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ABSTRACT

Information sharingeither directly or trough summariasdproxies is one of the pillars

of collaborative systems in huma&omputer interactionRepresenting and sharing role
specific information in collocated systems is one of the many challenges in groupware
systems.In my thesis | explore methods and their impacts on sharote-based
informationin applications where users do not have uniform access to information either
because they are using different technologies to access data or because there is no support
for the flow of informationl presentools spanning bothWhat You See Is WhdtSeé€
and"What You See Is Not What | Seapproaches displaying either raw or summarized
information to users. | present three studies leading towards an approach to support road
cyclists to perform better as a unit by sharing their exertion informatizong allgroup
memberswhile leveraging technologybiquitous to theml start my work with a study
exploring how to enable shared augmented reality experiences in musbananly one

of the group members has access to an augmented reality h&atisetboecause there are

not enough devices available or someone might feel uncomfortable using one in public. |
proposetwo approaches for AR experiencé®verthe-Shoulder AR and Semantic
Linking), a complementary technique (Indicator Rings)aluate thenn a longterm in
thewild study, and discuss their impacts on museum scenarios and other applications.
Later | present a design research stedploring the work done by road cyclists while
training together, following a Contextual Design methodoldggxposetheir strategies

and challenges with group coordination @ednmunication andncover a lack of support

for sharing individual metrics such as effortstandardools. Finally, | present my last
study comparing the impacts on performance anergetfrted metrics of twanethods for

road cyclists to share their exertion levels with group members e#gleising Paceguide

and RPE Viewl then discuss the broader implications ofwoyrk for theHCI community

while proposing futureesearch venues SportHCI andotherco-located work domains.
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CHAPTER 1 INTRODUCTION

Many modern digital devices are moving away from the traditional WIMP desktop
interaction models(Roberts et al.,, 2014and moving into more mobile forms of
presentatiorand interactionsuch as smartphondablets,small displaysand augmented
reality heasets As these devices becorabiquitous or are introduced in domapecific
tasks, it is only natural to expect them to be integriddeto-face or remoteollaborative

systems.

Devices such as augmented reality headsets ortelddlisplays enabkbe possibility of
interacting with 2D and 3D data using gestures, voice commands and body movements.
Paired with registration algorithms, virtual objects can be placed within spaitesdal

world, creating integrated experiences that leverage elenoépihysicality and virtuality.

When combined withvireless networkdigital experiences can be shared across multiple
devicesincluding different display technologies such as projectors, large wall displays and

headworn displays.

This new mixedecology creates ra interestingresearch space on how to support
collaboration when collocated members have actesifferent display technologies,
multiple roles, and different access restrictions to informa#@ninformation access
now not uniform there is a need to create grounding referer{sach as a shared

visualization space) to support conversation and collaboration.

When access to visualization devices is not uniform, enabling sharing edpexéic
information can enhance engagement dss$ the potential to close the gap between two
or more people trying to coordinate work. This can be done through direct symmetrical

1



sharing of a specific view using (relaxed)WYSIWIS approaches or through sumpraries
proxies forinformation with asymmaeatical WYSINWIS designs. The advantages and
disadvantages of sharing raépecific information to promote engagement in collaborative
systems using WYSIWIS vs WYSINWIS and literal/raw vs. summarized data warrant

exploration.

Throughout my thesis, | explotiee role of collaborative digital systems in bringing people
together toward a shared understanding of their situation. My work revolves around three
studies exploring collocated collaboration through symmetrical and asymmetrical sharing
when users with ffierent roles are exploring data togethier the following chapters, |
follow the answer ramifications of the following question: What are the impacts of sharing
of role specific data views on communication and coordination of collocated collaborative

spaces?

In the first study, presented in Chap3, | explore how much sharing is needed to bring
museum visitors towards the understanding of a mixed reality exhibit while only one
person has access to an augmented reality device. This work serves as one of the foundation
points for understandingharing and communication between people working together but
with different roles and various levels of access to informatibae, common thread
throughout my Ph.D. Chapter 5 presents the exploration and design work with my target
population, road cyclistd.expose the contextual design work that lays the ground for an
in-depth understanding of the cyclists' needs, internal and external processes, and attrition
points while they work together with other riders when exercising. Lastly, in Chapter 6, |

tackle the lack of effort sharing among riders in a group as of the issues identified in



Chapter 5; | validate the impacts of a set of exertion sharing tools on the rider's behaviour

and performance metrics with and without the tools.

1.1 Contribution to the Field

Challenges withinthe CSCW domain are vast and include communication
methods, data sensing and sharing, molg support, and group coordinatidvy thesis
work, presented in théollowing chaptersaims to design and evaluate tools to promote
awarenes and coordination in collocated grougmabling users to semd shargole-
specific information while maintaining some form of common reference available to
everyone to facilitate engagement. The donspiecific applications used as case studies
in my thesis contribute with their own technical adsbcial challenges. For example, the
need for polished engaging experiences supporting multiple users without technical
knowledge or the stress and physical demand of thessqiivity and the environmerita

factors such as adverse weather conditions

The contributions | make on my thesis are as follows:

1 A set of three novel sharing techniques for Mixed Reality applicatmsspport
collaboration and engagement with content between two or more peoplemien
one person has access to the virtual content

1 A controlled longitudinal field study exploring the effectivenessreating a joint
exploration of a mixed reality exhibit usintye sharing techniques mentioned
above

1 An in-depth exploration of theollaborative group work done by road cyclists

riding together. | focusd on exposing their strategies to deal with their

3



environment, work tasks while actively exercising, strategies to deal with weather
and hazards, and the challenges managing exertion of all riders while pacing the
group.

A collection of exertion sharing tds tailored for bicycle computerasing the
learned design outcomé&®m theaforementioned exploration work.

An in-thewild user evaluation of two exertion sharing visualizations comparing
the performance of rideexposed to both techniques showing arreased power
output and better awareness of their peers when compared to their traditional

baseline.



CHAPTER 2 BACKGROUND AND PRELIMINARY WORK

In this chapter briefly present highelevel overview of some of the grounding work
of my thesis and then my prelimityawork during my Ph.D. that led the framing of my
thesis.Not all of this work was aligned with the main topic of thesis,but it served as a
formative process narrowing my research fodumtroduce a more haepth, domain
specific, analysis of the spprting research for my work on Chapters 3 and 4 paired with

their respective user studies.

Information sharingto promote awareness paramount in supporting collaboration
between individuals and groupSutwin & Greenberg, 1996How to capture and sine
information is a challenging topic as CSCW systems are required to support different

interaction and presentation modalities depending on their appli¢dtbansen, 1988)

WhatYou See is What See (W SIWIS) approaches to information sharing enable users
to see the same view independently of their roles or location. Strict WISIWYS, however is
"inflexible" and does not differentiate between the needs of theandéine group(Stefik

et al.,, 1987).In the other end of the spectrum, What You See is Not What | See
(WISINWYS) interfacegZhu, 2004 ¥ocus on having tailored to the needs or requirements
of specific individuals but may fail to provide some form of common grounding to promote
engagement or conkgation between collaborating membd&tslaxed/NVY SIWIS systems
allow for sharing of a common view like strict WYSIWIS but also support specific needs
of users and groups enabling, for example, role specific visualizghidason et al., 2009)

or asynchonous interactions.



Supporting multiple roles and their needs (individually and shared among the group) is also
key in enabling collaborative experien¢€aizdial et al., 2000)When users with different

roles collaborate, tools such as Boundary Objemafacilitate communication between

their membersvhenrequired(Star & Griesemer, 1989Both Road Cycling and Museum
Experiences can be social activitig¢dood, 1983; Warner et al., 201Zupporting their

group work (either exploring an exhitspace or coordinating the practice of sport) can

increase engagement and enjoyment.

2.1 Preliminary work leading to my thesis

| began my PID. designing visualizations that synthesized tiseasitive data into
a simple visual that allowed decistamakers to determine appropriate courses of action.
This work was in the context of space satellite monitoring, wherein operators need to
remain awaref trajectory data of a large number of satellites (both under their control and
otherwise), and to detect anomalous circumstances that may require them to make timely

decisions to alter orbits or speeds in order to avoid collisions

This visualization degn work directly informed my subsequent visualization work in
naval information space and road cycling: in both cases, decisions are made that require

the timesensitive synthesis and presentation of heterogeneous data.

While this project did not proceéd the point where these visualizations could be formally
evaluated, | did participate in feedback sessions with two operators. The operators were

quite blunt in their appraisal of several of the proposed data visualization approaches:

! Standardized digitabr physical artifacts used to facilitate the exchange of heterogenous information
between parties from different domain knowledges.
6



specifically, visualmonitoring was highly unlikely due to their work constraints; they
prioritized notification mechanisms for thaason anavere not interested in visual data
synthesis unless it provided clear benefits in the coursspetific decisiormaking
scenarios. One of the key takeaways for me from these sessions was how critically
important it was to build a deep understanding of work practice and the impacts interfaces
and visual representations have on that work practiofydimg one's ability to make
informed decisions. This shaped my research approach going forward: in particular, |

employed a thorough Contextual Design process for my work in the road cycling domain.

After the space satellite visualization work, | leceaaarch project with others in our lab
exploring the use of compensatory techniques for perspective warping when close to very
large 2D displaysMy perspective compensation techniqégure 1) maintainsobjects’
relative size and shape as they move away from the vidwesrmitigating the natural size

distortion of far objects.

Figure 1 -The effect of perspective compensatisrperceivedrom an observer close to the

surfacelLeft: perspective compensation is off. Right: perspective compensation'is on.

The research combined controlled experiments with dhewvild study during a public
art festival. This work was published as a pd@efFranz et al., 202@nd presented as a

demo(J. M. Franz et al., 2018While the primary objectives of that research project are



not directly related to my thesis, the work still impacted my thinkingjgnificant ways.

First, an interesting aspeaf the work was that it allowed us to obsewlgetherthe visual
compensation techniquéswhich involved resizing screen content based on the position
and orientation of a single useimpacted the experience of bystanders watching what that
single use was doing. Observations indicated that the croved mot impacted in any
obvious way when this compensation was active. While inconclusive, this finding
encouraged me to further explore how data tailored for a single person can be shared with
others to bnefit understanding and collaborative work while still providing visual
representations that were tailored to an individual's perspective, their role, and/or to the
capacities and limitations of their digital devices. Second, several challenges ant$ benefi
of in-the-wild evaluations were made apparent to me in this study: these include challenges
faced when running evaluations within titheunded events, the varied influence of a
crowd on participant engagement, and the benefits of integrating the rsimidlya broader
situation or context that it is a part of. This helped me to design an effectivewild
comparative evaluation in the museum context and to design an experimental simulation

in the road cycling context with a high level of ecologicalidity.

In parallel tothe work on perspective compensation, | started exploring how to support the
decisionmaking process of multiple actors that either had different access levels to the
same information due to different roles or were accessing iataymfrom different types

of devices (e.g., AR headset vs tablet). Furthermore, | was also interested in exploring
interaction challengesn Mixed Realityenvironments such as how to select elements,
support for natural visualization gestures (overview, zoom, filter, history) and touch

feedback.



This work as part of théMissionrelevant Information Management for Integrated
ResponsgMIMIR) project with the goalof supmrting maritime domain information
visualization from multiple perspectivés support the decisiemaking process while at

sea. As an ideation tool, | created a prototype to provide multiple people access to Mixed
Reality, which combined AR devices, tatsleand a projection surface to show-gpatial
information common to all actorszigure 2 shows the early work exploring vessel
communication data from navy vessaisea. Two data specialistgplorethe information

with different access levels while the shared elemsoth as the map projection and data
flow arches create enough common grounding. This early work was published as a

workshop papefd. Franz, Malleh, Nedel, et al., 201&nd a short pap€Franz, Malloch,

& Reilly, 2017).

Figure 2 - Images on the left and center depict two users exploring communication flow between
a group of vessels, drones and cloud data. Each userthe data categorized by his role
however some elements are constgmoviding virtual spatial cues for fae®-face
collaboration. The image on the right shows a detail of our static tangible tabletop digpiay
land contour is constructed from CNmilled wood; aerial photographs or other imagery is

added using projection mapping.



