value.
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Target: 6 «n

Figure 4.7: Pace displayed with visualization.

Target: 6 k/h

4 k/n

Figure 4.8: Pace displayed with only text.

We formulated the following task for Pace:

TPaceAboveBelow: Is your Pace above or below the target Pace? This task

asks runners to make a binary decision.

TPaceAdjust: Your Pace is below/above the target. How much do you need
to adjust it? The two variations of this task (above or below instances) ask

runners to estimate how much they need to adjust their Pace.

Heart Rate is an important and complementary data field to Pace. It provides
a way to measure effort, and in running, Heart Rate is typically utilized with
respect to Heart Rate zones. For example, one might define a heart-rate zone for
an ’easy pace’ between 120 and 130 bpm and attempt to stay within that zone
during an activity. Heart rate was a challenging data field to visualize because it

needs to indicate the runner’s current Heart Rate, what it means, and whether
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they need to adjust their speed. Among the visualization considered and chosen
by runners in the survey, we decided to design something more informative than
a simple animated heart icon but less complex than a static Heart Rate graph,
which would be hard to understand at a glance while running. Ultimately, we
designed the Heart Rate visualization as shown in Figure 4.9 the watchface with
visualization shows a speedometer with three zones a common representation
of running watch faces. The green zone is the target zone within the desired
range. The yellow and red zones correspond to Heart Rate values below and
above the target range. An arrow shows where the current Heart Rate value

falls, and a label shows the exact value.

60

165

Figure 4.9: Heart Rate displayed with visualization.

As shown in Figure 4.10 the watchface with text shows the current Heart Rate
value in a large font and the target range in a small font where runners can still
see the target range and their current Heart Rate and can make a comparison

to see if they are in the target range or how they need to adjust it.

Target Range [100-165]

85BpPm

Figure 4.10: Heart Rate displayed with only text.
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We formulated the following task for Heart Rate:

THeartRateInRange: Is your Heart Rate in the target range? This task asks

runners to make a binary decision.

THeartRateAdjust: Your Heart Rate is below/above target; how much do
you need to adjust it? The two variations of this task (above or below instances)

ask runners to estimate how much they need to adjust their Heart Rate.

Together, these five tasks capture different data types and ask for different
kinds of responses: binary decision based on proportion estimation (TDistance),
binary decision based on a target value (Tpaceabovebelow) or a target range
(Theartrateinrange), and estimation of deviation from either a target value

(Tpaceadjust) or a target range (Theartrateadjust).

4.4 Design Goals

Our research’s primary design goals when creating watch faces for runners were to
present meaningful data and display it in ways that support the tasks. As shown in
Figure 4.5, we finalized the two watch faces for this research to maintain a balance of
text and visualization in both. We did not want to favor either watch face by present-
ing only text or only visualization, as this could affect the participant’s responses to
the tasks. Testing one watch face with all data fields presented as text and the other
with all data fields as visualization might influence the results. Therefore, in WF1,
Heart Rate is displayed with visualization, while Pace, Distance, and Elapsed Time
are presented with text. In WF2, Pace and Distance are shown with visualization,

while Elapsed Time and Heart Rate are presented with text.

4.4.1 Design Considerations

While these parameters were not the primary focus of our design goal, we still took
them into account when designing the watch faces.

We aimed to make the watch faces clear and readable by displaying key metrics
such as Pace, Elapsed Time, Distance, and Heart Rate using large fonts, simple
graphics, and contrasting colors.

In both watch faces, target speed and current speed are positioned at the top,

Elapsed Time and Distance are centered, and Heart Rate along with its target range
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is displayed at the bottom. We chose this layout because it follows a standard split-
screen format (e.g., Coros), allowing runners to locate data fields they are already
familiar with.

In both designs, we aimed to balance aesthetic appeal, minimalism, and the de-
livery of essential information in a straightforward manner without complicating the

user interface.



38

Chapter 5
Study Design

In this chapter, we explain the methodology used to design an evaluation test. This
test aims to determine whether visualizations help runners read and understand their
data more quickly in a realistic setting.

The study is a quantitative study that objectively measures differences in perfor-
mance and preference between the two representation types (Visualization and Text)
for different data fields. We conducted an interview to collect additional qualita-
tive feedback to understand why participants might prefer one type of display over
another, beyond what can be gleaned from numerical ratings alone.

Our data analysis provides insights into the advantages and disadvantages of using
Visualization to convey real-time performance metrics such as Distance, speed, and
Heart Rate to runners and how these insights can be used to further improve future

wearable systems for enhanced user understanding.

5.1 Participants

Since it was an in-person experiment, we used the university’s departmental mail-
ing lists and distributed university-approved posters on campus bulletin boards to
recruit participants. Additionally, we used social media to reach out to people who
are part of the running community and live in Victoria, BC. Our study evaluation
criteria required that participants be at least 19 years of age and use smartwatches
during running. Participants who responded to the invite were emailed to arrange
the running trial based on their availability.

A total of 20 participants (13 males and 7 females) were recruited for the study
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on a first-come, first-serve basis. Participants were assigned a participant ID number
based on the order of appointments. They ranged in age from 19 to 43, with a
mean age of 24.6 and a median of 21.5. Among them, fifteen were undergraduates,
three were graduate students, and one was pursuing a doctoral degree. Notably, the
majority of participants (11 individuals) had backgrounds in Physical and Health
Education, and 5 participants had a computer science background. All participants
were running at least once a week, with some running up to 6 times a week. The

majority (13 participants) were running four times a week.

