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Figure 1: Clairbuoyance, a system to improve a swimmer’ s sense of direction.

ABSTRACT
While we usually have no trouble with orientation, our sense
of direction frequently fails in the absence of a frame of reference. Open-water swimmers raise their heads to look for a
reference point, since disorientation might result in exhaustion or even drowning. In this paper, we report on Clairbuoyance — a system that provides feedback about the swimmer’s
orientation through lights mounted on swimming goggles.
We conducted an experiment with two versions of Clairbuoyance: Discrete signals relative to a chosen direction, and
continuous signals providing a sense of absolute direction.
Participants swam to a series of targets. Proficient swimmers
preferred the discrete mode; novice users the continuous one.
We determined that both versions of Clairbuoyance enabled
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reaching the target faster than without the help of the system, although the discrete mode increased error. Based on
the results, we contribute insights for designing directional
guidance feedback for swimmers.
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1

INTRODUCTION

Having a sense of orientation is important for navigation
tasks. Humans have different strategies for finding their orientation and, generally, features in the environment or landmarks play an important role. In contrast to some animals,
humans have no sense of magnetic fields that could provide
orientation. A particularly difficult task is orientation in open
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waters as there are no landmarks or static features present.
In this paper, we explore how to create a digital sense for
orientation.
Our use case and motivation is open-water swimming,
which is gaining in popularity as an amateur sport. Excitement, health benefits and the possibility to connect with
nature motivate more and more physically active individuals
to swim in the open waters. The largest amateur event in the
UK — the Great Swim – attracts 22,000 swimmers annually
and the UK Outdoor Swimming Society has grown from 300
to 23,000 members over the last ten years [11].
Yet, despite its many advantages as a sport, swimming
is cognitively complex, requiring precise coordination of a
large number of muscles. Technique, proprioception, rhythm
and stamina all have a key impact on performance. In this
environment alien to our bodies, two main challenges arise:
breathing and orientation. Breathing is a vital function and all
swimming styles incorporate strategies to enable inhaling air
effectively, but orientation in the water remains problematic.
Novak [23] showed that humans are incapable of swimming in a straight line over longer distances. The difference
in strength between arms and between legs results in a slight
deviation in direction when there is no frame of reference
available. This effect is typically observed in people walking
in circles in the desert or unfamiliar terrains caused by the
lack of an external directional reference, thus making the
directional recalibration impossible [29].
Consequently, competitive sport swimming pools are divided into lanes with colourful ropes and have guide lines
on the bottom to aid the swimmers. This is not the case
for lakes, rivers and the sea, where competitions mostly use
sparsely positioned buoys. For recreational open-water swimming, reference points need to be identified by the swimmer.
For open-water swimmers, their field of view is mostly obstructed by non-transparent water and, during events, by
other swimmers. Knowing where to swim depends on raising their heads above the water and trying to find visual
references, affecting their swimming rhythm and performance. Depending on the situation this may result in losing
a competition, excessive exhaustion, or even drowning. Currently, open-water swimmers can use dedicated devices in
the form of GPS-enabled wristwatches. This improves their
sense of direction, but still disrupts their swimming. Alternatively, long-distance swimming competitions use boats or
kayaks to guide athletes, but these are not feasible for recreational swimming, especially given the constant increase in
numbers participating in the sport. As Human-Computer
Interaction (HCI) is increasingly interested in understanding
interfaces for physical activity [22], the problem of providing
directional feedback while swimming provides a relevant
challenge and an exemplary case for creating a digital solution.
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In this work, we explore the means of enhancing swimmers’ sense of orientation in water. We present Clairbuoyance, augmented swimming goggles designed to improve
the directional perception of swimmers. Our design uses
peripheral light feedback to convey information about the
swimmer’s current direction. We contribute (1) the design
and implementation of a prototype capable of providing
underwater directional information visually; (2) a proof of
concept of the idea and an evaluation of the device that uses
two feedback modalities: absolute and relative direction; and
(3) insights for designing future systems that support directional guidance, in particular, but not limited to, swimming.

2

RELATED WORK

A starting point of our inquiry was understanding the different types of feedback through which directional information
could be provided to swimmers. We describe how past methods for providing directional feedback relied primarily on
haptic output, then look at previously researched means of
providing visual feedback in applications that convey space
and direction. Finally, we present literature focused on applications for swimmers.

Feedback for navigation
Several researchers explored ways to convey navigation
cues using alternatives to traditional displays. Tan and Pentland [30] investigated the use of tactile displays in wearable
computing. They presented a wearable tactile directional display which used sensory saltation, a tactile illusion evoked by
stimulating different regions of the skin in rapid succession.
Their work pioneered the use of non-traditional approaches
for conveying navigational information for implicit interaction.
Brewster and Brown [2] introduced the concept of tactons,
or tactile icons. The authors proposed to use individually
identifiable vibration patterns differentiated by their pulse
intensity, duration and frequency to convey specific cues
and signals to users. Later, Lin et al. [18] proposed tactons to
provide navigation cues for pedestrians. The authors further
reported on two experiments where they investigated the
use of tactile feedback to present navigation information
to pedestrians. Similarly, Pielot et al. [25, 26] investigated
and designed a tactile compass and Kiss et al. [16] presented
a wearable system to provide turn-by-turn navigational instructions for motorcycle riders. The wide use of tactile interfaces for navigational feedback shows that conveying
direction through non-visual cues may be highly effective.
These results inspire our work and prompt exploring the
design space for directional feedback while swimming.