CHAPTER 3 A COMPARATIVE EVALUATION OF
TECHNIQUES FOR SHARING AR EXPERIENCES IN
MUSEUMS

| startedmy workon supporting collaboration between people Wigterogeneous
access to informatiomspired by the challengas data visualization and manipulation
faced by users in the Maritime Domaand the previous AR work developed by
Schemalstei@t al(1996)and Vlahakis et a2001) The focus was omnteraction beyond
the desktop as data collection has become increasingly more jnémaseatasets are
complex and connecterkequiring rovel interaction and visualization techniq@€sandler

et al., 2015; Reda et al., 2013; Roberts et al., 2014)

The sudy presented in this chapter sets the common thread on my work, that is, supporting
collaborativeexperiencesupporting role specific interactions and visualizatidresfully
explore thigsheme,onemustfocus a creating domain specific applicationsevé | could

get practical insights from observing and evaluating people performing real, specific tasks.

| refined prototypedesigned in the MIMIR(the naval work referenced in Section 2.1)
project toexplore effective means to share information with two people with heterogeneous
access (AR vs nrdR) while promoting engagement between them in a museum setting.
The museumwork was atwo-year collaboration betweerour research lab andhe
Narratives in Sace and Timgroug, a group of artistsarchitectsand social scientists
exploring the use of locative media and its role in raigiagimunityawareness of our

shared upran landscapeand the decisions that shape Together, we created the

2 http://www.narrativesinspaceandtime.ca/
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Psychogegr apher 6 s T a Hhlitax Exgosignz0f"tAnnivdrsary éxkbition

in the Maritime Museum of the Atlanfidetailed in this chapteilhe Table, depicted in
Figure3 andFigure5, consists of a relief wood model of the city of Halifax augmented
with top-down projection mapping and augmented reality information visualized using the
Microsoft HoloLensT h e t a b | wairspirddandargg part by the MIMIR prototype
described in Chapter 2 and depicteérigure2. Due to the difficulty in acquiring accurate
naval datasets and imecruiting expert participants in that domaih, used the

Psychogeographer os Tabl e as a Vv edasadl e t o

collaboration usingymmetrical and asymrtrecal datarepresentations.

ing the Leprs i
: graphies of the Halifax Expl

Figure3i Twoparti ci pants interacting with the exhib
One participant is using an AR headset rendering information about buildings affected by the
Halifax Explosionwhile the other participant sees a representation of the sameriafion on

the large display on the wall.

| was responsible fordesigning, implementing, and testingthe augmented reality
experienceysingvirtual models created gne student at the Faculty of Architecture and
Urban PlanningXhe study design, collecting participant dataalysis, and writing. During

the participant trialsl had support from two other researchers from our researcfitab.
11



study presented here was published as a journal paper on CSCW(20/&nz et al.,

2019)

3.1 Introduction to the Psychogeographer's Table

Technology is ever more present in exhibits as museums look for ways to improve
the visitor experience and attract the next generation of visitors. Research suggests that
museums that do not investnew technologies are considered less interesting and attract

fewer visitors(Gerval & le Ru, 2015)

Museums are shared spaces, and gsisentialthat exhibit technologies do not create
artificial barriers among visitors. People go to museums to Ibeothier people and interact
with them, have new challenging experiences, learn, and actively participate in activities

(Hood, 1983)

TheCSCW research community has recognized the importance of supporting collaboration
in museum space# common topic cocerns alternatives to audgmides, moving from
prebaked solo experiences toward cust@aiiored experiences using smartphones
(Alvermann, 2016)tablets(Madsen & Madsen, 2015nd more recently augmented

reality displaygPedersen et al., 201 Wlost of this research foses on creating a common
experience throughout the entire museum y#siki et al., 2002; Fosh et al., 2016; Grinter

et al., 2002; Tolmie et al., 20Z4)owever it is equally important to consider how people
interact togethearound a single exhibit. Traditional pieces such as paintings and sculptures
allow everyone in the group to see, and sometimes touch, the entire piece and thus form a

shared context for discussion and interactiamasinterested in providing similar pport

12



for communication between peers when a museum pisesimmersive headvorn

technologies such as virtual and augmented reality.

In this chapter's study propose and evaluatgthree augmented reality sharing techniques
designed to promote commuat®on and collaboration in pairs while exploring a museum
exhibit: Overthe-Shoulder ARSemantic Linkingandindicator RingsOverthe-Shoulder
AR (OtS) renders a rediime view of the AR content from the perspective of the head
worn display (HWD) on #arge, sharedisplay Eigure4), similar toMadsen & Madsen
(2015)or to commodity VR systems. To reduce latenagndeeda virtual representation
instead of dispking the view of the headset camera, which also @tbmie to apply
motion-stabilization prior to rendering and thus reduce discomfort for vieBermantic
Linking (SL) uses the same dispjdoweverinstead of displaying a retime view of the
HWD, it displays contextual information about the current object selected by the HWD
user Figure3, left). Thelast methodindicator RinggIR), is complementary to thathers

It is used to indicat&vherethe HWD user is currently looking and tAdR "hotspots”

locationby rendering rings on the exhibit surface.

| waspatrticularly interesteth heterogeneous display situationberenot everyone in a

group of interactoreadaccess toraHWD. | believe that this is an important scenario that
needs to be addressed in museums and other dorf@imxample, in naval applications
decision makers are often not the same people who perform data exploration however, both
need tointeract with data when discussing possible courses of actions and their
implications In the museum context,observed that many visitors are not comfortable

wearing a headset for a number of reasons, including fear of nausea due to previous

13



negatve experiences with HWDs, feeling embarrassed to wear the HWD in a public
setting, potential impact on makeup, hair, or eyewear, and not wanting to feel obligated to
engage fully with an exhibit. Furthermore, currgeneration hardware for immersive
augmated reality is not universally accessilfer exampleit cannot be experienced by
people with deptiperception disorders even users of Hocal correction lenses can
experience issues with AR headsets. Finally, HWDs are a limited resource at exhibits, and

accessnustbe managedespecially when busy.

Overhead
Camera

Virtual text explaining
selected building
Wall display Kt\i-n Virtual Building
sharing AR cont Expansion Point

“

The Psychogeographer’s Table

Figure 4 - Schematic of the final setup. Theuwal text is rendered on the long edge wall, and a

wall display is located off one short edge of the table. Virtual buildings on the table expand and

14



hover above the table center when selected. An overhead camera is used to record participants

movementand interactions.

With an interdisciplinary team including visual artists, an architect, and an urban
anthropologist, we created an interactive exhibit that combines augmented reality elements
with a large togprojected wooden relief map of the city of Hak (Figure3), which we

refined during an ithe-wild pilot study over two months &alhousie'Art Gallery, and

used as a platform for a fearonth inthe-wild user study at the Maritime Museum of the
Atlantic (MMA). In addition to collecting observations of patron activity over this period,

we conducted aim situ betweersubjects comparative evaluation ©ferthe-Shoulder

AR, Semantic Linkingand an HWBEonly Baseline each with and withouhdicator Rings

This work started with the technological development process needed to enable a seamless
integration with the firsgeneration HoloLens, a projection mapping software used for the
city wood model (including gastration) and the integration of a large display to share real

time information. In parallel, | also woekl with content developmensuch as image and
textual information about the Halifax Explosion, a&id modelingsimplification to meet

the requiremets of the HoloLens mobile hardware.

3.2 Museum-Specific Related Work
3.2.1 Shared Experiences at Museums

Museology research shows that shared experiences and social interactions are
essentialto museum visitordHood, 1983) Social interaction is one of thgrimary

determinants of satisfying museum experien@&skarik et al., 1999and can promote

15



learning (P. M. McManus, 1987and bonding among friends, colleagues, and family

(Hensel, 1987)

Importantly, visiting a museum or other cultural heritaigeis not solely a social activity
individual experiences are alsoucial and valuable to a visitafPacker & Ballantyne,
2005) Sintas et al(2014)show that social and individual museum experiences are often
interwoven while other research indites that opportunities for social engagement and
disengagement are impacted by spatial layBPetowski et al., 2014; Psarra, 200&nhd

technical supportéSayre & Wetterlund, 2008)

3.2.2 Technologymediated Sharing

A range of digital interventionkave been employed to support and enrich the
shared experience of museum visit(Bayre & Wetterlund, 2008)n addition to typical
uses of mobile devices as interactive audiovisual guidihakis et al., 2001)and for
recording one's experience andmshg on social medi@Veilenmann et al., 2013)esearch
has explored collaborative authoring of exhibit narratives before, during, and after a visit
(Twiss-Garrity Beth & Fisher, 2007)curated narratives that provide a shared context for
exploration during a visit(Katifori et al., 2016) and mixed reality techniques for linking

remote visitors to osite visitors(Galani & Chalmers, 2013)

Some research has more explicitly explored the nature of social engagement and
disengagement during the saum visit. In Sotto VocAoki et al. (2002) evaluated an
electronic guidebook that enabled pairs of users to share or eavesdrop on content that their
partner's guidebook igeading’. They found that mutual eavesdropping increased
engagement and pair cohesion, as pairs exposed to their techndge tieistay together

16



and maintain active verbal exchanges. Arroyo €2@l1)explore how interactive media
spaces linking exhibits in different locations promote casual shared experiences among
strangersHowever, Hindmarsh et a[2002) point out ttat more research focus has been
placed on how digital technology can promote group coherence while navigating in the
museum spadg-osh et al., 2016; Tolmie et al., 201#)an on how exhibits can themselves

promote social interaction. Our research fesugn this latter consideration.

3.2.3 Augmented Reality in Cultural Heritage

The term "augmented reality” is used rather loosely by researchers across
disciplines but generally consists of digital technology that overlays digital information on
the real world ia any human sensory input. Within Paul Milgrar(i®94) Reality
Virtuality Continuum, Augmented reality is defined as the transition from a purely physical
environment to a physical environment with digital elements added. AZ468%v)
suggests thatot have believable augmented reality, we also have to guarantee correct
registration of virtual objects (in the correct place, without spatial drift) and provide real

time interactivity.

For several reasons, spatially registered augmented reality (ARaisattive technology

for cultural heritageCurated virtual content can be placed alongside (or on) artifacts in the
visitor's field of view (Chalmers & Galani, 2004; Vlahakis et al., 2Q04nd content can

be personalized for the visitor's backgroulatiguage, and intergfierdicca et al., 2018)
While handheld AR can provide a familiar ldile tool metaphor for exploring detail
about exhibits and artifactwvan der Vaart & Damala, 2015headworn AR devices

preserve opportunities for fate-face communication while viewing digitéBillinghurst
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& Kato, 1999)contenf and are handBee, an important consideration especially for

interactive exhibitgFleck et al., 2002)

Interest in HWDs in museums has rapidly increased with recent camahedvances, but

the number of studies involving HWDs in museums is still relatively small, as a pair of
recent survey papers shows. KoutsabgXid 7)reviewed 53 research papers on museum
installations and found 14 that use immersive technolog@sas VR and AR. However,

only one used an HWD. Another survey by Pucihar e28l18)studied 87 applications

(art installations and research studies) involving cultural heritage more broadly and found
eight installations that made use of HWBsed ARof which four were evaluated with
participants(Benko et al., 2004; Cheok et al., n.d.; Herbst et al., 2008; Vlahakis et al.,
2001) The work in this chapter contributes to this small body of HWD evaluations in
cultural heritage and is the firstudy to consider HWDs in the context of shared museum

experiences.

Many design considerations emerge from prior evaluations of HWD in cultural heritage
applications. There are form factor considerations for the headset and any supporting
devices: early wik provided a compelling experience but required bulky hard{@eko

et al., 2004; Vlahakis et al., 20010 my work | use the relatively lightweight 1st edition
Microsoft HoloLens in our research and consider steonh, exhibitspecific usage. Irnne

with Chverstresearcls (2000) on locative guidesVainstein et al(2016)find that when
navigating a site or exhihidagency should remain with the user when selecting content to
explore. The same authors recommend that physical interactioresiééqreferred over

in-air gestural or voice contr@gVainstein et al., 2016)n their evaluation of a citgcale
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deployment, Herbst et §2008) recommend that interaction mechanisms be kept very
simple and that designs should permit opportuniteesiriteracting with others| have
incorporated these recommendations in the design of our exhibit, described in the next

section.

3.3 The Psychogeographer's Table

As Hornecker(2012) notes, exhibits in a museum compete for visitors' attention.
Geller's work(2006)suggests that the main driver for visitors to approach an exhibit is the
quality of the content. Conducting Hum&omputer Interaction research in the museum
context theefore,requires compelling, polished interactive content. To thattarsiwork
was preceded by exhibit development ovéweryearperiod in close collaboration with

artists and subject matter experts.

The Psychogeographer's Tabkgure 5) is a mixedreality exhibit designed and built
collaboratively by the&sraphics and Experiential Medial Laind theNarratives in Space

and Time The table juxtaposes series of maps, buildings, imagery, and artifacts that
evoke the complex ways in which thialifax Explosionshaped the city dfialifax. First
developed by the Situationiste Internationale (SI) in the -tmahtieth century,
Psychogeography is defined @®uy Debord1955)as"the study of the specific effects of

the geographical environment, consciously organized or not, on the emotions and
behaviour of individuals." The Psychogeographer's Table serves in part as a record of
experiences exploring thdebris field" and its impact on urban planning and development
through a series @erives(reflective walksYDebord, 1955and Detournementgsurated

experiences situated in the cifidebord, 1955managed byarratives in Space and Time
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A detailed account of the design and motivation of the work fronNagatives in Space

and Timeperspective is available lruka et al.(2018)

The physical installation consists ofl&2m x 2.4m computer numerical control (CNC)
carved wooden tabletop representing the city's landscape and Stheeisstallation had

a dedicated space in the museum as part of a pathway depicting the Halifax Explosion;
visitors had free access to thetallation spacedn the center, the harbour is represented

by a translucent glass surface. Under the table are two drawers containing artifacts relevant
to the physical and emotional impact of thalifax Explosionon the city and its residents

that werecollected on public city walks curated Barratives in Space and TimAn
overhead projector displays projectiorapped content: historical maps and current
satellite images transition every 40 seconds. A large (180cm diagonal) display is affixed to
the wall one meter from one of the short edges oft#ide ands used for théOverthe
Shoulder ARandSemantic Linkingsharing techniquesgigure4 shows a schematic dig¢

installation.
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Figure5 - The Psychogeographers' Table, a mixed reality exhibit depicting the events related to
theHalifax ExplosionThe centrémage (black and white to enharite contrast betweethe

table and 3D models) skvs the location of some buildings on top of the table.

In the Psychogeographer's Table, AR is used to display a set of 12 buildings from different
eras of the city's history, each with unique relevance toH#ldax Explosion Each
augmented reality buing (Figure5, middle)is placed on the table surface exactly where

it currently stands or stood before being destroyed.

The virtual buildingmodels are labelled with gaaetivated animated name tagsgure

6). On the wall adjacent to the long edge of the tdlddded a virtual text boardat shows

more information about the currently selected building. Whiteiseums tend to draw
educated visitors(Doering, 2004)we cannot make assumptions about computer literacy
(Geller, 2006)or prior experience with poSWIMP interfaces. With thain mind |
designed our interaction to be as simple as possible: the only interaction mechanisms were
natural movement, gaze, and a button that participants hefeiof their handslo select

a building participants had to look, or gaze, at the hogdand press the button, causing

the building to enlarge and hover above the middle of the table. They could then walk
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around the table to view the building or move their heads inside the building to see a

montage of related historical and current images.