5.2 Experiment Setup and Procedure

We divided the 20 participants into two groups. The first group contained participants
from 1 to 10, and the second group contained participants from 11 to 20. Group 1
started their initial run with the first watch face (WF1), while Group 2 started their
initial run with the second watch face (WF2).

Participants were asked to fill out a demographic survey form and confirm their
consent to participate before the start of the experiment. The experimenter was
present in the track field in the stadium throughout the session and provided a com-
prehensive explanation of the procedure to participants before commencing the ex-
periment. Participants were encouraged to seek clarification by asking questions if
needed.

The experiment had five steps. In step one, participants ran with the first watch
face. In step two, they completed a follow-up questionnaire rating their experience
with each feature of the watch face they used. Step three involved participants run-
ning with the second watch face. In step four, they completed another follow-up
questionnaire rating their experience with each feature of the second watch face. In
the final step, step five, participants participated in a short interview to compare and
rate the two watch faces.

Following the completion of the initial run in the study (after step one), partic-
ipants were afforded a brief respite of ten minutes. This interlude was provided to
allow them to recover and to facilitate the completion of the initial questionnaire

(step two).
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5.2.1 Tasks and Its Relation to the Questions

In Chapter 4, we discussed a series of tasks designed for the experiment that partici-
pants were to answer while running. Participants repeated the five tasks for a total
of 13 questions with each watch face. TDistance (Questions 4, 8, and 11 mentioned
in appendix ) was repeated three times (each instance once), TPace (Questions 1, 6,
and 13) and THeartRate (Questions 2, 7, and 10) were repeated three times each,
and TPaceAdjust (Questions 3, and 9) and THRAdjust (Questions 5, and 12)were
repeated twice each. Figure A.1 shows an example of how WF1 and WF2 was pre-
sented for Question 1 for TPace. (You can find all the Watch face Interfaces for all
13 questions in appendix section.)

The repetition helped us assess the consistency of participants’ responses, ensuring
that the Visualization (or Text) reliably showed the needed information. The purpose
of these tasks was to evaluate how quickly and accurately participants could assess
their current performance relative to a set target.

The tasks were not based on participants’ actual running data; Instead, we gener-
ated a consistent dataset used by all participants to ensure consistency and maximize

internal experimental validity.

Target: 6 k/h Target: 6 kn

2 K/h

Elapsed Time Elapsed Time

0V

00:01:10 00:01:10 m

Target Range [100-165]

858pPm

165

(a) Question 1, WF1 (b) Question 1, WF2

Figure 5.1: Question 1: the task of realizing whether their speed is above or below
the target where the left picture shows the watchface number 1 and the right picture
shows watchface number 2.

The answers were of three kinds. Binary responses were used for TDist, TPace,
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and THR, where participants could answer ‘Yes’ or ‘No,” ‘Beginning’ or ‘End,” or
‘Above’ or ‘Below’. For estimating the adjustment (TPaceAdjust and THRAdjust),
they could choose from three options: ‘A little’, ‘Somewhat’, or ‘A lot’. To avoid
problems of subjective interpretation, we explained these terms at the beginning
of the study. Although ‘Somewhat’ was an available option, the generated dataset
presented the data so that the only correct answers for these tasks were either ‘A

little” or ‘A lot’—but participants were unaware of this.

5.2.2 Experiment Setup

The experiment took place in a controlled environment at Centennial Stadium (Fig-
ure 5.2), located at the University of Victoria. The stadium features a 400m synthetic
rubberized track surface, which facilitates controlled communication for data collec-
tion.

The visualization system was built using Watch Face Studio, a graphic authoring
tool for creating watch faces for the Wear OS smartwatch ecosystem. We tested the
watch faces on a connected Fossil Gen 6 Wear OS smartwatch. During the test,
the experimenter sent the watch faces displaying specific data for each task to the
smartwatch via a wireless connection between the smartwatch and Watch Face Studio.

To maintain communication between the experimenter and the participant while
they were running, we used wireless AirPods. The experimenter was present in the
stadium, recording the call between the participants and the experimenter in which
participants answered each question.

Participants were instructed to look at the watch only when prompted to complete

a task. Each task instance was executed as follows:
1. The experimenter verbally asked the question.

2. Upon hearing a trigger sound at the end of the question, the participant looked
at the watch.

3. The participant answered the question verbally.

Completion time was calculated as the difference between when the participant

started providing the answer verbally and when the trigger sound was played.
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Figure 5.2: Experiment setup centennial stadium track and field.

5.3 Pilot Studies

Before the main study, we conducted two pilot studies with two volunteer runners to
assess the study design and procedure. During the pilots, we examined the clarity
of the questions and the visualization of the data fields, the timing of each step
of the experiment to ensure it did not exceed an hour, the connectivity between the
experimenter and the participants during the run, voice recording, and the connection
between the smartwatch and the system sending the watchface to the watch while
the participant was running.

In the first pilot test, we also wanted to determine if participants were relying
on their memory to answer the questions for the second watch face. Since the 13
questions and the unique data displayed for each question were the same for both
watch faces, the only difference being the type of data presentation (Visualization
vs. Text), there was a concern that participants might remember their answers from
the first watch face and thus respond faster in the second run, regardless of the
presentation type.