Clairbuoyance
Visual feedback for directional cues
Another line of research explored how to design effective
visual cues for conveying direction. Burke et al. [4] compared
multimodal feedback in terms of error rates and reaction time
in a meta-analysis of 43 studies. Their findings suggested that
visual-auditory feedback resulted in better performance than
visual-tactile for single tasks, while the opposite is true for
participants performing multiple tasks in parallel. Eye-q [8]
used a peripheral display embedded in glasses to provide subtle notifications, with an emphasis on the social acceptability
aspect of the design.
A common application scenario for unobtrusive visual
feedback for space and direction information is navigation.
AmbiGlasses [27] was a system that consisted of a pair of
glasses with 12 LEDs used to convey directional information,
which was found to be effective. Tseng et al. [33] proposed
to use peripheral light for navigation on scooters, finding
a range of signals which participants could effectively recognize as commands. Similarly, Matviienko et al. investigated the use of light feedback for turn-by-turn navigation
in cars [21]. Their findings suggested that ambient lightbased cues are easy to use and understand. Our work builds
on these past results by exploring specific considerations for
feedback while swimming.
HCI for swimming
Human-Computer Interaction under water poses additional
challenges for building interactive systems, both from a technical and a design point of view. Past work in HCI contibuted
several systems for swimmers. Davey et al. [9, 10] built a
system based on a tri-axial accelerometer and developed an
algorithm to measure performance for competitive swimmers. They showed that this type of system can provide
results equal to or better than manually collected data. Callaway et al. [5] compared video- and sensor-based measuring
of swimming performance, showing how electronic sensors
enable a more accurate analysis of swimmers’ performance
and provide useful tools for coaches and trainers, compared
to traditional means. We were inspired by these systems as
they showed that technical interventions in the swimming
sport can be effective and perceived as useful.
Several past works have explored how information may
be effectively presented to swimmers while considering the
special perceptual conditions in water. Förster et al. [13] investigated different modalities to provide feedback to swimmers. Their findings suggest that audio feedback is not appropriate for interfaces for swimmers, whereas haptic and
visual feedback are effective. The same authors later presented SwimMaster [1], a wearable assistant for swimmers.
This system was able to calculate performance metrics of
swimmers such as the time to swim a lane, the swimming
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velocity and number of strokes per lane, and provide information about other important aspects regarding style specific
factors such as body-balance and rotation. Their findings
confirmed the preference for visual and haptic feedback over
audio in interfaces for swimmers.
Hagema et al. [14] used waterproof accelerometers to
measure the rhythm of strokes from swimmers and provide LED feedback on swimming goggles. This system enabled swimmers to maintain a constant pace and train to a
pre-programmed rhythm. A similar idea was presented by
Marshal [20], making a smartphone waterproof and using
its connectivity capabilities to enable a coach to monitor
the swimmer’s performance remotely. Mangin et al. [19]
designed a wearable distributed system able to collect data
about swimming kinematics and transmit it wirelessly to a
personal computer. These works in swimming technology
guided the design of Clairbuoyance, showing that the use
of augmented swimming goggles may be effective and that
swimmers are able to process a certain amount of additional
information while swimming. Our work is interestingly different from these efforts as it focuses on the sense of direction
and explores sensory augmentation.
More recent works explored swimming technology for social play and therapy. In SwimTrain, Choi et al. [7] explored
the use of exergames for promoting fitness through group
fitness activities. This work showed that additional feedback while swimming offered a playful experience. Parvis
et al. [24] used waterproof inertial systems to measure the
movements of swimmers and assess swimming symmetry
during rehabilitation therapy. Clairbuoyance was inspired
by the research above as it shows that technology can add
additional meaningful elements to the swimming experience.
In contrast, our work did not aim to create new swimming
experiences. Instead, we aimed to design a device that would
augment an existing activity.
3

DESIGN

The design process of Clairbuoyance consisted of several
steps and iterations, aimed to address different aspects and
problems. Technical challenges such as making our device
waterproof required extensive trial-and-error attempts, sometimes even resulting in the partial or complete destruction
of a prototype. Choosing our feedback modality was, at first,
based on existing literature, but fine-tuning required presenting the design to users, prompting discussion and collecting
observations and insights both at the lab and at a local public
swimming pool. Informal interviews provided useful feedback and ideas, mostly from other swimmers at the pool.
In this paper we summarize the most relevant aspects of
our design process and omit failed attempts, flawed prototypes and annoying feedback modalities. In the following
subsections, we present and explain our design decisions
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for creating Clairbuoyance, a system to improve directional
perception for swimmers.
Choosing a feedback modality
We chose to use visual feedback over haptic based on Burke’s
findings, since swimming is a single task [4]. We favored
visual feedback over sound based on the findings of Förster,
Bächlin and Tröster [1, 13].
Given the repeated success in providing visual feedback
through augmented glasses, we chose a similar approach
for our design [12, 27, 32, 33, 35]. Instead of glasses, we decided to augment swimming goggles, the most ubiquitous
swimming gear besides the swimsuit. This decision also minimized the impact of our gadget on usability, portability,
social acceptance and comfort. Further, light-based feedback
was successfully used before in applications for interactions
during physical activity [36].
Defining feedback modes
Based on the design used for ActiveBelt by Tsukada et al.[34],
we identified two main types of orientation: absolute and
relative. Absolute orientation describes a general awareness
of directions, which is what we ideally experience in familiar
environments. For example, even when we are not completely sure were the geographic North is, we can intuitively
point towards particular places outside our immediate field
of view.
In contrast, relative orientation depends on a given direction. This can easily be illustrated by a compass, which
calculates directions respect the magnetic North. In this case,
the general awareness of directions is not important, but
the focus is on a given goal direction, and the important
information is by how much are we diverging from it.
These two intrinsically different orientation concepts have
different representations from an informational point of view.
The absolute sense of orientation is a continuous signal,
which can be represented as a single, uninterrupted stream
of data. The relative sense of direction has a discrete nature,
since there are likely only three possible states for a given
observer: the observer is facing the desired direction, the
observer must turn to the right to face the desired direction or
the observer must turn to the left to face the desired direction
(we assume here that the likelihood of being completely
opposite to the desired direction is close to zero).
Given these differences between the two orientation concepts, we proposed two different representations or modes,
matching the numerical nature of each type of signal:
Absolute continuous feedback (ACF):. we mapped all directions to the RGB color spectrum, thus each direction was
represented by a single RGB colour (see Figure 2). We arbitrarily assigned red to North, and then pure green to 120◦

Figure 2: Mapping of cardinal directions to the RGB color
spectrum.