Nova Scotia Power Plant Nova Scotia Power Plant

i . i 1]
115 11 11

7 n T"—* — I ;|\ | i - — i ;ﬂ .‘;lH _‘T'-— S

Figure 6 - Gazeactivated labels used in the final study: (left) Building models are unlabelled by
default; (middle) a billboarded text label appears when the model is intersected by the HWD gaze
vector; (right) Labels persist fdive seconds after the gaze leaves the mathel.vhite circle

indicatesthecurrent gaze.

3.3.1 Proposed AR Sharing Techniques
| propose two sharing techniques: Semantic Linking and-@we8houlder AR. |
also introduce ¢hird complementary technique called Semantic Linkimlgich is applied

in concert with the other two

When the HWD user selects a buildiggmantic LinkingFigure7a) displays rearranged
version of the same information visible in AR on the shared displashows textual
information, a historicgbhoto,and a rotating 3D view of what the model looks like in the
virtual environment. Missing is the spatial context provided in wRerethe building is
located on top of the wood model. Semantic Linking permits tRd\WW® participant to
have a view suitabléor presentation on the wall display instead of a direct rendering of

the virtual environment.
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TheOverthe-Shoulder ARtechnique Figure7 b) provides a direct repreg@tion of what

the HWD participant is currently viewing in augmented reality, overlaid on a 3D rendering
of the tabletop surface: a remote virtual scesith the same base map and buildings as
those displayed in the HoloLens. The camera's location aedtation are connected to
the current position and orientation of the physical heattaet connecting both views. In
this condition, the nedWD participant can see on the waiplaypreciséy what the other
participant is observing as if lookingver their shoulder" whilehe HMD participant

interacted with the exhibit.

Nova Scotia Power Plant

Figure 7 - The two sharing methodSemantic Linkinga), Overthe-Shoulder ARb). Images

show a screenshot from the large display used to share the ARtconten

3.4 Methodology

Using The Psychogeographer's tablexploreal the effectiveness of basic sharing
techniques for HWD ARI. began by conducting a pilot study oveno monthswhile The
Psychogeographer's Table was part wicaie extensiveet of exhibits commemorating the

100th anniversary of the Halifd&xplosion at the University's art gallery.
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In line with Geller(2006)and Horneckef2012) we wanted our exhibit to genuiyetntice
visitors1 who did not come to the venue iarticipatein a studyi rather than having to

persuade visitors to participate.

Other exhibit creators andused findings from the pilot study to develop and refine the
exhibit itself our AR sharing échniques and define the methodology for oumore
extensivestudy. The Psychogeographer's Table was installed as a feature fextolir
four monthsduringthetourist season at the Maritime Museuntla# Atlantic During that
time, we conducted a comtled field experiment and ongoing observation of visitor
interaction with the exhibifThe source code for the exhibit (HoloLens project,-Davn

Projector and Wall Display) can be accessed dtitps://github.com/dal

gemlab/MaritimeMuseunalifaxExplosion

3.5 Museum Field Study

Thefield study at the museufethicsapprovalon AppendixN) aimed to exploréow
pairs of people that know each other share and communicate when only one person has
access to AR conteritly goals for the exhibivereto explore shared AR experiences and

investigate the following research questions:

RQ1: Does Ovetthe-Shoulder AR allowior no-HWD participants to share in the
AR ExperienceHow does it affect communication @eoordination?
RQ2: Does Semantic Linking allow for AAWD participants to share in the AR

Experience? How does it affect communication and coordination?

| chose pairs aa starting point as it simplified analysis and because it is common for

museum visitors to arrive in pairs and small groups following the initial desigwkif
24
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(2002) In fact, the monthly ingress demographics for the museum while conducting the
studyindicatedthat 83% of the visitors entered the museum as individuals/small groups

versusl 7% as large tour groups.

| followed a betweeisubjects study design in the musewith a single factor with three
levels: the Sharing Technique on the wall displBgrticipants were exposed to the
following conditions: Baseline (no sharing), Ovdbe-Shoulder AR, and Semantic Linking
(SL). SL is a middlgground between the absence of sharing and theéimeakendering of

OtS. It aligns with more traditional formatd multimedia digital content present in
museums; however, its content is still directly controlled by the HWD user. | collected 30
pairs of participants over the course of three months in the museum. Conditions were
alternated daily to avoid bidom visitors that might have seen the exhibih a different

conditioni before participating.

After three monthd took a brief hiatus from data collection as the exhibit was temporarily
closed. | used this opportunity to reflect on my initial observatiodsdacided to add the
Indicator Rings(IR) technique for thdollowing data collection period. Indicator Rings
complement rather than replace the two sharing techniques. IR displ&ysatinen of the

HWD participant'sgazed objecbn the table. White indator rings appear on the map
projection when the HoloLens gaze vector intersects an AR building model on the table,
gradually fading ithegaze moves elsewhere or changing to an orange ring if the model is
selected. This technique can be used with ohowit the other sharing techniques and
creates the opportunity for #AdWD participants to understand the location of virtual

content without relying on the wall display.
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Indicator Rings was a feature | had included in Bsychogeographer's Table design
however | wanted to first concentrate solely on Ovlee-Shoulder AR and Semantic
Linking in our study. IR was added aslzaredeature across all three sharing conditions,

and conditions were rotated daily as beforeollected 17 more participant pairs overe
monthusing the revised configurations, as approved by our research ethics board under an
amended protocol. Thiextra sessiorallowed me to consider interactions between the
simple awareness mechiam thatSemaitic Linking affords and the sharing techniques

under investigation. Specifically, | defined a third research question as follows:

RQ3: Does Semantic Linking provide a better understanding of the location of
AR content? How does Semantic Linking interact witke tbther sharing

techniques?

3.5.1.1 Participation Criteria

| recruited participants from visitors that demonstrated interest in our exfabit.
participate in our study, visitors had to approach the table in. gdithat point,| (or the
other two facilitatorsgnsured they were visiting the museum together, were fluent English
speakers, and were at least 13 yeard dhds is the minimum ageecommended for the

Microsoft HoloLens' using the study's approved briefing script (Appendix A)

Visitors who did not qualify based on our selection criteria (except the minimum age) could
still interact with the exhibitin such casesve took informainotes However, wedid not
record video or audio, following the regulations of our research ethics committee for
observing people in public spaces (Article 2.3 offthieCouncil Policy Statement: Ethical
Conduct for Research Involving Humans).
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3.5.1.2 Materials

The demographic questionnaire consisted of four sections: age, gender, experience with
VR (5-point), and experience with AR {oint). The poskession questionnaire was
tailored for eah participastrole. Questions are presentedliable 1. After administering

the postsession questionnaire and S&ppendix B) | conducted a senstructured

interview with the following questions:

1. Do you think this technology can bead in other museum exhibits?

2. Were the two of you able to communicate while exploring this exhibit?

3. Were you [participant not using the HWD] able to understand what was presented
in the virtual world?

4. Do you have any other thoughts or comments about gxperience?

| recorded video and audio of the participants during the trials using an overhead wide
angle camera (GoPro Hero3+)also logged positional and interaction data from the
HoloLens during trials to support analysis of the number of obgstéestedthe number

of failed attempts to select an object, movement, and time gazing at expanded buildings
and the virtual text. Usg video coding| wasinterested in learning about differences in

the amount of verbal exchange between particip#mespresence/use of deictic gestures,

and the level of engagement with the exhibit tadr partner.

3.5.1.3 Participation Protocol
Bellow is the sequence of steps followed by the researchesg@nuring the data

collection period We collected data during regular museum opening hours.

1. Each morning, researcher sets the condition of the day (alternating each day)
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2. Visitors approaching the table pairs are approached by the researcher

3. Researcher introduces theghibit and the AR conteitty reading the text from
the briefing scrip{Appendix A

4. Researcher asks if the visitors also want to participate in the study while they
are exploring the exhib(Appendix A

5. Participants (visitors who agreed to participate) explore the content while being
recorded

6. Once done, researcher debriefs the particip@&ppdndix Q

7. Participants fill the postession questionnaireAgpendices D and B

8. Researcher startee semistructured intervier (Appendix C)

3.5.1.4 Participation Protocol for Indicator Rings

The participation protocol did not change with the introduction of the Indicator
Rings. Participants were still exposed to Baseline, Semantic LinkiQyexthe-Shoulder
as the protocol mentioned in 3.4.1.3. The only difference was that Indicator Rings was

activated for everyone on this stage.
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Tablel - List of Statementfr PostSession Interview

HWD No-HWD

It was difficult forme to communicate with| It was difficult for me to communicate with

others while using the HoloLens. the person using the HoloLens

It was easy for me to share and explain wh| It was easy for me to understand what wa

was seeing. beingdisplayed in the virtual environment.

| feel that my friend/family were disconnect( | feel that | was disconnected from the pers
from me while | was exploring the virtual exploring the virtual content with the

content. HoloLens

I enjoyed this virtueexperience combined | | enjoyed this shared mixegality experience

with the physical model. even without the headset

3.5.1.5 Data Analysis Tools

Video was codedsing NVivo 12 softwaréo calculate timing information such as
the time participants spent looking at the shared wall display (a detailed description is listed
on Table2). To calculate ttal travel distances,mapped the grticipants' positions while
they were interacting with the exhilbby manually selecting their positions on the video
every two secondd. used parametric tests for the SUS scores and other Likert data
according toSullivan et. al.(Sullivan et al., 2013and Joost et. a{Winter et al., 2010)
Due to unbalanced groups acrdastors,| usal typell ANOVA (car package, R 3.5.2
"Eggshell Igloo™) with factors IR (on or off) and sharing method (OtS, SL, gr BL
Statigical analysis used to answer the research questions presented on this study were

planned before running the study.
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3.5.1.6 Instruments

| used the SUS survey to measure the overall satisfaction of the HWD participant
regarding the entire systeme., headsettable, and the shared display with the shared
content.l optedonly toapply the SUSo the HWD patrticipant becausevasinterested in
the perceived usability of someone using the HWD across the different sharing methods.
Furthermorethe phrasing of thassertions in the survey refdo a"systerfi which no-
HWD participant never usesd could cause confusiohhe SUS score was computed as

described inBrooke, 1996)

Independent variables in the study were measured using internal sensors of theftMicroso

HoloLens audierecorderand video codinglable2 illustrates the source of eacariable.
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Table2i Source of the data for the independent variables in the MMA study

Data Point Source
Wall Time HoloLens
Audio Excerpts Audio Recorder Placed on the Table
Position in Space HoloLens + Video Coding
Time Looking at TV or Wall Text HoloLens (HWD) +Video Coding (TV, Np
HWD)
Time No-HWD Looking at the Table Video Coding
Number of Dietic Gestures Video Coding

3.6 Results

A total of A visitors(47 pairs)participated in our studguring bothourrunsat the
museum all participants completed tlseudy. Table3 showsthe pair count per condition.
Participants' age demographics are shownhaible4. 47 participants were female, and 45
were male. | observed airiousdistribution of the ages of our participants, where there
seems to be a gap {imiodal) between 25 and 40 years old. Most participants belong to the
45 to 65 years dl group. Participants were generally composed of pairs of similar ages.
Participants with and without the indicator rings were similar; they were tourists in the city
of Halifax with a mean age of 45.45 years during the "pre" peak phase and 45.23 years in

the "post" peak phase. The number of cruise ships in town was also similar: 31 vs. 27.

Experience with VR and AR trended towards the novice ralfigeie8). | also dlowed
visitors to experience the exhibit without participating in the studyng our field notes,
we estimated thapproximately 400 museum visitors explored our exhibit with the HWD

during our stay at the museum. | did not collect audio and Viideo nonparticipant
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visitors however | will share informal researcher observations regarding those users in

this section.

Table3 - Number of pairs of participants for each condition.

wiolR w.IR

BL 10 6
OotS 10 5
SL 10 6

Table4 - Age demographics of the 47 pairs of participants.

Mean SD Max
Age
HWD | 45.38 18.65 79
No HWD | 42.27 15.94 71

VR Experience

HL | 87% 6% 6%
NHL | 87% 9% 4%
1
100 50 0 50 100
Percentage
Response 1 - Novice 2 3 4 5 - Expert

AR Experience

NHL | 96% 2% 2%
HL | 96% 4% 0%
1
100 50 0 50 100
Percentage
Response 1 - Novice 2 3 4 5 - Expert

Figure 8 - Results for the seleported identification with experience with VR and AR.

Participants used a-point Likert scale to rank themselves from Novice to Expkerstands
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participants with access to the HoloLens while NHL stands for participants witheut

HoloLens.

| informally observed in the poesession interview and after the trials (when théHdWdD

display was using the HWD) that participants seemed to be rather excited and enjoyed their
experience while exploring our installation with the augreénteality headset. All
participants agreed with the questiddo’you think this technology can be used in other
museum exhibit§?n line with the findings oVainstein(2016)and some even suggested

different applications in other museums.

SUS sores br Baseling OvertheShoulderand Semantic Linkingaveragedy &
P& podo p @ tandy @t w p B @oints respectivelyData failed to reject the
null hypothesis using Shapimilk test 1, 18t v thus indicating a noenormal
distribution. According to Norman, 2010) ANOVA is valid even when data is not
normally distributed. Two-Way ANOVA showed no significant interaction effects
between the sharing methdds 18 1 @ ajnd the presence of thadicator Ringsl found

a statistical difference on the SUS scobesween the sharing method®¢  o® why
n T8 o @.TMukey posthoc test revealed statistical difference between tiBaseline
and Overthe-Shoulder conditions and between th®verthe-Shoulder and Semantic
Linking conditions. There was no difference betweenBhselineand Semantic Linking

conditions.Figure9 depicts the distribution of the answers.
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Figure 9 - HWD participants SUS scores between conditions

3.6.1 Extending AR experiences tmnAR users
Results indicated that bo@®wverthe-Shoulder ARandSemantic Linkingonditions
successfully supported sharing AR content with th&léD participantsHowever, there

are noticeable differences between the two sharing models.