To address this, we asked both participants in the first pilot study if they were
answering based on their memory. Both participants confirmed that they did not
notice that the data was the same for both watch faces, so we decided not to change
the order of the questions for the second run with the second watch face.

The only major change between the pilot test and the final evaluation test was
in the tasks we described. After conducting the initial pilot study, we identified an
issue with the task structure. Initially, we combined questions about Pace/Heart
Rate adjustments with questions about whether these metrics were above or below

target. For example, the original question format was: “Is your Pace above or below
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the target, and how do you need to adjust it?” This dual-question format proved
challenging for participants during the first pilot study. They struggled to remember
and accurately respond to the adjustment part of the question after focusing on
whether their Pace/Heart Rate was above or below target.

We also realized that pilot participants spent more time observing their data
to answer the first part of the question, making their immediate response to the
adjustment part less valid. To address these issues, we decided to split each question
into two separate questions. The first question asks whether their Pace or Heart
Rate is above or below the target. The second question, introduced with additional
information before the question, focuses only on how participants plan to adjust
their Pace/Heart Rate (once you look at the screen, your Pace/Heart Rate would be
Above/Below the target; how do you need to adjust it?).

This additional information aimed to ensure that participants’ attention remains
only on the adjustment process rather than splitting their focus between assessment
and adjustment. Consequently, we finalized the task structure with five separate tasks
instead of three.

Following these task revisions, we conducted a second pilot test with two different
volunteer runners from the first pilot study. This second pilot aimed to verify clarity
and minimize potential errors before proceeding to the main study. After confirming
the clarity and not encountering any errors, we proceeded to the evaluation test

without making further changes.

5.3.1 Test Procedure

The evaluation test had six phases and was completed by one participant at a time.
The test started with the participants assigned to group 1 starting a 10-minute run
while using the first watch face (WF1). Throughout the running trial, the experi-
menter asked the 13 questions and recorded the participants’ responses.

The same thing was repeated for the participants assigned to group 2; They
started the 10-minute run using the second watch face (Phase 1). After finishing the
initial running trial, participants were given a 10-minute recovery break. During this
time, they completed the first part of the survey, which asked them to evaluate their
experience with the design of each data field of the first watch face (Phase 2). The
survey used a Likert scale from 1 (Strongly Disagree) to 5 (Strongly Agree).
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Strongly | Somewhat | Neither | Somewhat | Strongly

disagree | disagree 2 | agree agree 4 agree 5
1 nor

disagree

3

The representation was clear and
easy to understand

The representation was helpful to
answer the questions related to this
data field

| would use this representation if it
was supported by my watch

Figure 5.3: Rating table used for each data field.

After finishing the survey, participants began their second trial, using the other
watch face for 10 minutes (Phase 3). The procedure was the same as Phase 1: the
experimenter asked the same set of questions in the same order and recorded the
participants’ responses.

Following the second trial, participants were requested to complete the same sur-
vey, this time rating the design of each data field for the second watch face (Phase
4).

Finally, in the last phase, participants were asked to complete the final part of
the survey. They were shown side-by-side representations of both watch faces and
asked to rate each data field on a scale from 1 to 5, where 1 signified least preferred,

3 represented neutrality, and 5 indicated a strong preference(Phase 5).
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Target: 6 kn

Target: 6 K/h

2 ‘ 2 k/h

Elapsed Time Elapsed Time

00:03:52 m 00:03:52 = 2/10 Km

Target Range [100-165]

90 spP™m

Distance

Heart
rate

Speed

Figure 5.4: The Final rating template for both watchfaces.

The session ended with a short interview. This discussion focused on participants’
experiences with both watch faces and comparing the different designs (Text/Visualization),
asking for feedback on possible improvements and any other comments they had
(Phase 6).

5.4 Hypotheses

We formulated 5 hypotheses (one for each task) regarding completion time. We did
not formulate hypotheses regarding accuracy because our pilot studies showed that
accuracy was near perfect for all tasks with both representations. For the following
reasons, we hypothesized that all tasks would be completed faster with Visualization
than with Text.

b HypOtheSiSPaceAboveBelow

The average time to answer this question using Visualization would be faster
than using Text.
Rationale: There is no need to compare numbers. Participants can easily an-

swer by indicating the position of the marker to see if it is on either the left or
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right side of the baseline.

HypOtheSisHeartInRange

The average time to answer this question using Visualization would be faster
than using Text.

Rationale: In Visualization, there is no need to compare numbers; The user
can easily answer by indicating which color the pointer is pointing at. In con-
trast, Text requires reading three numbers and determining if one value is both

higher than the minimum value and smaller than the maximum value.

HypOtheSiSPaceAdjust

The average time to answer this question using Visualization would be faster
than using Text.

Rationale: Visualization requires estimating length (the vertical Distance be-
tween the marker and the baseline), while Text requires reading and estimating

the proportion between two numbers.

Hypothesis pistance

The average time to answer this question using Visualization would be faster
than using Text.
Rationale: Visualization supports visual estimation of proportions, while Text

requires mental calculation.

HypOtheSiSHeartAdjust

The average time to answer this question using Visualization would be faster
than using Text.

Rationale: Visualization requires estimating the angle between the arrow and
a virtual vertical line, while Text requires reading three numbers and estimating

the proportion between one value and a range.
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5.5 Data Collection

We used four spreadsheets for data collection:

Demographic Information: Participants filled out this information on a paper
given to them prior to starting their run. In the demographic survey, we asked about
participants’ age, gender, education level, and running habits (frequency per week).
We did not provide multiple choices for answers and asked them to fill in the blanks
with their own answers. This approach was chosen so we would know their exact

responses and better understand who our participants are.