and blue to 240◦ . The color mapping was inspired by past
work in HCI that effectively mapped hue to circular models
[6]. We considered the use of a fixed color for the goal, but
past work suggested that a fixed color pattern was easy to
memorize [6]. Given that goals can be situated anywhere
and North is not a preferred direction, a static color mapping can provide a consistent experience. Thus, a continuous
spectrum without end was our choice.
This representation enabled an intuitive recognition of
directions, as well as an observable variation in the signal
that might indicate getting closer (or further) to a desired
goal.
Relative discrete feedback (RDF):. since only feedback is needed
when the swimmer needs to correct his/her direction, we
decided to indicate which direction the swimmer must go to
correct the course. When the heading is correct, no signal
is displayed; when the swimmer deviates from the desired
direction, a light indicates where to turn (see Figure 3).
Design requirements
A system capable of providing the described above sensory
augmentations needs to fulfill multiple requirements. From a
functional point of view, the device must be able to calculate
directions, both absolute and relative to a desired goal direction. The system must also be able to compensate rotations
respective to the X and Y axis, providing consistent feedback
while the user looks forward, downwards (while swimming)
or rotating the head to the sides for breathing. Additionally,
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Figure 3: Relative discrete feedback mode: a light cue indicates towards which side to correct heading.

it is desired that the system ignores the small, rhythmic characteristic oscillations around the current direction caused by
the swimming movements.
From an interaction perspective, the system must enable
the user to switch between feedback modes, as well as select the desired goal direction in the relative discrete mode.
Additionally, the system must be capable of presenting both
feedback modes to the user in the visual periphery. That
means that the device is required to provide light on both
sides of the field of view and present the whole RGB color
spectrum.
For the technical aspects, the system must be waterproof
– or at least water resistant for a few hours to a moderate
depth. It also needs to be completely wireless, compact, robust and lightweight, since it would ideally be completely
and exclusively attached to the goggles, without presenting
any hindrance to the swimmer.
Final prototype
Based on the requirements, the definitive implementation
of Clairbuoyance consists of standard swimming goggles
augmented with custom made electronics. Two RGB LEDs
are attached to the sides of the goggles and provide the visual cues (see Figure 4). The orientation is calculated using
readings from a digital magnetometer, accelerometer and
gyroscope. All these electronics, plus a microcontroller and
batteries, are encased in a waterproof container fixed to the
strap of the goggles. A textile band can be added to provide
extra stabilization (see Figure 1). A single push-button enables the user to switch feedback modes or select the target
direction.
The device provides the two feedback modes: the absolute
continuous feedback (ACF) is conveyed to the user by both
LEDs, which display the RGB color mapped to the current
heading. The relative discrete feedback (RDF) is provided by

Figure 4: Final version of the prototype: the control button
(right), the device working on the ACF mode (right) and a
detail of the hardware (bottom).

lighting a single LED on the side towards which the swimmer must turn. When the heading is within a predefined
threshold, both LEDs are off. In this mode, the visual feedback is displayed with a yellow light, since this color is easy
to notice in most underwater environments.
The user can switch between feedback modes by pressing
the button for at least two seconds (long-press). The effect of
pressing the button for less than two seconds (short-press)
depends on the feedback mode. For the relative discrete orientation, a short-press sets the current heading as the goal
direction. In this case, both LEDs blink and briefly change
colors, to provide feedback about the user’s action. From this
point on, the feedback will provide information based upon
this acquired direction. While providing absolute continuous
feedback, the short-press has no effect.
4

IMPLEMENTATION

In this section, we describe our prototype to ensure the reproducibility of our study.
Hardware
Taking the same approach as Parvil et al., we based our prototype on an Arduino-compatible microcontroller board, the
Teensy 2.01 [24]. The directional information is collected with
a three axis gyroscope (L3DG20H) combined with a three axis
magnetometer and accelerometer combo (LSM303DLHC).
All these sensors are included in the Adafruit 9-DOF IMU
breakout board, which we used for our prototype.
1 https://www.pjrc.com/teensy/
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angles in radians, with respect to the horizontal plane. The
magnetic readings M x , My and Mz are also normalized and
projected on the calculated plane:
H x = M x · cos roll − Mz · sin roll

Figure 5: Aeronautical naming of the Tait-Bryan angles, in
this case applied to the human head.

The devices are powered with two CR2477 3V coin cell
batteries in series, ensuring a constant 5V power supply
with a LT1521CST-5 voltage regulator. The visual feedback
is displayed using high-brightness common-cathode RGBLEDs (7000/8000/4000 mcd) on each side of the goggles. To
improve the visibility of the light feedback, we used laser-cut
acrylic light diffusors. User input was enabled with a 6mm
tactile button, attached to the right LED. The button was
positioned to ensure ease of use and prevent unintentional
actuation.
LEDs and button were connected to the microcontroller
with standard four pair and six pair cables. The LEDs and button were waterproofed with transparent heat-shrink tubing
and hot-glue to enable visibility and actuation while guaranteeing the integrity of the device. The controller, sensors and
batteries were encased in an IP68 ingress-protected junction
box, intended for outdoor installations. This method allows
for easy access to the electronics for switching the device
on, replacing batteries or reprogramming the board, while
keeping it dry during its usage. To protect the electronics
from condensation, we used silica bags.

Hy = My ·cos pitch+My ·sin roll ·sin pitch+Mz ·cos roll·sin pitch
(3)
Hx
(4)
Hy
The obtained yaw is then the angular difference between
the magnetic North and the current heading of the user.
This value is converted to degrees and smoothed using an
averaging filter with length 10.
The heading value are used either directly for the absolute
continuous orientation feedback, or compared to the value
stored by the user for the relative discrete orientation feedback.
yaw = arctan

5

EVALUATION

In order to evaluate Clairbuoyance, we conducted a withinsubject controlled experiment in an Olympic-sized swimming pool. We wanted to evaluate how both feedback modes
performed in terms of performance and usability. Participants were asked to swim to a series of targets across the
pool while using Clairbuoyance in one of its two modes and
without additional aid.
Participants