Participants agreed that they could understand the virtual content in both sharing
conditions which was statistically different from tHgaseline However their perception

of togethernesser being disconnected from their partner was not equal across both sharing
models. The questionnaire data shows that-H@&/D participants felt statistically less
disconnected from their partners when exposedverthe-Shoulder ARwhen compared

to both other conditions.

Audio from the trials further enforces this difference. Participant®varthe-Shoulder

AR talked about what thesawin common:
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- "What you are seeg right there [TV], is what | am seeing right here [table]."

- "Canyou see what | see?" (HWD) "Yes, | can see an approximatei\{fi), "Look,
the sugar refinery, that is something you read about it beforeH{viD)

- "Can you see what | see? Can yead the text?" (HWD) "Yes, right here [TV]." (ho

HWD)

In contrast, most of the pairs in tBaselinedid not talk. The ones who did had a anged
conversation where the HWD participant was describing or narrating tiveatvere
observing. ParticipantsniSemantic Linkingmainly discussed the textual information
provided about the buildingdCan you tell where they are?" (HWD); "No, but | am

reading here" (NeHWD).

It appears, however, that the sense of being disconnected from their partners was not
directly related to the participants' ability to communicate with each other. Data suggests
that Semantic Linkingoromoted a statistically higher perceived ability for theHWD
participant to communicate witheir partner. Qualitative data frothevideosuggests that
no-HWD participants exposed tOverthe-Shoulder ARwere fixated on the secondary
display, probably because they wanted to gather all the possible details frdinethe

streaming thus speaking less to their partners.

3.6.2 Bringing pairs togetheria shared experiences

From observer notes and analysish&fvideg, using a combination of the presence
of deictic gestures, verbal exchanges, and dispersion-BWID participants away from
the tabé, | identified three broad collaboration patterns agoour participants:
"independent use", "towguide-tourist”, and "shared exploration".
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Pairs in theBaselinecondition explored the AR content independently from their partners.
Video data shows that the small amount of conversation in this cond@®mainly one

sided where the HWD patrticipantdescribed what they saw

| observed that HWD participants not exposeththcator Ringsut exposed to a sharing
method acted very similarly to a museum docent or tpude: they controlled the
explorationof the exhibit, deciding where to go and which virtual building to choose next.
Without Indicator Rings very few neHWD participants, and then only i@verthe

Shoulder AR asked their partner to select specific models.

Participants inindicator Ringsconditions demonstrated shared exploratibmbserved
from the video logs that, without the indicator ringise no-HWD participants were
anchored or fixatedn the content in the shared display, especially in @verthe
Shoulder ARcondition. Observational and video data show ti@HWD participants
interacted more with the table and their partners when exposedThéRre is evidence of
this behaviour fromthe time neHWD spent looking at the tabl&wo-way ANOVA
showed asignificant differenc’Op ¢ @ {f) 1@ )ith a large effect size~(

@ w Tin the neHWD participant time looking at the table variablgure 10), with

participants exposed to the indicator rings spending more time observing the table.
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Figure 10- Mean normalized times for time spent looking at the table by ##&/MD paticipant

Indicator ringsallowedno-HWD patrticipants to relate the content on the wall display to
locations on the table, thus allowing them to guide the HWD participants towards specific
locations/buildings without seeing the AR conteNb-HWD participans frequently
swapped the tour guide role with their partner using the indicator figgré11). This
emergent behaviour was more prominent in$eenantic Linkingcondition, most likely
because the wall display content contained no geospatial references, as opposed to the
Overthe-Shoulder ARcondition. | observed in the video analysis that HWD participants

also used the indicator rings to show where buildings weithe table®This is where the
shipyard is"[HWD participant looks athe shipyard and uses the ring to show building

location].
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Figure 11- No-HWD participants pointing directly at tHaedicator Rings

3.6.3 Bystander Interaction

During thevideo analysisl also observed the behaviaefrother museum visitors,
who were not participating in the studye., bystanders who approached the table while
participants interacted with the exhibit. The great majority of visitors approached the table,
looked at the projected maps and walked away. Some visitors quickly looked toward the

HWD patrticipants but left without asking questions.

| observed, however, @h the visitors who stayed more than a cowblseconds behaved
differently depending on the current study condition of the day. BystandersBagk&ne
condition were attracted to a slideshow of historical photos displayed in the sharing display
(themuseum did not agree to leave the display off when there was no sh@nmegjhe-
Shoulder ARseemed to attract bystanders' curiosity towards the sharing display, especially
in younger visitorshowever it appears that it is difficult for visitors to @& a connection
between the display and the tabfen the other hand, Semantic Linkingnpacted
bystanders in a similar way as other museum signage: visitors would stop by the display

and read the information, sometimes more than one builthogever | believe that
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visitors treated the information on the TV as a slideshow and not somethiramthia¢r

visitor was controlling

Although rare, there were instances of direct interaction between the HWD participants
and bystanderg.observed two instances$ loystanders who made the connection between
that headset and th®verthe-Shoulder ARsharing and then asked quessido the
participant. There wasalso one occurrence in which the HWD participant started
explaining to a visitor that the content she s@&asing on the TVemantic Linkingsharing)

was being controlled by the participant's actions.

3.6.4 General Observations

In this subsection | introduce the aggregate of the field notes from the three
researcher conducting the experiment in the Maritime Museofithe Atlantic. These
notes include data from the participantduring the field study and visitors (non

participants) that interacted with the exhibit but opted not to participate in the study.

Most of our participants quickly understood how to inteeantt select buildings using our
system. The selection methodology was paimt-click, butparticipants had to point with

their heads towards the objects rather than the selecting ray emanating from the user's hand
(as in typical VR applicationsYNosepointing" is a designed feature of the HoloLehs
headsetand there is no embedded positional haadking capabilityNevertheless, some
participants and museum visitoseemed to want to use their hands to point at the 3D
objects After being instructedgain to use their head/nose to point, some users gtarid

pointing with their nose as instructed but keep pointing with their hands at the same time.
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Becausd did not block off the table area in the museum, other museum visitors would
approach from time to time during study sessions. During the busy hours of the museum,
it was not uncommon to have the tabdeolly surrounded by museum visitors. Althouigh
optednot to run participants when the museum was extremely busy, sometimage of
visitors would gather close to the table during our triflee participants proved
remarkably resilient to external interference, probably because they were so focused or
immersed in the virtual content. Participants kept interacting with our exhibit even when

being stared at by other visitors.

During busy times|, noticed that although many visitors were curious when someone was
using the headset, very few interrupted the[Pi\éer buinsteadobserved the HWD user,

the table, and the large display from a distaN@gitors who engaged with an HWD wearer
generally had first read the exhibit description, which included a discussion of the exhibit's
AR component. The exceptioa this rule vaschildren, who were generally eager to ask

the HWD wearer or the researchers questions about the technology.

In line with observations in prior worky Vlahakis(2001) younger visitors required
almost no explanation about how to interaith the exhibit: they started exploring the AR

space as soon as they put on the HWD and were given the "clicker".
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3.7 Discussion

With the exhibit, | chose to exploréhe proposed sharing techniques in a ldagn inthe-

wild setting sinceparticipants behave differently when confined to trials in lab settings,
especially regarding social and behavioural patt@rdmnecker & Nicol, 2012)Rather

than offer extensive implications for desigDourish, 2006) | provided a couple of
observations that | believe are most pertinent. They provide a starting point for other
researchers working on museum spaces to contextualize our findings to their unique

circumstances and make better inferences tailored to theis.need

This inthe-wild experimentation approach is constdmbughout all the studies on

presented in my thesis (albeit some were adapted to follow CQ9Iprotocols).

Torun a inthewild study using a museum pieeHectively, | developed a highly polis
exhibitin collaboration with artists and subject matter experts over twa.y€ane of the

design goals of the exhibit was to encourage movement around the table, in part so that
museum visitors would appreciate the spatiatlypedded, 3D nature ofdlAR elements.

While tabletop displays have long supported movement during collaboration, immersive
displays including most current VR headsgisnd to minimize movement to avoid people
getting tangled in cables. Surprisingly participants navigated drthentable with ease

and were able to maneuver around other visitors without any noticeable proélems

when the space was busy. The use of HWD AR generated a novelty Hifegirticipants

and other visitors were often amazed by the fact that thagd enovewnhile the augmented

buildings would stay in place (which is one of ‘ABonstraints defined byAzuma, 1997)
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"[...]But be ableto walk around the cotton mill. You get more of a sense
of the scale, which I like because that's always haretowpen you look

at just a flat map with building locations of.it

There was perceived improvement in the general user experience of our exhibit from the
pilot in the gallery to the final study in the museunposit that the increase is due to
informaion added after the pilot study: labels and textual information about the content, in
line with McManus(1989) | observednuseum visitorsalk about the textual information

while exploring the exhibitAdding building labels and extra information on thietual

text board increased visitor interest and autonomy since they asked fewer-celatedt
guestions of the researchers and could better explain what they were seeing to people

around them.

Results from the SUS also hasa impactfulmeaning for museum environments as it
appears to be a traddf between enabling a shared experience and users' desire for support
to use the AR exhibit. It irucial for developers and designers trying to increase
engagement in pairs or groups of visittw understand that sometimes the most direct path
to sharing views might reduce engagenienbtonly for the current exhibit but also for
future exhibits that might use the same type of technology. Moreoauseum technology
should benvisible to visitors (Geller, 2006) or if visible as in AR experienceis,should

not be intimidating as ideallyisitors should be able to interact without assistance from

staff.

3.7.1 Sharing Knowledge and Avoiding Lockout
A significant concern when two or more peopleratt with an immersive system

Is that the person wearing the headset syt themselves aff belocked awayrom the
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others because they are immersed in the virtual content. A similar process can occur for
those not using the headset: they may slowdp steracting with the HWD user as they

cannot see or interact with the virtual content.

Lockout is acrucial consideration for exhibit designers and museum curators considering
usingimmersive technologies. Traditionally visitors go to museums in grovifh the
expectation of fluidly engaging and disengaging with otlfaki et al., 2002)as they

flow through the galleries.expect that given the current cost of HWD AR devjiceany
museums will not be able to afford many headsets not everyonmight feel comfortable
wearing one in public. Museums might also not want to have multiple headsets available
to visitors at the same time in order to deter theft or damage. WWIBs in museums

may be as pervasive as audio guides in the futiueeshang techniques proposed here are
highly relevant since they allow people to communicate and share views of virtual content
without requiring everyone to wear a headset. Mored\mlieve tle techniques proposed
here can be applied to other domains arsthalizations thaimay require heterogeneous
access to information. Examples include situatim@re decision staff might not use
headsets but rely on data speciaksgsloring data in AR and tabletop displays with limited

space around the augmented iatéive surface.

| believe that two factors were in play regarding the lower dispersiom-HWD
participants moving away from our exhibit while their partner was still exploring the
contenti when exposed to our sharing conditions: first, vlémantic Liking andOver
the-Shoulder noHWD participants are given a common ground to initiate an interaction

with their partner; second, A8WD participants exposed to tiBaselinecondition had
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only one motivator to stay engaged with their partner: their cuyitsiknow what they
sawin AR. However,| believe that HWD participants were very focused on their own
exploration and requirespecificquestiong difficult for someone who cannot see the AR
contenti to move them away from their own experience into a shared one. Some of the

relevant comments of HWD participants in B&selinecondition were:

9 "ltis hard for us to do it together when only one person is wearing the headset
(P2, neHWD, Baseling nolndicator Ring$

1 "It was completely personal experieh¢38, HWD,Baseling nolndicator Ring$

1 "I found it because this technology is new; it felt like | had horse blinders on to
some extent. | was engaged on my own, somewhat tuned out to notice who | was

with." (P4, HWD,Baseling nolndicator Ring¥

There are distinct differences between theerthe-Shoulderand Semantic Linking
techniques that require discussidncritical way in whichSemantic Linkingand Over
the-Shoulderdiffer concerns static vs.ydamic content singen Semantic Linking the
content is static on the wall display as opposed to thetinre@lrendering inOverthe
Shoulder This change means that when exposed &emantic Linking the HWD
participant can freely explore the world evethe noHWD participant is still reading the
information about the last selected building. Witherthe-Shoulder on the other hand,
the HWD view is directly connected to the wall display view, meaning that the HWD
participant feels obliged to wait faheir partner to finish interpreting the current view
before moving onl believe thaSemantic Linkingcan provide an advantage when people

arenat reading at the same pace, more likely as the number of visitors at the exhibit grows.

44



In that scenarioSemantic Linkingallows the HWD user td'scout aheddfor the next
exciting target thatheywant to show to the others. This static vs. dynamic difference also
impacts how other visitors, or bystanders, interact with the sharing dispdayantic
Linking appears tdoe more appropriate for busy museums because it allows bystanders to
interact with the display in a format that they are more accustomed to since the display

mimics traditional museum signage.

In sum,the proposedechniqueffectively turneda litary AR experience into a shared

one by enabling individuals not wearing an HWD to engage with content that was once
exclusive to the HWD wearer. Givehe informal observations of gallery and museum
visitors,| believe that both OTS and SL can be usigelctively without adaptation in small

groups such as families.