Completion Time and Accuracy: This recorded the time taken (in seconds
and milliseconds) for each participant to answer each question and whether their
answer was correct. Completion time was the difference between the start of the

participant’s verbal response and the trigger sound.

Data Field Ratings: As shown in Figure 5.3 participants rated each data field
on a scale from 1 to 5, where 1 signified least preferred, 3 represented neutrality, and
5 indicated a strong preference for the watch face based on their experience running

with either the Visualization or Text version.

Interview Responses: This captured participants’ feedback on their experience,

preferences, and any additional comments.
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Chapter 6

Study Results

We analyzed completion times using Bootstrapped [41] confidence intervals (ClIs)
rather than p—values, following recommendations for statistical practices in HCI and
visualization (e.g., [25], [42]-[44]). We interpret the statistical significance of the
overlap of CI bars following [45]. We performed all analyses with 95% Cls computed
with 1000 replicates and the BCa method [41], using the mean of the repetitions as

the aggregated measure for each {participant,task, representation} triplet.

6.1 Visualizing Quantitative Data

To better understand the data collected from testing the watch faces and to facili-
tate easier analysis, we use confidence intervals to visualize the average completion
time for each task in different presentation types (Text/Visualization). There is also
another representation of confidence intervals to show the differences in average com-
pletion time between the two presentation types. Additionally, we used data collected
through a Likert scale to visualize the ratings for each data field in both presentation

types (Text/Visualization).

6.1.1 Average Completion Time For Each Task

We developed a Python script to perform a bootstrap confidence interval (CI) analysis
on average completion times for two user interface conditions: “Visualization” and
“Text”. This method resamples the data 1000 times to estimate the variability and
the 95% confidence interval for each condition, rather than relying solely on traditional

statistical tests. The results are then visualized using a horizontal bar chart, where
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each bar represents the mean completion time for one condition, with error bars
showing the range of the confidence intervals. Additionally, I annotated the bars with
the exact mean values and included visual markers to highlight them. Figure 6.1 is
an example that illustrates how each representation of confidence intervals represents

the mean estimate, and the black line shows the 95% confidence interval.

Average Time for THeartRate Adjust

Text A |_.6_6]3

Visual 1 kA

0 1 2 3 4 5 6 7
Average Time

Figure 6.1: Bar charts representing average completion time for the Heart Rate Ad-
justment task in different presentation types (Text/Visualization) along with the 95%
confidence interval

6.1.2 Differences In Completion Time

To determine whether there are significant differences in completion time between
different presentation types (Text/Visualization) we calculated the average comple-
tion time for Text minus average completion time for Visualization. For each task,
we visualized the differences in means with a horizontal bar chart with 95% Cls as

shown in Figure 6.2.

Difference in Means Between Visual and Text for THeartRate Adjust

Text - Visual | }_éﬂ|

Figure 6.2: Bar chart representing differences in means and CI for completion time
in the Heart Rate adjustment task
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6.1.3 Likert Scale For Ratings

We used a Likert scale to collect survey responses and evaluate participant preferences
for different presentation types (Text/Visualization) for each data field. These scales
show how participants’ responses are distributed, highlighting preferences and areas
of disagreement. This helps us see patterns, such as which designs are most or least
preferred. Figure 6.3, for example, shows participants’ ratings for the different criteria

asked in the survey for Heart Rate presented only in Text.

HeartRate presenting with only Text

Rating

W Rating 1
o) Il Rati 10.0% 25.0% 45.0% Rating 2
verall Rating .0% ' a2
Rating 4
B Rating 5

Likely to use 4 35.0% 55.0% .
Helpful to Answer I 25.0% 20.0% 45.0% I
- - _

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
Number of Ratings

Figure 6.3: This visualization represents different rating for each criteria in the watch
that Heart Rate was presented only by Text.

6.1.4 Confirmatory Analysis

For this study, the entirety of our recruited participants (20) were included in the
analysis. In this section, we present the results for each hypothesis one by one.
We explain how pairwise comparisons show that participants were significantly

faster with Visualization than with Text across all tasks, confirming our hypotheses.

o HyPOthQSiSPaceAboveBelow

Analyzing the results shown in Figure 6.4, we can see that the average response
time for the watch face with Visualization is much lower, about 1.01 seconds,
as indicated by the red dot. In contrast, the Text-based display had an av-
erage response time of around 1.83 seconds. The error bars, representing the

confidence intervals around the mean, indicate a clear difference between the



o1

two presentation types. The display with Visualization has a tighter confidence

interval, meaning we are confident that the mean estimate (the red dot) is true.

Average Time for TSpeedAbove/Below

Visual - IOJTO1

Text

0 1 2 3 4 5 6 7
Average Time

Figure 6.4: Mean time (seconds) with 95% CI for two type of presentation types
(Text/Visualization) for the task TPace: Is your Pace above or below the Target
Pace.

The data supports the hypothesis that using a visualization aid results in faster
response times compared to using text alone. The results confirm that the
Visualization helps with quicker responses, as participants can make decisions

based on the graphical representation rather than processing numerical data.

In the comparison between Visualization and Text Display, we have evidence to
strongly accept Hypothesispace ApoveBelow- As shown in figure 6.5 this conclusion

is based on the observed pairwise difference of 0.82.