Software
The software was written in the Arduino IDE using the Teensyduino plugin. It calculates the current heading as a unidimensional value, which is the projection of the measured
magnetic vector on the horizontal plane. The horizontal
plane is calculated using the accelerometer and gyroscope
readings, under the assumption that the time-averaged acceleration exerted by the swimmer is negligible when compared
with the gravitational pull.
Using the aeronautical angle nomenclature, where yaw is
the heading, pitch the elevation and roll the lateral rotation
(see Figure 5), the current orientation of the user with respect
to the horizontal plane can be calculated with the following
equations:
Ay
pitch = arctanp
,
2
Ax + A2z

(2)

Ax
roll = arctanq
A2y + A2z

(1)

where Ax , Ay and Az are the normalized values of acceleration for the three respective Cartesian axes of the sensors’
local coordinate system. The calculated pitch and roll are

We used social media and snowball sampling to recruit participants. We distributed the experiment call both on general channels (university mailing lists) and groups specific
to swimming in order to get a spectrum of novice and advanced participants. Potential participants were asked to
declare that they could swim a quarter mile front crawl with
interruptions as requested. Additionally, we required that
participants should have had normal eyesight (or corrected
to normal while swimming). We recruited 24 participants (16
male and 8 female), aged from 18 to 62 years old (M = 26.54,
SD = 10.93). Participants stated that they swam an average
of 7 times a month (SD = 9.00), with some swimming more
than 5 times a week. We classified them into two groups:
recreational and advanced swimmers. Advanced swimmers
identified as one of the following categories: active lifeguard,
active competitive swimmer, swimming coach, former competitive swimmer, club water polo player. There were 12
advanced and 12 recreational swimmers in our sample. Participants received USD 15 as remuneration for their time
spent in the study. Additionally, isotonic drink and food was
available for recovery after the study.
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Apparatus
The participants swam towards a target on the opposite side
of the pool. The target consisted of a yellow semi-circle,
clearly visible on the other side of the pool (see Figure 7). To
impede participants from using the lanes on the bottom of the
pool as an orientation reference, we created paths for them to
follow, as illustrated on Figure 6. A base path consisting of 6
straight segments, with a total length of 175 meters, was used
to create three symmetric paths by inversion and rotation.
This removes learning bias, since each path is perceived
differently by the participant, and, still, the length and angle
respective to the side of the pool of the individual segments
remains equal. Counterbalancing using Latin squares was
applied to the conditions and routes. To avoid confusion
about the target, there was only one target on each side of
the pool, which was relocated for each segment to predefined
positions, marked with tape on the floor.
Through an iterative process, we produced a system robust enough to endure the study conditions. Waterproofing
was the main challenge, but the effect of gyroscopic drift also
required attention. Given that we expected that extensive
exposure to water pressure under experimental conditions
would produce enough stress on the sealing of the case to
compromise the electronics, we produced three physical prototypes to be able to continue the experiment in case of
damage. This proved useful, since it allowed replacing batteries preventively without interrupting participation. To
eliminate possible magnetic drift effects, the prototype was
restarted between trials, which kept the effect negligible.
Calibration was performed in situ, to account both for geographic magnetic deviation and environmental aberrations.
To calibrate each individual prototype we used MotionCal2 ,
a software system specifically designed for this purpose.

Figure 6: Path A (red), Path B (green) and Path C (blue) were
assigned in a counter-balanced fashion to the three conditions (base, ACF and RDF). Path targets were ordered increasingly, starting at 0. The dimensions of an Olympic swimming pool are 25 meters by 50 meters, thus each path had
a length of approximately 175 meters.

Hypotheses
Using this controlled experiment design, we evaluated the
following hypotheses:
(1) Peripheral visual feedback will reduce completion time
(2) Peripheral visual feedback will reduce orientation errors
Conditions and measures
To evaluate Clairbuoyance, we asked participants to swim
three times, once under each of the three conditions:
• Base condition: no feedback
• RDF: Relative Discrete Feedback
• ACF: Absolute Continuous Feedback

2 https://github.com/PaulStoffregen/MotionCal

Figure 7: Target, consisting of a yellow semi-circle with a
black center.

We collected four different metrics: Task Completion Time
(TCT), error distance, task load and a score describing the
usability of the system.
TCT was measured with a chronometer, and consisted
of the swimming time of each participant to complete each
path. Thus, TCT is the sum of the measured time to reach
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each target and does not include the time the participants
rested.
The error distance was measured as the separation between the point where the participants first touched the side
of the pool (estimated goal) and the center of the yellow
target (real goal). We use the sum of the absolute value of all
error distances as metric.
Task load was measured using the NASA Task-Load Index
(TLX), an assessment tool to quantify and analyze the workload required to complete a task. For this, after each path was
completed, participants were asked to fill a questionnaire,
providing subjective feedback on six subscales [15].
Usability of the system was measured using the System
Usability Scale (SUS). For this purpose, participants were
asked to fill the SUS questionnaires for each of the feedback
methods [3].
Individual opinion on Clairbuoyance and the whole proposed interaction was collected in semi-structured interviews.
Procedure
We welcomed participants in a room adjacent to the swimming pool to brief them before the experiment. Participants
were asked for their consent for participating in the experiment and processing the data gathered during the study.
After explaining the experimental task in detail, we asked
them to confirm in writing that they were fit to complete
the task. They were specifically instructed to swim at a moderate pace and take breaks as needed in order to complete
the required number of trials without perceived exhaustion.
Next, we gathered demographic data and questioned them
about their perceived swimming ability. We then gave them
time to change to their swimming attire.
When ready to swim, each participant was assigned a
starting condition and positioned at the starting point for
the assigned path. An experimenter then positioned the target on the opposite side of the pool at the point specified
by the target sequence (see Figure 6). We then reminded the
participant to swim to the target at a moderate pace and not
to look ahead, as well as use the same swimming technique
for all paths. The participant was asked to raise an arm when
ready, and an experimenter blew a whistle to start both the
swimming and the chronometer at the target location. When
the participant touched the border on the other side of the
pool, the chronometer was stopped and the position respective to the target was noted. The participant was given time
to rest as required, and then followed the same procedure
towards the next target of the path. After completing all
trials in a condition, we offered the participant an isotonic
drink. After completing each path and while recovering, the
participant completed a questionnaire containing the NASA
TLX measures and SUS.