3.7.2 Enabling External Guidance

Over the first three months of the museum study;I¥WD participants were mainly
receivers ofcontent, that ispbservers of the HWD participant's journey while they
explored the exhibit. Although some -RMWD participants specifically asked for their
partrers to explore specific regions, these interactions were generally brief. The HWD
participant describing the virtual content accounted for the small amount of conversation
in the Baselinecondition Transcripts fromOverthe-Shouldershowed that conversati
was mostly biased towards participants agreeing that they could see similar things in the
display and with the headsdbllowed by silence Participants inSemantic Linking

conversed about the historical detaifghe buildings selected by the HWD peipant.
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No-HWD participants in theSemantic Linkingcondition had no understanding of the
location of virtual content on the table unless their partner explicitly showed them.
Therefore, while participants enjoyed their experience, better support wadsdnfe
cooperation and coordination between our palmslicator Ringssupported better
situational awareness for #tWVD participantsputthe HWD participants also useds a

mechanism to reference regions.

Indicator rings enabled Ar8WD participantsa follow their partner's gaze on the table and
allowedthem to give directions. Thisew interactionis essentialas secondary displays

may not be present in other scenarios and, as observed from SUS scores, there may be an
extra cognitive impact on the HWuser when usin@verthe-Shoulderto ensure their
partner'sees what they séelhe presence of the indicator rings alone might not provide

the same level of shared experience as when used in combination with the other sharing
techniquesHowever,they @an be enough to spark verbal exchange and casual guidance.
Some HWD patrticipants displayed buildings' locations by glancing over the buildings to
make the indicator rings appear while they were saying the building names outiaud
no-HWD participants inheBaselinecondition asked:What's that you just selectedhen

the indicator rings changed from while (gaze) to orange (selection).

As observed fom the quantitative results, the presence ofrtleator Ringssignificantly
increased the time partpants spent looking at the table instead of elsewhere. Their
presence significantly decreased the tendency for some participants to focus solely on the
wall display, often facing away from their partner. Additionallgpbserved through video

analysis thathe indicator rings allowed AAWD patrticipants to ask more questions about
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the content and actively take control of the exploration of the exhibit by giving instructions

and directions to the participant wearing the headset

3.7.3 Impact of Sharing on Usdlty
There was mincrease in the SUS scores (higher is better) compared to the pilot
study: from 66.56 to 80.7&Isingthe SUS score as an indicator it appears that the design

changesve made in response to the pilot improved the usability

| posit, however, that the presence of the-tiga¢ rendering negatively impacted the
system'’s usabilitas perceived by the HWD participants. Although HWD patrticipants felt
the least disconnectedoin their partners (postession questionnaire assertion 2) in the
Overthe-Shoulder ARcondition,| posit thatconstantly controllingvhat is visible on the

shared display can constrain coordination and can be taxing for HWD participants.

3.8 Conclusion

Theend of this chapter marks the transition of my work from Mixed Reality group
work into computer supported group sport work, more specifically road cycling. Enabling
collaborative interaction with museum exhibits is important as museums are usually
exploredin groups of two or more people. Augmented reality is a great asset to museum
curators since it can be used not only to create new exhibits from scratch, but it can also be
used to add extra layers of content to current exhibits such as paintings gtareswdr
to replace traditional audio guides with more immersive experiences. AR headsets,
however, are still considered a novelty and museums might not have the budget to purchase

multiple devices. Hence, we must seek ways to enable visitors to intettacngaging
47



mixedreality exhibits even when not all members of the party have access to augmentation

devices.

| showed that both of our techniques made it possible for visitors without the headset to
understand what was presented in the virtual pattt@Psychogeographer's table. | also
showed that our participants felt that they could communicate with each other when using
our sharing methods which is most likely a consequence of their enhanced comprehension
of the exhibit content. This is an importdimding for future group work, including the rest

of my thesis with cyclists, as it demonstrates that sharing a full representation of the
information with others is not required to promote grounding for conversation and

engagement.

Furthermore, | showethat one could add an extra augmentation layer to the shared
projected content on the exhibit in the form of indicator rings revealing the gaze and
selection activity of the headset user. By doing so, | observed a significant increase in the
interaction letween participants and noted that the presence of the indicator rings provided
enough spatial information to participants without a headset to enable them to guide the

headset user.

3.8.1 Implications for Cycling Group Work

Results from this work inspired thdeation process for the cycling work that
follows. Riders are similar to participants in the baseline condition; although each has their
individual data collection and visualization tools, their data is not shared across riders. They

work together, but fimrmation that could help enhance work is kept in knowledge silos.
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Approaches like Semantic Linking and Oxke-Shoulder could be adapted to support the
riders' group work. Since riders have limited screen space in their devices, asymmetrical
information sharing such as SL is an interesting approach, especially sinde-one
sharing was not required to promote engagement. Furthermore, supporting-theseale
behaviour observed in SL is vital to the following cycling work. Using SL, participants
havedemonstrated the ability to work together while impersonating two, albeit informal,
roles, which is expected from group cyclists as they too impersonate different roles as they

ride together.

3.9 Limitations

Any instrumentation induces changes as the instruitssif modifies the subject. In the
museum the other researchers and | were the instruments studying and possibly modifying
the participants behaviour from their interaction with us, questions and answers, or just by
us being there observing as they waredl around our exhibit. While weied to not
intervene while participants were exploring the exhibit, our presence there could have
limited selfexploration with the content and the technology (e.g., trying to figure out how

something works vs. asking ggtions to us).

While we tried torecruit all pairs that showed interest in our exhibit, some people might
have felt uncomfortable with us asking them to participate in the study either due to
perceived time requirements or due to samitiural reasons @m their upbringing (for
example we only had male researchers conducting the experiment). We were also limiting
entities for participants coming from abroad (e.g., visitors coifinorg Europe on cruises)

that did not speak English fluently as it was thgleage we accepted in the study because
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it is the only commonlanguage we understaras group Furthermore, we might have
created participant bias on what to expect from the technology, interaction techniques and
content presentation as we had to introdbestudy'stechnology using our perspective of

it and domain expertise.

Analysis was done by the same researchers that conducted the experiment which can bring
pre-defined ideas from the study sessions. Lastly, some behavioural patterns that were not
related to collaboration and interaction between the pairs and exhibit might have been

missed as the researchers conducting the analysis weredacuthat topic primarily.
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CHAPTER 4 CYCLING TOOLS AND NOMENCLATURE

In the following chapterd switch geargo collaboration among road cyclistdy
previous work on supporting people with different access to information or having different
rolesis a cornerstoné inspiring the rest of my thesis. Road cyclists are much like the
museum visitordiscussed beforeThey work together with a shared objse while
performing different tasks to support the group. Although they are trying to collaborate,
they do not have tools to support access to the information collected by their peers while

riding, thus creating silos of knowledge hindering collaboraiioek.

This chapter is an opportunity for the reader to become familiar with the nomenclature and
technology present in modern bicycles if they are not aware of the current state of cycling.

Readers familiar with the sport are welcome to skip this chapier entirety.

While riding, cyclists rely on their handlebamnounted computer, known as cycle
computer, cyclometer, or bike compytears a mechani cal device at:t

front wheel that could inform the cyclist how taey haveidden.

: Y
Figure 12- Veeder's Cyclometer. Source: Canadian Cycling Magazine, Dec-212t82019
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Modern bike computers use digital displays and are separated into at least two components
A head unidisplaystheinformation collected bgensors or calculated internalbuch as

the average speed and a wheelgnetpaired with aeed sensor attachedttee bike's fork

to collect speedBasic computers, such ao#h depicted irFigure 13, are popular with

casual riderslike commutersgdue totheir low cost and ease of use. Most measure speed,
distance, and time, while some also measure cadence (how fast the criisksgrming)

via an extra sensor on the bicycleds <cran
introduce more advanced cyclometers used by enthysiast®us athletesand
professional ridersl will also presentdata sensors and mobile applicationd tan be
employed instead of the head unit or used for-postride data analysi®ppendix O
contains an excerpt froiRide orf Magazine naming most of the parts of a road bicycle

in case the reader is unfamiliar with the terms.

CATEYE

Figure 13- Cateye Strada Slim basic cyclometeource:https://www.cateye.com/

4.1 Smart(er) head units
During the mid2000s cyclometers started to adopt GPS tracking, mapping feature

and a new Adaptive Network Topology (ANT@#he Wireless Sensor Network Solution

3 The reader can find a diagram of a bicycle's parts and names on Ap@endix
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THIS IS ANTn.d.)sensor network used to connect multiple data sources. While these new
devices are more capalilean older generationeow they deliver information to cyclists

is still reminiscent of the original digital head unit. Most of the instantaneous information
is assembled in a griike pattern (personalized by each cyclist) which can occupy one or
more "pages (Figure 14). Spatial information such as nsgpoutes, and altimetry have

their own pagesHigure15).

Design and information delivery are solely
sharing of information between multiple heawits riding in the same pack&ven though

both ANT+ and Bluetooth Low Energy (BLE) could support such exchangesofe

paired in the ANT+ network can transmit to multiple usitaultaneouslye.g, a head unit

plus a regular computer during an indoor training session). The units can sense the

environment but are not trying to infer context from it.
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Figure 14 - Personalized data fields for several models of head units. Although units are from
different manufacturers (Garmin, Wahoo, and Staghsjr layout is similarSource:

(www.garmin.conand ca.wahoofitness.com
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Figure 15- Map views of two different head units. Garmin Edge 530 (left) and Wahoo Roam

(right) Source:www.garmin.conandca.wahoofitness.com

Like driving a car, riders are not constantly looking at the data fields on their cyclometers.

Consulting information means losing focus on the road ahshith could cause an

accident. Although most of thatald at a 1 s aggr e g sterere)n(obey t
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data page, switching between pages (from data grid to meyeosheet) takes time and

requires focus.

Modern head units ar e ¢ o0nnphond, &ad theacompttdise 1 n't
evenuses ome cl oud services 9ig(tive Segments Btravmv a 6 s L
Support n.d.)or the Beacon Safety Featyf&trava Beacons.d.) However, they do not
leverage the smartphone or clecmimputing platforms to provide contexased layouts,

which couldreduce the need for pagasd assist riders to focus mainly on the road.

4.2 Cycling sensors

A modern road bicycle is much more instrumeritddan Veeder 6s ori gin
"It is Nice to Know How Far You GobBoth enthusiasts and professional riders have
sensors on their bodies and on their bicycldss sectionwill present a list otypical

sensor units used in road cycling.

4.2.1 Speed

Distance (and thusspeed is one of the first metrics implemented in cycling
computers. Modern computers sense speed in two ways: GPS and dedicated Speed Sensors.
The lattercomprisesither a sensing unit (using ANT+ or BLE) attached to the frame of
thebicyce and a magnet on the wheel or a sensi
system is configured w,iahdhspeedhieinferédefrerh thes c i r

wheel 6s rotation per minute (RPM) and angu

4.2.2 Cadence
Cadence is defined as theatibn rate of théicycle's crankset armse., how fast

are the rider ds f ee fundanemntametricngcyctingrelategte d al s .
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muscle activation and active restifigacintosh et al., 2000)A well-trained rider will
control their carent cadence (by switching gears or stance) depending ontheyaare

currently doing on the road and how tired or reshay are.

Cadence sensors are very similar to speed sensors. They are composed of a magnet attached

to one of the crankset arms and a magnetic sensor attached to one of the chainstays.

4.2.3 Elevation (and Grade)

Elevation (vertical distance from the ocean level) is prilp measured as a
cumulative delta of the starting elevation of any given ride. Cyclists use the accumulated
elevation from the start of the ride to gauge their cumulative effort. Accumulated elevation
can also be used before a ride (from GPS elevafianptanned route) to have an idea of

the difficulty of the ride.

Grade on the other hand,ndicateshow steep any climb is during the rides. This
information is an important metric, as it canused to determinieow challenginga climb
will be. The gacde is also calculated ahe go by cycle computerand riders can adjust

thar paceand cycling stancen any given climb by consulting the reahe grade.

4.2.4 Power (Watts)

Power is another important metric in cycling, allavices do not widely useats
the sensors (power meters) casthigh. Power meters can measure the power output of a
cyclist atfive different regions of the bicycle: Wheel Hub, Pedals, Chainrings, Crank Arm,
and Bottom Bracket. Most meters use strain gauges to measure the defowhdkie

mat eri al when exposed to the cyclistbds |
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Because power is a direct measure of effort and energy expenditure, cyclists can match
their current power output to thdtunctional Threshold Power (FT®Rhile training. The
ratio between curremtower and FTRIefines seven powdrased training zones (Table 4)

with different physiological responses.
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Table5 - Powerbased training zones as a function of FTP

Zone %FTP Name
1 <55% Active Recovery
2 56-75% Endurance
3 76-90% Tempo
4 91-105% Threshold
5 106120% Anaerobic
6 >121% VO, Max
7 N/A (Short Burst Max Neuromuscular
Effort)

4.2.5 Heart Rate

Heart rate sensors are commonly used across multiple sports. Typically, the sensors
are sold in threeariations: chest band, wrist band, and arm band. These sensors are cheaper
than power meters and, although not as precise, can be used to estimate effort. Heart Rate
based training zones can be either estimated via a formula based on the maximum heart
ratk (which needs to be tested or esti mated
thresholds via a V&max test. The use of heart rate sensors is mostly uniform among riders,

differently from power meters.
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4.2.6 Rearview Radar

Relatively new to the cycling dttes, rearview radars such as the Varia RTE515
play a different role tharpreviously listed sensarsAccording to Statistics Canada
(Circumstances Surrounding Cycling Fatalities in Canada, 2006 to,2047) 73% of
total fatalities involving cyclists between 2006 and 2017 were caused by motorized vehicle
collisions. Radar sensors give cyclists an early warning of incoming vehicles via visual and
audible alerts from the head units with which they are palrédrmation includeghe
arrival timeand relative speed of the incoming object (car, motorcycle, train, elephant)

and it is encoded in two levels: normal overtake or{sigbed overtake.

These sensors are the first ones to try to address issues reglaedsadety of the athlete
instead otheirperformance. Radars report on an individual setting, that is, only to the head
unit that it is currently connected. Grouping multiple radar unitseatea larger sensing

area is currently not done in cycling.