Difference in Means Between Visual and Text for TSpeedAbove/Below

Text - Visual - I—J)qz

Figure 6.5: Difference of mean time (seconds) with 95% CI for two type of presentation
types (Text/Visualization) for the task TPace: Is your Pace above or below the Target
Pace.

° HypOtheSisHeart]nRange

The Hypothesispeartinkange Stated that Visualization would help runners re-

spond faster to determine if their Heart Rate is in the target range. The results,
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shown in Figure 6.6, support this, with participants taking 2.40 seconds with
Visualization compared to 3.88 seconds with Text and a lower confidence inter-
val indicating quicker data comprehension. Figure 6.7 also shows participants
understood Heart Rate information 1.48 seconds faster with Visualization, con-

firming faster completion times and supporting Hypothesis geartinRange-

Average Time for THeartRate In Range

Text I—OB;?S

Visual 4

0 1 2 3 4 5 6 7
Average Time

Figure 6.6: Mean time (seconds) with 95% CI for two types of presentation types
(Text/Visualization) for the task THR: Yes or No, your Heart Rate is in the target
range.

Difference in Means Between Visual and Text for THeartRate In Range

4
Text - Visual 1 l—H

0 1 2 3 4 5 6 7

Figure 6.7: Difference of mean time duration (seconds) with 95% CI for two types
of presentation types (Text/Visualization) for the task THR: Yes or No, your Heart
Rate is in the target range.

° HypOtheSiSPaceAdjust

The Hypothesispgceadjust Suggested that using Visualization would help runners
respond faster to the task of adjusting their Pace. The results in Figure 6.8
support this, with participants taking 1.32 seconds with Visualization compared
to 3.78 seconds with Text. Figure 6.9 further shows a 2.46 seconds quicker

response with Visualization.



53

Average Time for TSpeedAdjust

Visual A |_.1_.i32

Text —o—

Average Time

Figure 6.8: Mean time (seconds) with 95% CI for two types of presentation types
(Text/Visualization) for the task TPaceAdjust: How much do you need to adjust
your Pace?

Difference in Means Between Visual and Text for TSpeedAdjust

Text - Visuat 4 |—&|

T T T T T
0 1 2 3 4 5 6

Figure 6.9: Difference of mean time duration (seconds) with 95% CI for two types
of presentation types (Text/Visualization) for the task TPaceAdjust: How much do
you need to adjust your Pace?

o HypOtheSisDistance

Figure A.4 shows that using Visualization on smartwatches made participant
respond much faster to Distance-related questions. On average, it took 1.52
seconds with Visualization compared to 4.83 seconds with Text. This supports
the idea that Visualization cues, like showing progress toward a goal, can be
understood much quicker than Text. As shown in Figure 6.11, On average, par-
ticipants responded 3.31 seconds faster with Visualization than Text. This big

difference, confirmed by confidence intervals, strongly supports our hypothesis.
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Average Time for TSDistance

Visual

Text I—QA—'?3

0 1 2 3 4 5 6 7
Average Time

Figure 6.10: Mean time (seconds) with 95% CI for two types of presentation types
(Text/Visualization) for the task TDistant: Have you completed a certain portion of
the target Distance?

Difference in Means Between Visual and Text for TSDistance

Text - Visual }_§_3|2

Figure 6.11: Difference of mean time duration (seconds) with 95% CI for two types of
presentation types (Text/Visualization) for the task TDistant: Have you completed
a certain portion of the target distance?

° HypOtheSisHeartAdjust

The chart in Figure 6.12 shows that runners answered the Heart Rate adjust-
ment question faster with Visualization than with Text. As shown in Fig-
ure 6.13, on average participants using Visualization took 0.84 seconds, com-
pared to 6.65 seconds with Text. This supports the hypothesis that answering
the Heart Rate adjustment question is faster with Visualization than with Text,
as participants using Visualization took an average of 5.80 seconds less than
those using Text. This difference is statistically significant, and the error bars

confirm that this result is reliable.
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Average Time for THeartRate Adjust

Text A |_.6_6?

Visual - Fed

0 1 2 3 4 5 6 7
Average Time

Figure 6.12: Mean time (seconds) with 95% CI for two types of presentation types
(Text/Visualization) for the task THRAdjust: How much you need to adjust your
Heart Rate.

Difference in Means Between Visual and Text for THeartRate Adjust

Text - Visual }_§ﬂ|

Figure 6.13: Difference of mean time duration (seconds) with 95% CI for two types
of presentation types (Text/Visualization) for the task THRAdjust: How much you
need to adjust your Heart Rate.

Figure 6.14 shows that Participants are consistently faster with the Visualiza-
tion on the watch faces compared to Text across multiple tasks. This trend is
clear from the mean differences, which favor Visualization. The data suggests
that Text slows down response time compared to Visualization for tasks like
interpreting Heart Rate and adjusting Pace and Distance. The advantage of
Visualization is that they are more visible in tasks involving Heart Rate set-

tings, with response times faster by nearly one to six seconds.
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Difference in Means Between Visual and Text for THeartRate In Range

Text - Visual }—34

Difference in Means Between Visual and Text for TSpeedAbove/Below

Text - Visual mal

Difference in Means Between Visual and Text for TSpeedAdjust

Text - Visual '—w

Difference in Means Between Visual and Text for TSDistance

Text - Visual |—J—3f

Difference in Means Between Visual and Text for THeartRate Adjust

Text - Visual }—§&|

Figure 6.14: Mean Differences between Visualization and Text for each task.