Kiss et al.
After completing all trials, we let the participant rest and
change back to their regular clothes. Next, we debriefed the
participant in a room adjacent to the pool, and conducted a
semi-structured interview that focused on the experience of
using Clairbuoyance. We asked which method the participant
preferred and what strategies were employed to complete the
task. We also explored usage scenarios beyond the swimming
pool and possible use of the device in open waters.
6

RESULTS

We collected data about two quantitative metrics, the total
error respect to the individual targets (in meters), and the
total time required to complete the task excluding the rest
pauses (in seconds). Additionally, participants reported the
perceived load of each task using TLX, and the usability of
both feedback methods using the SUS.
The normalized error, normalized TCT and TLX were
analyzed using ANOVAs, with the most relevant results summarized on Table 1. We decided to standardize the TCT and
Error results per participant in order to account for the differences in swimming proficiency and physical fitness between
participants. The values were standardized as normality assumptions (Shapiro-Wilk test) have been fulfilled.
Post-hoc Tukey HSD tests showed that participants missed
the target by a significantly higher distance when using RDF
than in the other two conditions, both times at a significance
level of .001. We found no significant difference between the
base condition and ACF. For the TCT, post-hoc Tukey HSD
revealed that the base condition took significantly longer to
complete than when using RDF, with significance level at p =
.05, while the two other comparisons were not significant.
The mean score of the SUS was calculated as 70.72 for
RDF and 71.57 for ACF. A Wilcoxon test showed that the
difference in SUS scores was not significant.
Interviews
All pre- and post-study interviews were recorded and transcribed verbatim. We collected a total of 3hr 24mins of recordings. First, we coded the interviews to determine their preferred feedback type (each participant was explicitly asked to
make a binary choice). We then printed the statements from
the interviews on post-it notes and used affinity diagramming to classify them into common thematic groups. We
identified three themes in the data: Workout integration,
Trusting the device and Usage scenarios.
Preferred feedback type. Fifteen out of 24 participants preferred RDF. Interestingly, advanced users had a very high
preference for RDF (11 out of 12 advanced swimmers), while
recreational swimmers preferred ACF (8 out of 12 participants). Advanced swimmers were focused on minimizing
distractions and appreciated the fact that no feedback was
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Error [m]

TCT [s]

NASA TLX

Condition

M

SE

M

SE

M

SE

Base
RDF
ACF

2.58
3.67
2.54

0.17
0.16
0.14

32.36
24.37
25.01

3.66
1.18
1.26

40.42
42.25
47.96

3.87
3.27
3.95

ANOVA

F 2,393 = 3.47, p < 0.05

F 2,393 = 16.25, p < 0.001

F 2,68 = 1.61, p = 0.32

Table 1: Mean value and standard error for the distance by which participants missed the target, TCT and NASA Task-Load
Index, as well of results from respective ANOVAs. Note that the variation among conditions is significant for the distance and
TCT, but not for TLX.

are or how much is left. (...) It’s easy to mix up
the colours and forget which colour to follow. I
saw pink most of the time and I’m not used to
that. It was distracting.
In contrast, amateur swimmers valued ADF as it offered
stronger feedback with constant confirmation of status. One
participant was concerned that light on one side may not
have been visible enough at all times:
The colours were better and I reflected that I enjoyed that the colours carried a meaning. When
the sun came out, I could still see them. So, I
think the colours would be nice irrespective of
what kind of water you’re swimming in.

Figure 8: Mean and standard error of the normalized TCT
and distance with respect to the real and estimated position of target reached by the participants, for each condition.
Markings indicate post-hoc significance.

Figure 9: Mean value and standard error Total Load, according to NASA Task-Load Index, for each condition.

produced in RDF when they were on the correct heading.
One swimmer did not want to think about translating colours
into directions:
We swimmers focus on completing the distance
fast and we don’t want to think how far in we

Workout integration. Participants were eager to share insights on how Clairbuoyance could be improved to better reflect their swimming practices and fit their workout routine.
One participant reflected that they would choose a different
goggle model for the task.
I wanted to make sure the light was in my field
of view and I wasn’t always sure of that. I constantly thought there might have been more
light that I didn’t see. I guess I would need different goggles.
In the ADF condition, an often-repeated remark was the
need to customize the sensitivity of the device. A dynamic
directional range that would change as the user was approaching the target was suggested:
You should be able to adjust the range of the
device at the starting point. And then this range
should become narrower as you get closer to the
target. That would make sense.
Finally, some users remarked that the device could be integrated in their regular swimming routine and produce a
positive experience by alerting them when a course correction was needed. This would amount for more time to relax
and thus a more enjoyable swim:
I liked it because the diodes told you when you
were off course. It’s intuitive and easily visible.

CHI 2019, May 4–9, 2019, Glasgow, Scotland UK
You have to react to it when needed, but, most
of the time, you can just enjoy the swim.
Trusting the device. Another aspect often addressed by the
participants which emerged from the data was how users
decided (or not) to trust the device and navigate based on
Clairbuoyance’s indications. One participant was initially
doubtful about the system, but they later decided that the
feedback was useful:
There was a moment when I didn’t trust the
system, I thought it broke down. Had I trusted
it, I would have hit the target. So, then, I decided
to trust it and ended up in the right spot. Then,
it started making sense to me.
Many participants reported that they needed to think less
about their direction of swimming. They saw Clairbuoyance
as an opportunity to focus more on swimming technique or
relax. One swimmer remarked that the device enabled him
to relax while swimming:
You can sort of stop thinking. You don’t have to
focus on where you are swimming, but you can
freely move and the lights give you hints. You
can just relax, just swim.
Usage scenarios. Finally, users explored possible uses of Clairbuoyance beyond the study extensively, considering the functionality of the device in open waters. Participants would
propose usage scenarios for the system. One of the advanced
swimmers suggested that Clairbuoyance would be useful
even for complex tracks often seen in open-water swimming
competitions.
The longer the distance, the more useful it is. It
also depends on the conditions... in open waters,
there’s the sun, the colour of the water (...) when
the sun blinds you, you could trust the device to
navigate for you. Even for multiple buoys, this
could work.
Another suggested scenario in open waters was not only
making sure one was following the right heading, but also
establishing the correct heading. An advanced participant
commented that the system could eliminate the need to reassure oneself that one had not forgotten the swimming
direction in a competition:
I know that it will lock that point and stick to it. I
would use it a lot. In open waters, the legs could
be two kilometres or more, so you can’t even see
the target point when swimming. Sometimes,
there are intermediate buoys, but it’s usually not
enough. It would help me keep reach the goal.
7