4.3 Data visualization tools

While riding, cyclists focus on instantaneous data like speed, cadence, power, and
grade, or neainstantaneous data such ase®/10sec average power or average speed.
Physical screen reabtate and safety concerns are two lingjtfactors for temporal data
visualization during the exercise. Temporal information is visualized before or after the
exercise using tools such as StfaRide with GP§ and Garmin ConneCtin this section

| will present some of the tools providéy Strava as it is, to date, the most popular

4 https://buy.garmin.com/e@A/CA/p/698001/pn/01@237600
5 https://www.strava.com
6 https://ridewithgps.com/
7 https://connect.garmin.cam
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applicatio (the reader can thinkf as both an analytics tool and specialized social media)
among enthusiastand professional cyclists. Furthermore, Strava was the tool used to

promote recall during the Reote Inquiry interviewpresented in the next chapter.

4.3.1 Individual Statistics

Like ontheride data visualization, mopbsthoc data analysis tools focoa the
individual. In this subsection, | will use a ridieom the professional cyclist Laurens ten
Dam (aka LTD) to present some visualization features available on Strava's website. The
Overview page(Figure 16) presentsgenera information, map, altimetry, and social
features of the platforsuch as who participated in this ride and the Strava segments.
Furthermore, this screen shows weather information such as temperatusikdeaisd

direction and speed for the ownertbéride andtheir friends.

TheAnalysis pagéFigurel?) displays three coordinated views: a map, an altimetry view,
and the temporal sensor logs from the ride. This page provides the tools needed to explore
informationlike powerwhile relatingit to the ride's map. Riders can explore the ride as a
whole or select anperiodfor a summarized view. Furthermore, this screen also displays

any Strava segments in the route as hotadrars underneath the altimetry map.

8 https://www.pcmag.com/reviews/strava
9 https://www.strava.com/activities/2767675842/overview
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Figure 16 - Screenshot of the Summary view of LTD's 2019/10/06 Tite screen shows a ride

summary, list of other riders that were present, the ride's map and segments.
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CHAPTER 5 EXPLORING GROUP ROAD CYCLING
THROUGH CONTEXTUAL DESIGN

The practice of sports is a crucial part of a healthy life for many. Physical activity
promotes physical fitneg®avidson & McNaughton, 200@nd contributes to a healthier
social life(Fisken et al 2016) The practice of team/group sports can create a unique sense
of community among athletes by creating social spaces and bringing together people who

share common intere@iVarner et al., 2012)

Both professional and amateur athletes track a range of data fronwboalysensors and
external sources. These data can also promote socialization vispafic social media
platforms and their community c hcadldngesr ges
(Strava Challenges Strava Supportn.d.). Moreover, sports data can be used by
professionals and enthusiasts to analyze performance and explore areas for improvement.
However, data is mainly used for pdgic analysis, for example, in tasrfPolk et al.,

2014) soccer(Janetzko et al., 2015basebal(Lage et al., 2016)ockey(Pileggi et al.,

2012) and climbing(Niederer et al., 2016)

Websites such as Strava, RunKeeper, and MapMyRide, combined witto&ivgensing
tools sub as running watches and GBRabled bike computers, are contributing to the
popularization of poshoc running and cycling data visualizatidtiowever athletes in
such sports can alseceive some data while engaging in physical activity via cycling
computers® or running watches. Stilthere is a lack of commercial tools for sharing data

during the activity, which could provide valuable cortspécific insights for the

10 Although some cyclists, like commuters or novice riders, might use smartphone applications while they
ride, they are not in scope of this research.
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individual and a group of athletes exercising together. Similarly, while therbden a
significant increase in publications related to sports visualizéiterin et al., 2018 most
focus on poshoc analysigGudmundsson & Horton, 20174nd few explore the delivery

of information directly to athletes during the practice afrsp(Kiss et al., 2019)

Cyclists, for example, have access to most personal data collected bydwdyr bicycle
mounted devices via small headiswn displays attached to their handlebars, known as
cycling computers. Cycling in most variants, howevera team sport where a group of
riders collaborate towards a common goal by rotating the position of riders on the peloton
to share the load of pushing the group. The objective varies from finishing first in a race
segment (1 i kdGirodha@l tGalrioa dd0,hA)anddOdr deiFanca | Si t
(Official Website of Tour de France 2Q22d.) for example) to completing aday long
distance challenge such as the PBrisstParis event. Despite being a group sport where
riderscollaborate with each other while riding, there is very little research on visualization
tools that provide isitu group information among riders in a peloton to support sharing
of their data with other riders. Although cyclists need to collaborate athemgselves
towards an objective, their tools of the trade are individualized, thus creating small silos of

knowledge instead of enhancing grewjle cognition.

Understanding the sport and the context in which athletes are immersed while exercising
is essetial. While posthoc visualization tools exist, they are situated in a different
contextual realm and cannot be directly used in situ. We can draw a similar conclusion
regarding the use of existing in situ individual visualizations: they are not enough to

promote or contribute to a distributed knowledge of the team. To develop new tools, we
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need first to understand the work done by athletes and the context in which this work is
done. Per Peri(2018) "The process of designing visualization and interadgzhniques

for sports requires a deep understanding of sports."

In the study presented in this chapter, | consider cyclists engaged in the sport (i.e., not
commuters) and have access to their personal data collected byvbodynd bike

mounted devicegia their bike computers.

A modern,fully outfitted road bicycle can collect speed, cadence, power (the value, in
Watts, of how much power the cyclist is transferring from his body to the bicycle), heart
rate, road incline, pedal power phases, and evearaadar view of incoming traffic. All

this information is available to the cyclist during their ride. However, the currento$tate
the-art devicegely on dashboartike visualizations, have small displays, and inherently
force the rider to look down dnaway from the road. Furthermore, implicit information,
such as the Rate of Perceived Effort (REE)RG, 1982) cannot be sensed like other ride
data. Moreover, while some absolute measurements only make sense to the rider, other
relative measurementie the Percentage of the Functional Threshold Power (%FTP)
(Borszcz et al., 2018%urrentWatts per kild! (W/kg) and RPE could be used by the group

to make changes in intensity and leader rotation times during the ride to maximize riding
efficacy. Neverthelessno research indicatdsow the information could be captured and

shared among riders.

1 The current power output normalized by the rider's wejghiver to weight ratiolvithout consideringhe
bicycle's massThis metric is useful to determined the rider's overall strength in climbs.
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To develop new tools, waustfirst understand the work done by athletes and the context
in which this work is doné¢Perin et al., 2018)Iin the study presead in this chapten

explore the following research question

RQ1. What are theeommunication and collaboratiachallenges found by group

cycligs, and wheredoestechnology fail to support them?

| will present the results of a Contextual Inquiry (CI) study that focused on understanding
the work done by groups of road cyclidteonducted the study with three cycling groups
using a modified CI protocol adapted to the COMI® pandemic. Results are pretseh

using the five work models proposed by Contextual De@gyer & Holtzblatt, 1997)

1 Physical Model: shows how people organize their environments to make their
work easier.

1 Flow Model: reveals the formal and informal workgroups and communication
paterns critical to doing the work

1 Cultural Model: shows how people are constrained and how they work around
those constraints to make sure the work is done.

1 Sequence Model:shows the detailed steps performed to accomplish each task
important to the work

1 Artifact Model: shows the artifacts that are created and used in doing the work

The sudy's ethics approval can be foumdAppendix J.

My work provides an idepth understanding of the collaborative work done by groups of
road cyclists, that igiding as a group while sharing the effort towards a common goal e.g.
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going faster or longerl include communication strategies, behavioural pattesing
attrition points when riding as a group and expose potential research directions for
interactive sgtems to support group ridingastly, | usethe datao reflect onhow riders

(and potentially athletes from other group sports) could benefit from tool support for real
time collaboration when they are engaged in their spsimg group pacing as a starting
point. The work presented on this chapter was published on DI3 (J0EZranz & Reilly,

2022)

5.1 Datain Road Cycling

A modern, fully sensed road bicycle can collect speed, cadence, power (the value,
in Watts, of how much power the cyclist is transferring from his body to the bicycle), heart
rate, road incline, pedal powphases and even a rear radar view of incoming traffic. All
this information is available to the cyclist during their ride. However, the currento$tate
the-art devices rely on dashbodikie visualizations, have small displays, and inherently
force therider to look down and away from the road. Furthermore, implicit information,
such as the Rate of Perceived Exertion (RIBBE)RG, 1982) cannot be saved along with
the ride data. Moreover, while some absolute measurements only make sense to the rider,
other relative measurements like the percentage of the Functional Threshold Power
(%FTP)(Borszcz et al., 2018nd RPE could be used by group riders to make changes in
intensity and leader rotation times during the ride to maximize riding efficacy.
Neverheless, no research indicates what these visualizations should look like and how the

information could be shared among riders.
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Communication bandwidth among riders is relatively low as current digital devices offer
no communication strategies. Cyclistsyrptimarily on a predefined set of hand gestures

to inform of road dangers, such as holes, rotation intervals, and otheelatkr details.

This communication modality suffers from high latency, requiresdirgght, and often
results in package drop fast highrisk interactions. For example, one cyclist signals
something close, but the second or third cyclist fails to transmit the information further

down the line, and someone hits a pothole, tree branch or a downed cyclist.

Riders also communicausing verbal utterances. Similar to gestures, bandwidth and range
are relatively low. Spoken word also requires messagepatch, e.g., the last rider hears
a car approaching from behind; they screddarback; all cyclists forward will re

dispatch he message (unless it is droppedar’ back”

From this perspective, we can portray road cyclists as people with situatimohkibed
impairments and disabilities (Sli@pears et al., 2003yVhile performing their activity,

they are subject to sensadysruptions, mimicking someone with disabilities. Riders are
not only subject to wind noise (mimic hearing impairment) and the fact that they are always
mobile but depending on the kind of ride they are in, they might also be susceptible to long
periods & exposure to high temperatures under the sun, rain, fog, extreme fatigue (some

rides can last up to 3 days with short breaks), and stress due to unsafe road conditions.

Group riders are, in essence, similar to Paso@®80) fieldworkers using a mobi
computer system while on the go: "We identify four specific characteristics of this class of
users: dynamic user configuration, limited attention capacity-$pgled interaction, and
contextdependency." They have specific roles (albeit very fluid, iasudsed in the
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following chapters) and must perform specific tasks and pay attention to a subset of
information based on each role. The information must be delivered in a format that can be
easily read in a short period while the cyclists (try to) mairfiacus on the primary task

of riding.

Another challenge in data delivery for road cyclists is the size and low resolution of bicycle
computers. For example, Garmin's flagship bike computer, the Edge 830, has a resolution
of only 246 x 322 pixels. Moreovgnteracting with such devices can be tricky sometimes.

It can create a hazard for the cyclists since they must momentarily lose focus of the road to
gather information from the device and might have to remove one of their hands from the
handlebar to toch the device. Future tools to support group cycling should consider these

situations when defining the context in which cyclists are immersed.

5.2 Sport Specific Related Work

We are surrounded by digital data col |
telenmetry data to our purchase habits on our customer fidelity cards. It is only natural that
we can also collect and track data related to our sports activities. Sports metric data
collection and feedback methods have been explored in théApaski et al.,2017; Baca
et al., 2009; Fister & Fister Jr, 2012; Savage, 2010; Shiro, 2€i®)same is valid for
individuals(Khot et al., 2020; Polk et al., 2014nd team visualization too{Perin et al.,

2013; Probst et al., 2018)

According to Huang et a{2015) our per sonal data Ahas enor
positive changes in our personal l i ves [ é]
provide insight for users with little to no experience with visual analytics. The sports field
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IS rather interesting in this aspect: it is composed not only of highly technical experts in
elite teams, but also of sports novices. The former is collecting data from the beginning of
their careers and trying to make sense of it all to promoténspibvement. While in some

sports, experts and novices will not share the same space and tools (e.g., volleyball,
basketball, and soccer), there are others, such as running and cycling, where professionals
and novices are more likely to share the physical sp&eedads), data sensing tools like

running and cycling computers, and data visualization platforms.

5.2.1 Sports Visualization

In a recent statef-the-art review on sports visualization, Perin et @018)
analyzed 98 peeeviewed articles from researcheand practitioners on sports. While
most research papers focused on new visualization techniques (especially for team sports),
none investigated athletes' data visualization while exercising. Furthermore, thef-state
the-art review paper by Perin et ahows that cycling visualization is undepresented
with only four papers and running (cycling's closest counterpart related to data collection)
also has only four papers. Most works in the sports visualization fields tend to focus on
team sports whengayers are engaged in a limited area or region of interest, such as soccer
(Perin et al., 2013)baseball(Lage et al., 2016)and basketballLosada et al., 2016)
Having all players in a field or court creates a vdelfined frame ofeference, facilitating
data collection and analysis. Furthermore, these "dmsgéd" sports are traditionally
recorded using cameras from several angles during the matches, thus providing a rich data

source for computer vision and machine learning algms.
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As expected, most sports visualization research focuses on generating and understating
game statistics to aid players and coaches in improving their performance for the next
match. Current work shows a trend towards the -post analysis of game data
Unfortunately, due to the particularities of each sport, there is no silver bullet solution that
applies to multiple sports simultaneously, leading to fragmentation of research and findings
among niche subelds. For example, Wu et gR018)proposecda framework to analyze

table tennis data from multiple tournament matches, while Polk @Cdl4)worked on a

similar visualization technique for tennisven though both sports are similar, there is not

a single solution that fits them due to theirque characteristics and different visualization

needs.