6.1.5 Subjective Responses

Overall, Visualization was largely preferred for both Distance and Heart Rate, and
slightly preferred for Pace. In this section, we examine the Likert charts showing
participants’ ratings for clarity, likelihood of use, and helpfulness in responding to

tasks for both presentation types (Text/Visualization) in the watchfaces.

Pace presenting with Visualization

Rating
s Rating 1
Rating 2
ing 4 10.0% 20.0% 20.0%
Overall Rating Rating 3
Rating 4
mmm Rating 5
Likely to use { 5.0% 20.0% 50.0%
Helpful to Answer - 5.0% 40.0%
Clarity 25.0% 55.0%
0.0 2.5 5.0 75 10.0 12.5 15.0 17.5 20.0

Number of Ratings

Figure 6.15: Subjective ratings for Pace presented with Text.
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Pace presenting with only Text

Rating
B Rating 1
Rating 2
Rating 3
Rating 4
B Rating 5

Overall Rating 50.0% 15.0%

Likely to use

Helpful to Answer

Clarity

0.0 2.5 5.0 7.5 10.0 125 15.0 17.5 20.0
Number of Ratings

Figure 6.16: Subjective ratings for Pace presented with Visualization.

Figure 6.15 displays the Likert chart results for the Pace data field with Visualiza-
tion, while Figure 6.16 shows the results for the Pace data field with Text. Comparing
the rankings, the watch with Visualization was more helpful for answering questions,
with 55% rating it 5 and 40% rating it 4. However, participants had difficulty un-
derstanding the design and clarity of the Visualization, with 25% rating it 2 and 5%
rating it 1. In contrast, the Text version received no low ratings and had 80% rating
it 5.

For the likelihood of use, 35% of participants rated the Text version a 5, while 25%
rated the Visualization version a 5. However, combining ratings 4 and 5, the Visual-
ization version had a total of 75% favorable ratings and only 5% rated it 2, compared
to 55% favorable ratings and 20% least preferable ratings for the Text version. This
indicates that the watch with Visualization was generally more preferred.

Overall, 70% of participants preferred the watch with Visualization, while only

35% preferred the Text version, even after their second run and overall rating.
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Heart Rate presenting with Visualization

Rating
B Rating 1
Rating 2
Rating 3
Rating 4
B Rating 5

Rate | 20.0%

Likely to use 4 5.

Helpful to Answer 10.0%

Clarity 4 20.0%

0.0 2.5 5.0 7.5 10.0 125 15.0 17.5 20.0
Number of Ratings

Figure 6.17: Subjective ratings for Heart Rate presented with Visualization.
HeartRate presenting with only Text

Rating
s Rating 1
Overall Rating 10.0% 25.0% 45.0% Rat?ng 2
Rating 3
Rating 4

W Rating 5

Likely to use - 35.0% 55.0%

Helpful to Answer I 25.0% 20.0% 45.0%

Clarity 35.0%

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
Number of Ratings

Figure 6.18: Subjective ratings for Heart Rate presented with Text.

Comparing the data visualization for Heart rate data field in both watchface, we
can observe that the watchface using Visualization has been the most preferred in each
category. The data visualized in this chart indicates a strong participant preference
for the Visual presentation of Heart Rate information on a watch face. The majority
of participants rated the clarity, helpfulness, and likelihood of using the Visualization
very highly, with most of the ratings concentrated at 4 and 5.

While it seems participants had no difficulty understanding the watch face showing
the Heart Rate with Text and the clarity for it has been ranked green, participants
did not find the Text version as helpful to answer the questions for the watch face

with presenting the Heart Rate by rating red for 35%. Also, it is noticeable that even
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though the watch face with the Visualization has 90% rated 5 for likely to use, seeing
0% ranked 1 or 2 shows that there have been no objections against using the watch

presenting Heart Rate with Text.

Distance presenting with Visualization

Rating
s Rating 1
Overall Rating - 20.0% fiating 2

Rating 3
Rating 4
B Rating 5

Likely to Use 1 5.0%

Helpful to Answer 4 5.0%

Clarity 4 15.0%

0.0 2.5 5.0 7.5 10.0 125 15.0 17.5 20.0
Number of Ratings

Figure 6.19: Subjective ratings for Distance presented with Visualization.

Distance presenting with only text

Rating
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Rating 2
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B Rating 5

Overall Rating

Likely to use

Helpful to Answer

Clarity 15.0%

0.0 2.5 5.0 7.5 10.0 125 15.0 17.5 20.0
Number of Ratings

Figure 6.20: Subjective ratings for Distance presented with Text.

Comparing the data visualization for the Distance data field in both watchfaces,
we observe that the watchface using Visualization was the most preferred in each
category, with being rated only 4 and 5. In terms of clarity, both presentation types
(Text/Visualization) were rated the same, with 85% rating 5 and 15% rating 4. How-
ever, none of the participants found the watchface presenting Distance with only Text
helpful for answering the questions, with 25% rating it 1 and 65% rating it 2, result-
ing in a total of 90% least favorite ratings in this category. Only 35% rated it highly
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for likelihood of use, which decreased to 15% after the second run and in the overall
rating.