DISCUSSION

Having explored augmented orientation for swimmers, we
observed that Clairbuoyance offered benefits to the users
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that were observed both in quantitative data and qualitative
feedback. Below, we summarize our findings and outline
challenges and opportunities for future systems.
An augmented sense of direction reduced TCT
Swimmers using Clairbuoyance needed less time to complete
the path than on the base condition, confirming the Hypothesis 1. Given that the normalized error for ACF and the base
condition is approximately the same and that we found no
correlation between the Error and TCT, the reduction in TCT
can be interpreted as an increment in swimming speed for
participants using Clairbuoyance.
Psychountaki and Zervas found a correlation between
trust and performance, in particular speed [28]. This, combined with the feedback collected in the interviews with
participants of the study, supports the idea that Clairbuoyance had a positive effect on the confidence that swimmers
had on their sense of direction, resulting in a increment in
their performance.
Clairbuoyance did not improve accuracy
The use of Clairbuoyance did not result in a more accurate
estimation of the direction to the target. Swimmers missed
the target by approximately the same distance both on the
base condition and with the ACF, and a larger distance when
using RDF. This suggests Hypothesis 2 is false.
We observed that participants swimming on the base condition did not respect the request to avoid peeking and most
of them raised their heads to locate the target visually. Additionally, the tiling of the bottom of the pool and the marking
of the lanes provided some reference for orientation. However, because this was present in all conditions, it is possible
to exclude its effect in the performance, although acknowledging that these issues weaken the comparison among the
feedback methods and base condition. Despite this, it is logical to assume that the base condition error is the minimum
error to be expected, and thus the ACF shows at least good
performance. This, in addition to the participants reporting
no issues with the direction of color transitions or hue choice,
suggests that the chosen color mapping was not a hindrance.
The difference in performance between RDF and ACF can
be explained as the first method giving feedback only beyond
a threshold of 5◦ , an effect not present for the absolute feedback. It would be interesting to determine the relationship
between the threshold and the error distance.
Advanced and novice users valued different features
in the prototype
We observed differences between advanced and recreational
swimmers in the qualitative feedback gathered. Differences
in requirements between novice and professional users in
sports are a known phenomenon in HCI for sports [17]. Our
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work showed that advanced users preferred RDF which offered a more holistic experience, while novices opted for
ACF, which made users feel more in control. As we observed
that advanced users wanted to control the dynamic range of
RDF, our results resonate past work that suggested that professional users require more fine-tuned controls [31]. This
shows that the design requirements for swimming applications for advanced swimmers are complex as they need to
combine being unobtrusive (which is often achieved by minimizing input) with a large degree of control. On the other
hand, our work suggests that constant visibility of system
status is an important requirement for novice swimmers.

Limitations
Conducting a proof-of-concept study, we were forced to
make a series of compromises to conduct a controlled experiment. The study was conducted in a swimming pool, which
even given the experiment design, possesses visual characteristics and features that facilitate orientation. We expect that
a real-life open waters scenario will completely lack visual
cues. We observed that large structures of steel were present
in the immediate surroundings of the pool. Ferromagnetic
materials in large concentrations have a disruptive effect in
the behavior of magnetometers, which might also suggest
that the performance of the prototype in open waters would
be better.
Our choice of a study design was primarily dictated by
practical, ethical and liability considerations. While we recognise that evaluating the prototype in open water would have
offered more ecological validity, there was no way to ensure
the safety of the participants in a lake or sea. Conducting
the experiment in a swimming pool enabled us to hire a
dedicated lifeguard and fulfill the ethical standards required
by our institutions. A future viable alternative would be
evaluating Clairbuoyance in a competitive swim, among its
participants. However, as we did not know if and how the
device affected performance, we could not request that participants jeopardize their results.
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CONCLUSION