Not all research focuses on ptsic analysis of gameplay data, however. Legg €2@1.2)
created a glypibased visualization system to help rugby coaches make "missial
decisions" whilestill paying attention to the current match details. Crowell e{28l10)
tested (although in a lab environment) if runners could usdinealfeedback of their pace
and ground reaction forces to reduce impact during the run activity to reduce tbe chan
impact fracturesColley et al.(2018) proposed a simple builbh shoe display to assist
runners in reaching their target pace while practicing the sport. In Clairbuojf€ieseet
al., 2019) the authors focused on providing rtiahe feedback @ swim direction for open

water swimmers.

5.2.1.1 Cycling Specific: Pre and Post hoc
Specific to cycling, preor posthoc data visualization research can be mainly

divided into two areas: visual analytic tools to help understand general cycling behaviours
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(such & for city planning) or the visualization of one's exercise data to help learn and

improve in the sport.

For exampleBeechman et a2012) Beechman & Wood2014) andel Esawey et al.
(2015) the authors created visual analytic tools from data deleérom thousands of
cyclists in the great area of London. This work is also similar to services sold by Strava
Metro (Strava Metro Homen.d.) Both academia and private industry are trying to create
tools to assist in identifying cyclists' behavioursities to aid city planners in providing

better infrastructure for their citizens.

On the individual data visualization spectruood (2015) proposed a series of
visualizations to inspect individual progress in group cycling events such as
Randonneung (individual longdistance cycling). Riders can visualize (and annotate) an
overview of their entire ride, compare their progress against other ricigig€ 18) or

even see when specific riders dropped from the events (time and location). Beck et al.
(2016)proposed a matrihased timeseries visualization for sports (in their work, cycling)

to sipport posthoc performance comparison of athletes in cycling ina events.
Kaplan et al(2016)created a system to superimpose pedalling forces (the forces applied
to the pedals by the rider in every stage of the pedalling cycle) into video reyoufi
stationary cycling sessions. Their work promoted a new approach to teaching and learning
proper cycling forms to cyclists more intuitively and with a lower cognitive load than

previous techniques.
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Figure 18- Image from (Wood 2015) depicting the progress of a particular rider (C35)

comparedo others in a 1420km cycling event.

Outside academia, sport tracking websites such as Strava and Runleagely our Run

- ASICS Runkeeper Running Tracker App, n.dg used as a form of pdstc data
visualization and social media platform. Both websites allow athletes to share and compare
activities with other riders among their networks. Visualization tools in such environments
(Figure 19) consist mainly of a coordinated multiple view system combining time series

analysis of cycling metrics with a 2D representation of the route and elevation.
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Figure 19- Strava's Analysis visualization tool. Source: author's personal log

Although not with cycling, Stusak et gR014)created tangible visualizations artifacts
(Activity Sculptures) that can represent a running activity. The artifacts are automatically
generated and can be 3D printed directyrf the data collected by spswatches (running

and cycling share some amount of sparetrics). These sculptures are interesting as they
break the traditional time series visualizations for smata creating less serious way of

approaching the activities data.

5.2.1.2 Cycling Specific: During exercise
When riding, cyclists demonstrate a sei§anizing behaviour, or as described by

Waldron et al(2011) a "swarm behaviour." This pack organization is highly evide
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high-performance cycling, where riders train together daily. On the other hand, novices
might take more time to setirganize or even rely on a more experienced rider to promote
such conducsincein-ride communication protocols and awareness ofather riders'

intentions and states are not yet understood.

There is an exciting design space in cycling (and maybe also in other team sports): how do
we support sharing of personal metrics for each athlete in a group to promote distributed
knowledge? Istipossible to combine individual data to create a distributed state of the
group (i.e., Distributed Cognition), which will facilitate cyclists' ssifanizing
behaviour? Will achieving this group awareness be possible even without all riders having
accesgo all state information? While these are interesting questions, most of the literature
and commercial systems focus primarily on the data of oneself, ignoring the other riders
and the surrounding context of the rider. Chapter 4 describes the curresgmktey and

visualization tools available for cyclists while they are exercising.

Previous research has mostly refrained from directly exploring visual tools for bicycle
computers (probably because of the difficulty of deploying software packages to the
devices); instead, researchers explored different methods to show and share data using
purposebuilt artifacts. Walmink et al. studied how riders can use the helmet as a
visualization surfacWalmink, Chatham, et al., 2014; Walmink, Wilde, et 2014) In

the latter, the authors explored how sharing the rider's heart rate data with other riders
behind can enhance social experiences while exerciSitajtenphl & Bouwer(2013)

moved the navigation aspect out of the bike computer displaysdtyngra belt with buik

in vibration motors to improve navigation and, at the same time, increase safety, as riders
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can keep their eyes on the road while navigating from point A to B. An early work by Jones

et al. (2007) demonstrated another applicatiftox helmet design but as an input device
instead of an output. Riders used their helmets to create handsfree annotations such as a
GPStagged road hazard, which could then be used to alert other riders in the vicinity that
might be riding in the same road direction. In similar work, Matviienko et §2018)
proposed a series of bike and helmet augmentations such as vibrotactile motors and
speakers to increase riding safety for young cyclists. In a controlled lab test (using a cycling
simulator), theyfound that children exposed to the bicycle augmentations suffered no

"accidents"” while riding.

In Gesture BikgDancu, Vechev, Ayca Unller, et al., 2018)e authors explored three
different projection surfaces for navigation (HUD andtbepavement) ad signalling
(signal POD under the saddle andtbepavement) while riding at night. Like other
studies involving cars and motorcycles, participants in their study preferred the HUD for
navigation. They argued they could pay more attention to the robtiaific while being

more straightforward to use than the pavement projection option. The NASA TLX score
used to measure subject workloatso showed a significant difference in performance,

with HUD being higher.

Another noteworthy data visualizatioptmn for cyclists is using the bicycle's wheel as a
type of persistence of vision display, as presented in Aware(¥atbomura et al., 2014)

With AwareCycle Figure20), riders can share their cycling metrics with sports spectators
(think of riders on a velodrome) or people on the street, without any special equipment on

the viewers' side.
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Figure 20 - AwareCyclgKadomura et al., 2014resenting the rider's heart rate on the rear

wheel

5.2.2 Distributed Data Collection in Cycling and Environment Sensing
Bikenet(Eisenman et al., 2007, 200@as one of the first works to collect bicycle
and environmental sensor data from riders commutinigarcity. It uses cellular networks
and fixed access points to send sensor data opportunistically. Information is shared with

the riders and with a remote server where others can interact with it.

Municio (2019)and de Browef2018) propose a lowudge hardware device to collect
sensor data on small or amateur cycling events. Their systenmaogsare sensor data
among riders (although it uses a mesh netwdrkre riders are the nogeslowever, i
focuses on collectingind sharing individual rider dataith the race committee and
spectatorsSuch work could drive augmented views of cycling data like those proposed by
Lo (2019)on field sportsCespede$2019) proposed a prototype system to support the

coordination othetravdling speed of riders in urban areas to promote safetyr these
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control system supports dwbc join and aims to maintain a commuter group together to

gain safety in numbers.

Jeon and Rajaman(8018)targets sensing the rider's environtr@rpromote safety. Their

work explores the design and impacts of a-kéew car sensing system to provide collision
warnings for riders and drivers at the same time. Smal(®@f1el ) presents a similar work
detecting cars using video and audio fromibeélthe rider to identify cars approaching in
unsafe manners that could lead to a collision. Their work further extends the behind the
rider sensing to sensing and storing road conditions ahead of the rider, such as potholes
and unmaintained asphalt. Oretbame topic, Beecken et @019)developed a system to
classify road surfaces using a video stream from when riders are commuting. Regions of
the city are mapped through crowdsourcing of multiple cyclists and uploaded to

OpenStreetMap for the publio plan routes.

5.2.3 HeadsUp Displays

An interesting approach to data delivery in cycling could be the use of-tpads
displays instead of traditional HDDs. Heags displays are used as a solution to provide
information to the user while not blocking his arliield of view. Traditional approaches
can use a small display in peripheral vision or a desmisparent gladgke surface that has
information projected to it. Commercial solutions range from everyday use such as the
Google Glass and Focals 2.0 to ggspecific approaches such as the ReconJet, shown in

Figure21 (now defunct), Vuzix Smart Swim and the RideOn Ski Googles.
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Figure 21 - Reconét Cycling and Running smart eyewear. Source:

https://www.engadget.com/2015/07/17/regetrreview/

Authors in automotive and motorcycle Ul have begun exploring the advantages and
disadvantages of HUDs for riders and drivers. Liu and Wen defi(20it¥) HUDs and

HDDs a s : -upidisplay @dD) is a display that provides information via digital

graph ¢cs cl ose to the dr i vdwndsplag@®DD),nadntrasti ne o
is a display which provides information be
dashboard or the middle console in a location which forces the driver to ttiservisual

attention away from the roado.

Most HUD papers published on the ACM DL are split evenly into three areas: HCI,
Automotive, and Graphics and Technology (e.g., SIGGRAPH). While some sports
examples, such as the previously discussed work by Dancu(@0ab) exist, outdoor

studies thaéxplore data delivery and safety are more common with drivers and motorcycle
riders. Automotive Ul researchers have conducted studies with HUDs regarding their

effectiveness and safety compared to Heads Down Displays. Road cyclists share common
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traits with other road riders; therefore, findings from such areas are highly relevant to this

work.

Kenichitor Ito (2015) and Tetsuro Og{2015) explored the design and evaluation of a

HUD for motorcycle riders. The authors state that motorcycle ridersféeeedt from car

drivers as they constantly scan the road surface for deformities and hazards. Such
deformities, although sometimes small, are enough® tdea bi | i ze the rider
making it difficult to read information from the traditional hagisthrmounted HDD. These

findings are similar to a study by Trefzgé&018) where the authors concluded that

commuter cyclists spend up to 45% of their time scanning the pavement with their eyes.

Smith et al.(2015) conducted similar work evaluating tller i ver 6 s per f or ma
conducting secondary tasks, such as reading textual information comparing HDDs vs
HUDs. In a similar approach, Jose et(@aD16)compared HDDs vs HUDs vs HMDs in a
simulated driving environment. Their results comscwvith prevous work, where
participants preferred HUDs over HDDs, had lower navigation errors while using HUDs,
and, notably, their participants reported an increased awareness of hazards and the
environment when using HUDs. Hazard awareness is essential wherg dxivitotor
vehicle. However, it is even more important when riding a bicycle on the road: road dangers
such as potholes, fallen tree branches, wildlife, and even car/truck parts have a higher
probability of incurring damage and injury in riders than on etgvdue to different
physical characteristics of both transportation modalities. The reader must understand that

road cycling injuries may lead to riders not being able to ride for the rest of the cycling
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season, thus invalidating all the training donegaifhe crash, or to even more permanent

impairments.

Researchers have also studied the concept of addifthreegh displays to motorcycle

hel met s, providing a true HUD witli2018) t he
investigated HUDs in motcycles from a safety perspective. Motorcycles are interesting,
maybe even more than cars, as they are closer to hpovegred bicycles. The authors
explored the perceived workload of their participants when using the Driver Activity Load
Index (Pauz® 2008) and found that their HUD approach significantly reduced the
perceived interference (from the driving tasks), situational stress and visual demand when

compared to an HDD.

More recently, Topliss et a{2019) also found benefits for HUDs over HI3Dwhile
driving. The authors showed significant results regarding the driving dynamics of their
participants. Participants exposed to the HUD had higherkdeeging scores and higher
Minimum Time to Collision. Their results show the benefits of HUDs iiggrthe safety

of drivers, which can possibly be generalized to riders, but further research is needed.

It is important to note that HDDs (in cycling) and HUDs are very limited in the amount of
information they can deliver to the user due to their smaedlen and resolution. However,

it might be worth exploring the use of a combination of both display methodologies, one
complementing the other, instead of the current commercial approaches, which promote
the use of HUDs instead of HDD. Adding a secondldispayer to road cyclists, where
information is contextually placed on each display depending on the rider's current task or
position in the paceline, can have exciting perks, especially if the beneficial results from
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other fields are transferred into éyg. For example, Medenig2011)showed that "AR
HUDs have been shown to help keep drivers' eyes on the road with lower levels of mental
workload, and consequently improved driving performance." Furthermore, drivers respond
faster to dangerous situat® when using headp displays(Horrey & Wickens, 2004;
Smith et al., 2015)and they seem to have a preference for HUDs over HD@3® et al.,

2016)

5.2.4 ContextAware Computing

Interacting with headdown displays such as bike computers when exercissg
an inherent risk. Debris, wildlife, and even other riders can suddenly become an impact
hazard if a rider is not paying attention to the road or does not have both hands on the

handlebar because s/he was interacting with the data.

Bill Schilit originally keyed the concept of conteatvare softwar€Dey, 1998; Schilit et

al., 1994) The authors define conteatwar e computi ng as fAthe abi
di scover and react to changes in the envi
definition, however, only focuses on one element of context: relative location between
mobile and stationary devices and other elements inside a room or rooms. The same authors
define context as where you are, who you are with, and what resources are nearby.
However, there are still other untapped elements of what constitutes context, such as
external actors, environmental conditions, and even some measures of the inner state of

each individual interacting with an application.

Pascoe et a(1999)define contgt-aware computing as a paradigm for mobile computing
where applications must be able to sense and react according to external stimuli. Ideally,
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applications should adapt to external changes independ@hidyser & Mark, 1993)

without requiring explicit user input.

Context, as mentioned, is much more intricate fnahlocation plus the people around

you. Di fferent authors tried to define cor
different aspects of how humans irster with computers and with others around them.

Anind Dey(1998)d ef i nes context as a combination of
date and time, and objects andlo9¥p)simgidtic i n i
definitionnyf edomieenxts: oiff the environment
(2001)further refined it as any information that can be used to characterize the situation of
entities that are considered relevant to the interaction between a user and an application,
including the user and application themselves. Lastly, Do#6084)defines context as

an adhoc element of the interaction between two or more people; it is unique to a particular
interaction and ceases to exist the moment the interaction stops or changest arises

from the interaction itself and is maintained by its unique details. Therefore, caniad

computing can be defined as systems that provide relevant information and services to

users based on their current context.