Participants rated the Visualization highly across all categories, with most giving
it the highest rating of 5 for clarity, helpfulness, the likelihood of use, and overall
satisfaction. This suggests that the Visual presentation of the Distance data field is
clear, useful, and likely to be used by users. The few ratings of 4 across categories
indicate minor areas for improvement, but the absence of ratings 1 and 2 reflects a

generally high level of satisfaction with the Visual representation of Distance.
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Chapter 7
Discussion

In this chapter, we interpret what we have learned from the evaluation results. First,
we examine the results of the quantitative phase of the study. We contextualize these
results with quotes from participants during the interview to discuss the usefulness
of visualization when running. Next, we discuss how context affects runners’ repre-
sentational needs. Later, we discuss the participants’ feedback from the interviews.
Finally, we address the limitations of our study and suggest future work that could

further improve the presentation of data fields in smartwatches for runners.

7.1 Usefulness of Visualization While Running

Even with simple tasks that involve only a few numbers, visualization helped signif-
icantly. As shown in Figure 6.14, The difference in completion time between using
Visualization and using Text is always a positive number. Participants were faster
with Visualization than with Text for all tasks, and participants were often aware of
it, as P1 said “I quickly could see my progress visually, without having to check nu-
merical values.” Several participants said that they struggled to complete TDistance
with Text because of the cognitive load associated with performing mental math while
running, as P10 said “I don’t like to do any sort of math or thinking so something
that shows me where I am and where I need to be is pretty handy.”

While participants generally performed tasks more quickly using Visualization
compared to Text in all cases, when it came to the specific task related to “Pace”,
their personal opinions and subjective preferences did not demonstrate a strong pref-

erence for Visualization over Text. In other words, even though Visualization helped
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participants complete tasks faster, they only slightly preferred Visualization to Text
when dealing with the“Pace” data. Participants explained, for example, P14 said “I
prefer [the] numeric one, [it’s| easier to just see the current Pace”, and P3 said “I
am more comfortable with seeing a big number instead of bars and colors.”.

Considering all the illustrated Likert Scale, we can strongly state that the data
fields for Heart Rate, as shown in Figure 6.17 and Distance, as shown in Figure 6.19,
were the most preferred data fields when presented with Visualization. Participants
were satisfied with the design in terms of comprehending it and finding it useful for
running. While the data field for Pace was slightly favored towards the watchface
with Visualization as shown in Figure 6.16, the results show that there is room for
improvement in the design and visualization of this data field.

Overall, visualization are more than just an acceptable or adequate option; They
are a strong and effective alternative to using numerical data for runners. Visual
representations of information can be just as good, if not better, than relying on
numbers alone when it comes to helping runners understand their data. As P14
said, “I always find the visual representations are often easier to understand than
numbers, especially when I am running or when I am doing a physical activity”. This
emphasizes the important role of glanceable visualization in helping runners quickly
understand data during certain realistic tasks while running. This importance is
likely even greater when runners have limited mental capacity [27], such as during
intense activities like high-intensity interval training or racing. In challenging real-life
environments, such as running on trails or in traffic, the ability to quickly glance at
a smartwatch becomes crucial because spending too much time looking at the watch

could lead to accidents, such as falling or getting injured.

7.2 Contextual Effectiveness of Data Representa-

tions for Runners

The findings of our study should be understood in the context of the specific tasks
the participants were asked to perform. Although Visualization were effective for
the tasks included in the study, there are many other tasks that are important for
runners. For these broader tasks, numerical data might be more flexible or useful
than visualization, allowing runners to accomplish a wider variety of tasks. Some

participants recognized this, with P19 saying, for example, “Visualization was good
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for comparing, but I prefer just numbers to see my speed.” P5 commented that “Text
and Visualization are very equally good to me, if both adapt my watch, based on my
running plan I can choose either or.”

This outlines the usefulness of providing different ways to present data that run-
ners can customize to their own specific running activities. Some activities, like
high-intensity interval training or hill repeats, require careful monitoring of multiple
metrics since these metrics directly measure performance and success. In contrast,
other activities, such as a base run, may not require any data monitoring, as the
primary goal is simply to spend time running without focusing on specific metrics.

How data is represented should depend on the specific context and task, which
is particularly evident when considering how goals are achieved. Different tasks or
situations may require different data representation types to help runners achieve
their goals effectively. Echoing past work [18], three participants explained that they
felt more motivated to achieve their goals and perform well with Visualization than
with Text for TDistance. P5 said “I was having a sense of accomplishment, and it
was encouraging me to push myself further.”; When P16 said “the visual designs were
giving me this feeling to focus on the goal.”; and P8 “the bar that was filling with color
as I was running was giving me more motivation to fill it as soon as possible.”.

Understanding the influence of various visualization could help improve how run-
ners set and achieve their goals and stay motivated. Future work should look into

examining how different visualization designs impact goal-setting and motivation.

7.3 Qualitative Feedback

In the interview, we elicited further discussion from participants who deviated from
the normal response patterns in terms of accuracy and response time. Although we
did not formulate hypotheses regarding accuracy, as our pilot studies showed near-
perfect accuracy for all tasks with both presentation types, we collected participants’
responses to each question along with the completion time. We recorded four incorrect
responses to the TDistance task when the data was presented using Text.