In this paper, we presented Clairbuoyance, a system that
provides visual peripheral feedback about orientation, augmenting the sense of direction. We described the design
considerations behind the system, its implementation and
evaluation. Based on the collected data, we found that visual
orientation feedback reduced TCT.
We also discovered a preference for relative discrete feedback among more proficient swimmers, while less experienced swimmers found absolute continuous feedback more
useful and attractive.
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In future work, we expect to refine the relative discrete
feedback and evaluate Clairbuoyance in a controlled experiment in open waters.
ACKNOWLEDGMENTS
The authors would like to thank for Pablo Canales’s invaluable help in testing the prototype. We thank JM Sławomir
Wiak, Witold Nykiel and all personnel at TUL’s Bay of Sports
for their support in conducting the experiment. Philippa
Beckman provided excellent proofreading for this paper. This
work is part of Utrecht University’s focus area Sport and Society. Parts of this research were supported by the European
Union’s Horizon 2020 Programme under ERCEA grant no.
683008 AMPLIFY. This work is also part of the project BeGreifen and was supported by the German Federal Ministry
of Education and Research, under grant no. 16SV7527.
REFERENCES
[1] Marc Bächlin, Kilian Förster, and Gerhard Tröster. 2009. SwimMaster:
A Wearable Assistant for Swimmer. In Proceedings of the 11th International Conference on Ubiquitous Computing (UbiComp ’09). ACM, New
York, NY, USA, 215–224. https://doi.org/10.1145/1620545.1620578
[2] Stephen Brewster and Lorna M. Brown. 2004. Tactons: Structured Tactile Messages for Non-visual Information Display. In Proceedings of the
Fifth Conference on Australasian User Interface - Volume 28 (AUIC ’04).
Australian Computer Society, Inc., Darlinghurst, Australia, Australia,
15–23. http://dl.acm.org/citation.cfm?id=976310.976313
[3] John Brooke et al. 1996. SUS-A quick and dirty usability scale. Usability
evaluation in industry 189, 194 (1996), 4–7.
[4] Jennifer L. Burke, Matthew S. Prewett, Ashley A. Gray, Liuquin Yang,
Frederick R. B. Stilson, Michael D. Coovert, Linda R. Elliot, and Elizabeth Redden. 2006. Comparing the Effects of Visual-auditory and
Visual-tactile Feedback on User Performance: A Meta-analysis. In Proceedings of the 8th International Conference on Multimodal Interfaces
(ICMI ’06). ACM, New York, NY, USA, 108–117. https://doi.org/10.
1145/1180995.1181017
[5] Andrew J Callaway, Jon E Cobb, and Ian Jones. 2009. A Comparison of
Video and Accelerometer Based Approaches Applied to Performance
Monitoring in Swimming. International Journal of Sports Science &
Coaching 4, 1 (2009), 139–153. https://doi.org/10.1260/1747-9541.4.1.
139 arXiv:https://doi.org/10.1260/1747-9541.4.1.139
[6] Marta G. Carcedo, Soon Hau Chua, Simon Perrault, Paweł Wozniak,
Raj Joshi, Mohammad Obaid, Morten Fjeld, and Shengdong Zhao. 2016.
HaptiColor: Interpolating Color Information As Haptic Feedback to
Assist the Colorblind. In Proceedings of the 2016 CHI Conference on
Human Factors in Computing Systems (CHI ’16). ACM, New York, NY,
USA, 3572–3583. https://doi.org/10.1145/2858036.2858220
[7] Woohyeok Choi, Jeungmin Oh, Darren Edge, Joohyun Kim, and Uichin
Lee. 2016. SwimTrain: Exploring Exergame Design for Group Fitness
Swimming. In Proceedings of the 2016 CHI Conference on Human Factors
in Computing Systems (CHI ’16). ACM, New York, NY, USA, 1692–1704.
https://doi.org/10.1145/2858036.2858579
[8] Enrico Costanza, Samuel A. Inverso, Elan Pavlov, Rebecca Allen, and
Pattie Maes. 2006. Eye-q: Eyeglass Peripheral Display for Subtle Intimate Notifications. In Proceedings of the 8th Conference on Humancomputer Interaction with Mobile Devices and Services (MobileHCI ’06).
ACM, New York, NY, USA, 211–218. https://doi.org/10.1145/1152215.
1152261

CHI 2019, May 4–9, 2019, Glasgow, Scotland UK
[9] Neil P. Davey, Megan E. Anderson, and Daniel A. James. 2005. An
accelerometer-based system for elite athlete swimming performance
analysis. , 5649 - 5649 - 7 pages. https://doi.org/10.1117/12.582264
[10] Neil P. Davey, Megan E. Anderson, and Daniel A. James.
2008.
Validation trial of an accelerometer-based sensor
platform for swimming.
Sports Technology 1, 4-5 (2008),
202–207.
https://doi.org/10.1080/19346182.2008.9648474
arXiv:https://doi.org/10.1080/19346182.2008.9648474
[11] Jan Etherington. 2015. Why open water swimming is the trend
of 2015.
https://www.telegraph.co.uk/comment/personal-view/
11325401/Why-open-water-swimming-is-the-trend-of-2015.html
[12] Aryan Firouzian, Yukitoshi Kashimoto, Zeeshan Asghar, Niina Keranen, Goshiro Yamamoto, and Petri Pulli. 2017. Twinkle Megane:
Near-Eye LED Indicators on Glasses for Simple and Smart Navigation
in Daily Life. In eHealth 360°, Kostas Giokas, Laszlo Bokor, and Frank
Hopfgartner (Eds.). Springer International Publishing, Cham, 17–22.
[13] Kilian Förster, Marc Bächlin, and Gerhard Tröster. 2009. Noninterrupting User Interfaces for Electronic Body-worn Swim Devices.
In Proceedings of the 2nd International Conference on PErvasive Technologies Related to Assistive Environments (PETRA ’09). ACM, New York,
NY, USA, Article 38, 4 pages. https://doi.org/10.1145/1579114.1579152
[14] Rabee M. Hagema, Tim Haelsig, Steven G. O’Keefe, Andy Stamm,
Thomas Fickenscher, and David V. Thiel. 2013. Second Generation
Swimming Feedback Device Using a Wearable Data Processing System
based on Underwater Visible Light Communication. Procedia Engineering 60 (2013), 34 – 39. https://doi.org/10.1016/j.proeng.2013.07.065
6th Asia-Pacific Congress on Sports Technology (APCST).
[15] Sandra G Hart and Lowell E Staveland. 1988. Development of NASATLX (Task Load Index): Results of empirical and theoretical research.
In Advances in psychology. Vol. 52. Elsevier, 139–183.
[16] Francisco Kiss, Robin Boldt, Bastian Pfleging, and Stefan Schneegass. 2018. Navigation Systems for Motorcyclists: Exploring Wearable Tactile Feedback for Route Guidance in the Real World. In Proceedings of the 2018 CHI Conference on Human Factors in Computing
Systems (CHI ’18). ACM, New York, NY, USA, Article 617, 7 pages.
https://doi.org/10.1145/3173574.3174191
[17] Kristina Knaving, Paweł Woźniak, Morten Fjeld, and Staffan Björk.
2015. Flow is Not Enough: Understanding the Needs of Advanced
Amateur Runners to Design Motivation Technology. In Proceedings
of the 33rd Annual ACM Conference on Human Factors in Computing
Systems (CHI ’15). ACM, New York, NY, USA, 2013–2022. https://doi.
org/10.1145/2702123.2702542
[18] Ming-Wei Lin, Yun-Maw Cheng, Wai Yu, and Frode Eika Sandnes.
2008. Investigation into the Feasibility of Using Tactons to Provide
Navigation Cues in Pedestrian Situations. In Proceedings of the 20th
Australasian Conference on Computer-Human Interaction: Designing for
Habitus and Habitat (OZCHI ’08). ACM, New York, NY, USA, 299–302.
https://doi.org/10.1145/1517744.1517794
[19] Morgane Mangin, Aurelien Valade, Antony Costes, Anthony Bouillod,
Pascal Acco, and Georges Soto-Romero. 2015. An Instrumented Glove
for Swimming Performance Monitoring. 53–58.
[20] Joe Marshall. 2013. Smartphone Sensing for Distributed Swim Stroke
Coaching and Research. In Proceedings of the 2013 ACM Conference on
Pervasive and Ubiquitous Computing Adjunct Publication (UbiComp ’13
Adjunct). ACM, New York, NY, USA, 1413–1416. https://doi.org/10.
1145/2494091.2496036
[21] Andrii Matviienko, Andreas Löcken, Abdallah El Ali, Wilko Heuten,
and Susanne Boll. 2016. NaviLight: Investigating Ambient Light Displays for Turn-by-turn Navigation in Cars. In Proceedings of the 18th
International Conference on Human-Computer Interaction with Mobile
Devices and Services (MobileHCI ’16). ACM, New York, NY, USA, 283–
294. https://doi.org/10.1145/2935334.2935359

Kiss et al.
[22] Florian Mueller, Rohit A. Khot, Alan D. Chatham, Sebastiaan Pijnappel,
Cagdas "Chad" Toprak, and Joe Marshall. 2013. HCI with Sports. In
CHI ’13 Extended Abstracts on Human Factors in Computing Systems
(CHI EA ’13). ACM, New York, NY, USA, 2509–2512. https://doi.org/
10.1145/2468356.2468817
[23] Jaroslav Novak. 1983. Swimming direction and visual control. Biomechanics and medicine in swimming IV (International Series on Sport
Sciences) (1983), 345–349.
[24] Marco Parvis, Sabrina Grassini, Emma Angelini, and Pietro Scattareggia. 2016. Swimming symmetry assessment via multiple inertial measurements. In 2016 IEEE International Symposium on Medical Measurements and Applications (MeMeA). 1–6. https://doi.org/10.1109/MeMeA.
2016.7533765
[25] Martin Pielot, Benjamin Poppinga, and Susanne Boll. 2010. PocketNavigator: Vibro-tactile Waypoint Navigation for Everyday Mobile Devices.
In Proceedings of the 12th International Conference on Human Computer
Interaction with Mobile Devices and Services (MobileHCI ’10). ACM, New
York, NY, USA, 423–426. https://doi.org/10.1145/1851600.1851696
[26] Martin Pielot, Benjamin Poppinga, Wilko Heuten, and Susanne Boll.
2011. A Tactile Compass for Eyes-Free Pedestrian Navigation.
In Human-Computer Interaction – INTERACT 2011, Pedro Campos,
Nicholas Graham, Joaquim Jorge, Nuno Nunes, Philippe Palanque, and
Marco Winckler (Eds.). Springer Berlin Heidelberg, Berlin, Heidelberg,
640–656.
[27] Benjamin Poppinga, Niels Henze, Jutta Fortmann, Wilko Heuten, and
Susanne Boll. 2012. AmbiGlasses - Information in the Periphery of the
Visual Field. (01 2012).
[28] Maria Psychountaki and Yannis Zervas. 2000. Competitive Worries,
Sport Confidence, and Performance Ratings for Young Swimmers.
Perceptual and Motor Skills 91, 1 (2000), 87–94. https://doi.org/10.2466/
pms.2000.91.1.87 arXiv:https://doi.org/10.2466/pms.2000.91.1.87 PMID:
11011876.
[29] Jan L Souman, Ilja Frissen, Manish N Sreenivasa, and Marc O Ernst.
2009. Walking straight into circles. Current biology 19, 18 (2009),
1538–1542.
[30] Hong Z. Tan and Alex Pentland. 1997. Tactual displays for wearable
computing. Personal Technologies 1, 4 (01 Dec 1997), 225–230. https:
//doi.org/10.1007/BF01682025
[31] Jakob Tholander and Stina Nylander. 2015. Snot, sweat, pain, mud,
and snow: Performance and experience in the use of sports watches.
In Proceedings of the 33rd Annual ACM Conference on Human Factors
in Computing Systems. ACM, 2913–2922.
[32] Hung-Yu Tseng, Rong-Hao Liang, Liwei Chan, and Bing-Yu Chen.
2015. LEaD: Utilizing Light Movement As Peripheral Visual Guidance for Scooter Navigation. In Proceedings of the 17th International
Conference on Human-Computer Interaction with Mobile Devices and
Services (MobileHCI ’15). ACM, New York, NY, USA, 323–326. https:
//doi.org/10.1145/2785830.2785831
[33] Hung-Yu Tseng, Rong-Hao Liang, Liwei Chan, and Bing-Yu Chen.
2015. Using Point-light Movement As Peripheral Visual Guidance
for Scooter Navigation. In Proceedings of the 6th Augmented Human
International Conference (AH ’15). ACM, New York, NY, USA, 177–178.
https://doi.org/10.1145/2735711.2735800
[34] Koji Tsukada and Michiaki Yasumura. 2004. Activebelt: Belt-type
wearable tactile display for directional navigation. In International
Conference on Ubiquitous Computing. Springer, 384–399.
[35] Tom van Veen, Juffrizal Karjanto, and Jacques Terken. 2017. Situation
Awareness in Automated Vehicles Through Proximal Peripheral Light
Signals. In Proceedings of the 9th International Conference on Automotive
User Interfaces and Interactive Vehicular Applications (AutomotiveUI
’17). ACM, New York, NY, USA, 287–292. https://doi.org/10.1145/
3122986.3122993

Clairbuoyance
[36] Paweł Woźniak, Kristina Knaving, Staffan Björk, and Morten Fjeld.
2015. RUFUS: Remote Supporter Feedback for Long-Distance Runners.
In Proceedings of the 17th International Conference on Human-Computer
Interaction with Mobile Devices and Services (MobileHCI ’15). ACM, New
York, NY, USA, 115–124. https://doi.org/10.1145/2785830.2785893

CHI 2019, May 4–9, 2019, Glasgow, Scotland UK