We investigated why participants gave incorrect responses to the Distance data
field when presented as Text, compared to correct responses using Visualization. All
four participants who answered incorrectly explained that they found it hard to do
math while running. This made them take longer to respond and led to mistakes. In

contrast, they found the Visual Distance data easy to understand at a glance, resulting
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in correct answers. As P3 said, “trying to do math in my head while running threw
me off. I was second-guessing myself. But when I looked at the visual data, I got
it instantly.”; And P18 said “I am not good at calculating numbers, especially when
I'm doing an activity, but with the visualization, I didn’t have to think much—it just

made sense right away.”.

7.4 Limitations and Future Work

Our study has several limitations that should be considered when interpreting the
results. Understanding these limitations helps contextualize our findings and guides
future research directions.

The results of our study are specific to the set of tasks we tested and the demo-
graphic of runners we recruited. We expect that different tasks could lead to different
outcomes. For instance, participants might be faster with Text than with Visualiza-
tion if they are asked to retrieve an exact value and if the Visualization lacks precise
labels. In such cases, participants would also likely be more accurate with Text.
Future studies should establish a comprehensive list of meaningful tasks for runners
based on various contexts, such as activity type, environment, and social setting, to
investigate the usefulness of visualization more broadly.

Runners vary widely in their expertise and practice, which can influence their
data needs and task performance. Some runners participate in casual runs, such
as a turkey trot once a year, while others are weekend warriors, elite athletes, or
professional runners. They may run on different terrains—tracks, roads, forests, or
mountains—and in various conditions—sun, snow, or rain. Additionally, the Distance
they run can range from 1 km to 200 km. Future research should consider these factors
and study how the context affects tasks and representational needs. Conducting this
study required us to rethink and adapt our typical approach to HCI and visualization
studies. While HCI has a long history of conducting quantitative in-lab controlled
experiments, it seldom conducts studies in realistic environments due to the increased
difficulty. Our field lacks the infrastructure, knowledge, and practice history for such
studies, making it challenging to find appropriate methods. This limitation presents
both a challenge and an opportunity to develop and implement new methodological
frameworks.

Our study used a synthetic dataset to ensure consistency across participants in

task difficulty. However, this came at the cost of less realistic data, which might have
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distracted some participants who realized the data was inaccurate. This limitation
highlights the trade-off between maintaining task consistency and using realistic data
that participants might find more engaging and relevant.

We chose to ask questions and collect responses verbally, which introduced sev-
eral challenges. Technological issues included how to send prompts, measure response
times, and collect participant data. Bluetooth transmission likely introduced some
noise in the response times collected. These factors threaten both external and in-
ternal validity, raising questions about the feasibility of fully automating this type of
study, administering tasks, and accurately collecting participant data.

The factors mentioned above collectively impact our study’s external and inter-
nal validity. External validity concerns the generalizability of our findings to other
settings, populations, and times. The specific tasks, participant demographics, and
controlled environment limit this generalizability. Internal validity refers to the ex-
tent to which we can attribute the observed effects to the interventions rather than
other variables. The use of synthetic data, verbal data collection, and potential noise

in response times are threats to internal validity.
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Chapter 8
Conclusion

Our study evaluated the performance and preferences of 20 runners completing tasks
on an outdoor track using Text and Visualization. The results showed that runners
completed tasks more quickly with Visualization and expressed a clear preference for

these visual tools, indicating their willingness to use them during runs.

Visual data displays have significant potential to enhance runners’ understanding
of their metrics, such as Heart Rate, Distance, and Pace. Runners often engage in
various activities across diverse environments, each presenting unique challenges and
data needs. Our research highlights the importance of moving beyond controlled envi-
ronments, like treadmills, to study how visualization can assist runners in real-world,

variable conditions.

The ability to quickly and accurately interpret visual data under physical and
cognitive strain is valuable not only for runners but also in other scenarios where
users operate in challenging conditions. Our findings suggest that well-designed visu-
alization can reduce cognitive load and improve decision-making, thereby enhancing

performance and overall experience for runners.

However, our study was limited to a specific set of tasks and a particular de-
mographic of runners. Future research should explore a broader range of running
activities, conditions, and participants to understand better how visualization can
support the diverse needs of the running community. Additionally, studies conducted
in more natural settings will provide deeper insights into the practical application of

visualization in the environments where runners most need them.
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Appendix A

Additional Information

Questions:
e Is your speed above or below the Target speed? (Question Number 1,6,13)
e Yes or No, your heart rate is in the target range? (Question Number 2,7,10)

Your Pace is below the target. How much do you need to adjust it? (Question

Number 3,9)

Yes/ No, You have finished the first quarter of your run? (Question Number
4,811)

Your Heart Rate is above target, how much do you need to slow down?(Question
Number 5,12)

Watchfaces for each question:
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Figure A.1: from left to right question 1,6, 13, task of realizing either their speed is
above or below the target where top row showing the watchface number 1 and second
row shows watchface number 2
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Figure A.2: from left to right question 2,7, 10, task of realizing if their heart rate is
in the target range, where top row showing the watchface number 1 and second row
shows watchface number 2
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Figure A.3: from left to right question 3,9 task of realizing How much the participants
need to increase their speed to adjust to the target range, where top row showing the
watchface number 1 and second row shows watchface number 2
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Figure A.4: from left to right question 4,8, 11, task of testing participants‘ ability and
the awareness to estimate distances covered during their run,, where top row showing
the watchface number 1 and second row shows watchface number 2
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Figure A.5: from left to right question 5,12 task of realizing How much the participants
need to slow down to adjust their heart rate to the target range, where top row showing
the watchface number 1 and second row shows watchface number 2