As expresselly Dey(1999), contextaware applications, however interesting and probably
useful, are difficult to build due to the intrinsic complexity of context. Challenges arise in
sensing, classification, framework support, and context delivery. The work presented in
this thesis assumes an external entity (such as a context $Pnsdar & Rosenberg,

2007) responsible for detecting and providing contextual information to the proposed
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visualization system. The scope of inferring context from the rider's position and

envronment is beyond the scope of work.

Researchers are also exploring the usability and acceptance of @wéegtsystems. In
e-graffiti (Burrell & Gay, 2002) the authors evaluated an application that allowed people
to create and read virtual world @t in real-world locations (positioraware context).
They observed that although participants initially found the idea appealing (probably due
to a novelty effect), the application was not used considerably during delongstudy.

One reason for theWw usage might be that participants had to actively search for notes
instead of being prompted by the application when notes were nearby. Modern location
aware approaches such as Google Assi€asiri’® or Yelp'* combine other context
variables with loation to provide notification of nearby places that might be of interest to
a given user. Burnell and Gray also observed that participants usedrtfétedifferently

than the initial scope of the application and suggested that loeatiareness wasoh

something expected of a computer application at the time.

Fastforward to the past couple of years, locateamare applications are much more
common, from games such as Pokemon'Gi dating applications such as Tintfer
Contextaware mobile appliceons are not only positieaware but also use a plethora of

variables to establish users' current context.

12 https://assistant.google.com/
13 https://www.apple.com/siri/
14 https:/iwww.yelp.com/
15 https://www.pokemon.com/
16 https://tinder.com/
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Throughout time, researchers had access to a more significant set of sensors and algorithms

to analyze the data provided by them. Context sensingt isestricted to locatieeensing

anymore, although it is still one of the main drivers of context. In Interrup@dmvic &

Musolesi, 2014)the authors evaluated how context can be used to find opportunistic
moments to interrupt users with notifimats from their mobile phones. They defined

context as a combination of time, discrete location (work, home, public space), and
accelerometry data from the userds smartoph
combined with phone sensors provide adystarting point, the context for interruptions
should also consider other aspects such as
and the subject (work, leisure, adds) of the notifications. Examples of other sources for
context inference includspeech, activity sensing and classification, nearby objects,

gestures, and physiological state.

Examples of contexaware systems that go beyond location include the coeatvete
recommendation system for evdrased social networks by Macedo et(a015, where

the authors defined context as a combination of the user's current group memberships on
social media, distance to any given event, and history of the user's previous preferences
such as event description and number of confirmed RSVPs in ordmraimmend events

to any particular user. In Jusbr-Me (Adnan et al., 2016Xhe authors propose a context
aware music recommendation system by sourc
preferences, combined with global music ratings, e.g. tggrhiCanada or NS, and music

content as the driver for context. Contextare systems are also gaining traction in tourism
research: Braunhofer et dR015) define context as a combination of travel time to a

specific POI, current weather, user's aafalié time, and their POI visit history. The authors
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then used this contextual information to make suggestions of places that the users might be

interested in visiting.

The examples above demonstrate that the definition of what constitutes the useri€ontext
intrinsic to each application, although some variables such as location are present in
multiple examples. From what was discussed above, it is also possible to observe that
digitally sensed context, as opposed to -tiéalcontext, is becoming denser hbstter

sensors and algorithms, e.g., machine learning and inference, are emerging.

5.2.5 Road Cycling Summary

Yvonne Rogers defines conteasvare computing as "[a system that] focuses on detecting,
identifying and locating people's movements, routines or actioih a view to using this
information to provide relevant information that may augment or assist a person or
persons'(Rogers, 2006)ldeally, computer systems focused on delivering data to athletes
should be aware of the environment and the curraertegb(e.g., position in the line, cars,
grade). They should display the required information with minimum interaction from the
athlete and in a way that makes sense at any given moment (e.g., choosing between
displaying information on the computer or aatisup display based on the information

type and the ridersé position in the I|ine)

For athletes, such as cyclists, computer systems already sense much of their environment
with their bodyworn and bicycle/shemounted sensors (some bicycle pedals can even
register if the rider is sitting or standing). These tools are ubiquitous to enthusiasts and
professional sportspeople, but besides displaying the information from the sensors in a
grid-like visualization, nothing more is done regarding the data. Annrdton delivery
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system that can infer context from the sensors and the environment to identify the best way
to display information and possibly reduce the number of times riders need to remove their
hands from the handlebars to interact with the data wimiidvaluable in promoting riders'

safety.

Interestingly, to the best of my knowledge, there are no examples of research and
applications aiming to provide conteaivare data visualizations for athletes during
training sessions. The onl-SegnentgieelSegments s eem
T Strava Supporin.d.)which provide irexercise locatiomware notifications of upcoming

community segment$

In summary. while the amount of sensing and computational power in cycling has
increased over time, very little has changed regarding datalizigtion and interaction.
Devices still use the same gitile data view (more discussion in Chapter 4) inherited from
the first "analog computer” in the 80s. Interaction with modern computers is still based on
either side buttons or directly touchingttiisplay, which may be a safety issue depending

on the situation.

Modern devices are equipped with Bluetooth, WiFi and ANT+ radios. Nevertheless, there
is no information sharing among riders on the same paceline, which creates information
silos hinderinga distributed and informed decisiomaking process. Lastly, manufacturers
have tried, with little success, to completely replace HDDs with HUDs instead of pairing

them and trying to leverage the unique advantages of each display technology.

YA Strava] sreggnoennst sofarreoapdo or tr ail created by memi
(Live Segmenits Strava Supportn.d.)
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5.3 Methodology
| followed the Contextual DesignBeyer & Holtzblatt, 1997)methodology to
model the work done by cyclists, as it provides a means to study individual and group

behaviour from multiple perspectives.

In Contextual Inquiry (CI) (the first stage of ContextDasign), participants are observed
while working in their natural environment. Researchers observe and query participants,
forming a masteapprentice relationship, to learn as much as possible from participants as

they engage in their regular activities

5.3.1 Contextual Inquiry During the COVH29 Pandemic

COVID-19 restrictions prohibited close interactions between individuals, which is
expected in traditional Cl. Group sports were also détén most jurisdictions during
this time. To address this issudpllowed an adapted version of Cl, using data collected
by the riders which | used as #ol to promote recall of their rides during a remote
contextual i nquiry/interview. Thi s approa

guidelines forextremely loig tasks

" é] do a wor k wal kt khdepphuarbspectivenhi ch i s |
account. Set up an event in which customers bring in project
documentation from all parts of the process and walk through the history

of the project, week by week, meeting by timge Use the project

artifacts to ground the inquity(Beyer & Holtzblatt, 1997)
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5.3.2 The Remote Contextual Inquiry

5.3.2.1 Participants

| recruited participants using social media and regional governance bodies in
Canadde.g., Bicycle NS)Participants needext least two years of group ride experience
and to ride at least 100km weekly during peak season. Participants were recruited in groups
of 3 or 4 from the same riding pack. The packs could themselvegygerthanthree

persons.

5.3.2.2 Materials

Participants wee asked to select two solo rides (ridesytlhode alongand four
group rides. The four group rides were the same for all participants from the same pack,
allowing me to crossreference shared experiences. Participants also shared pictures of
their bicycks, artifacts they carry with them when riding, and one image for each page of

their bike computerKigure22).

| conducted the Remote CI interviews on Microsoft Teams using voice and video. At the
beginning of the first encounter, participants had the opportunity to ask any questions
related to thestudy and consent form before giving verbal consértompensated
participants fifteen dollars for the first encounter and ten for each of the following
meetings. My modified contextual design process involved three contacts with
participants: two indindual interviews and one group interview with all members of the

same riding pack.
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Figure 22 - Pictures of four bicycle computeo$ participants in the Contextual InquirRifferent

participants had a different quantity of datelfls selected.

The first interview was the contextual inquiry component, lasting an average of two hours
for each participant. The protocol for this interview was as follows: first, participants had
an opportunity to talk a little about their experienod aotivations behind participating

in the sport. Then, participants would explain in general terms their bike computer screens
and data fields while explaining why they chose to have those specific data fields on each
page, which page is used the most @héen they use each specific page. Participants then
explained to the researcher how they communicated with other riders while riding and

demonstrated their gesture dictionary while explaining each gesture.

Once this last step was completed, the reseavahidd introduce the concept of contextual

inquiry again and reinforce the mastgprentice relationshipy stating that participants
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are the master@nd he researcher is there to try to learn as much as possible. Participants
would then go over each difieir individual rides while the researcher tried to promote
recall using the data available on Strava. The goal of usingptbeides was to provide a
stressfree (explained to participants as training wheels) opportunity for participants to
experiencerecall and storytelling without risking information loss in the group rides.
Participants were informed that they did not have to go over their rides lingeatys,

they could start from the middle or the esrdump from one point in time to anothdr i

they wanted to. The researcher, however, would always start eaddpedéc interview

by askingfor weatherinformation andpreparation steps before each ride (such as food
packingandplanning of route) to try to promote recall and immerse the gaatitin the

context of the ride.

After the individual rides were completed, the researcher exposed the participants to the
group ride data and a similar process to the individual rides was followed during the
interview. Once the group rides were completed, the researcher would go aveotise

and ask questions that they might have. This last step was also another opportunity for an

openended discussion with the participants regarding their group riding habits.

| repeated the same process for each participant. This was not onlyoatuoiypto cross
validate individual findings with others from the same pack, but also a chance to find issues
in communication among the participants. For example, one participant stated that when
they were leading a particular section of the rtaely felt as if the pace was fine for

everyone in the group, while another rider from the same group said that on that same
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section they were working harder than they should be to keep up, and were not on active

recovery.

After the first interview, createdthe five Contextual Design'€ work models for each
rider: Culture, Sequence, Physical, Artifact, and Flbthen invited participants for their
second individual interview. In this intervielWexplained the purpose of each work model
and presented themddato the participant. then reviewed the information in each work
model with the participant to validate and refine our models. Participants used this
opportunity to proposehanges anddd extra informationncludingexamples from other

riders that thg might have remembered. This second interview lasted-fisgyminutes.

With all models validated with their respective participahtspllected the work models

and generated consolidated work models for each ptwdn brought the participants from

the samearouptogether for a final meeting. In this meetimgxplained the work models

again and presented the consolidated models. Participants had the opportunity to validate
the consolidated models as a group and discussfimdings. This step lasted fortfive

minutes to one hour.

After all of the meetings are completed, consolidated all group models into a final set
of consolidated modelgepicted in AppendiceS T |) as a general representation of the

work done by road cyclists riding as a group.

18 The reader can refer to pag&fér an explanation of each model.
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5.4 Results

| recruitedtwelve participants fronthreedifferent cycling groups in two regions of
the country. Memberd ehe first group focused on lordjstance cycling (Randonneuring);
the second group focused on training for fithess and some race events; the last group was
from a formally organized, coached dyg group. All participants rode primarily on
asphalt surfaces. While participants had different backgrounds and years of experience
with road cyclingthey allmentioned practicing the sport because they enjoyed it and for

health reasons, that is, to sfiy

In the following subsectiond presentinsightsfrom the Contextual Inquiry and Work
Modelling activities. Participants are quoted using pseudonyms and are not aggregated by

their cycling group to avoid reverse identification.

5.4.1 Roles and Responsiliiks

One expects a rigid or formal role structure in a traditional office environfent
example, a developer is not expected to take the role of the accountant one day and
custodial on the other. Interestingly, roles within road cyclists are fluidt albl-defined.
| identified three "and a half" roles (the half part being arsl# discussed further in this

section): leading, middief-the-pack, andvheel (or last).

Cyclists are expected to know how to behave in each of these roles as they meesn bet
them constantly as part of the natural rotation strategy of road cycling. During a regular
ride, an individual rider will be leading the pack multiple timémique tasks and
responsibilities accompany each roléhese necessary actions have an impacthe

mental state of the riders. Participants mentioned being mentally focused and taxed when
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leading \ersusrelaxed when at the wheel. Riders repottettthe impact on their mental
state comes from the responsibility that each role has associateth&pace and safety

of the rest of the group.

"I do [worry about my mates behind when leading]. | always wish there
was a better way of understanding how much they enjoy my speed, and |
never asked. And if it's appropriate, if it's OK. | always wondered

silently: Is it too slow? Is this too fast?"[Dave]

"l wish there was a better way for me to understand how much they are

enjoying my speed/pace. Is it too slow or fast?" [Charlie]

Participants reported that the leading role had the most responsibilitpemd| effort.

They mentioned focusing on upcoming debris and hazards, landmarks, wind direction,
their computer numbers, and the grdaé the road. Wind direction was used to position

the group on the shoulder (and sometimes on the entire traffic tan&cilitate
echeloning® when there was room to do so. Leaders were also responsible for adapting the

pace when the grade chadgsuch as an upcoming hill.

Riders in the leading role must also monitor their effort using any data available such as
power,speed, and body sensations. Participants mentioned monitoring their bodies closely,
sometimes before looking at the numbers. Burning sensations, respiration rate, and other
bodily indicators were all used as implicit measures of effbine current leadeis
responsible for using this effort information to control the group's patteasoo one gets

dropped from the paceline while everyone gets exercise stimuli. Information flows from

¥ the level and gradient of a roadway determined alongehter line [MerriaraVebster]
20 organizingthe bicycles diagonally from one and another to deal with cross winds
94



the leader back to the leader without any external exertion informagimmg from the
riders behindl present the communication between riders in more dettikirBetween

Rider Communicatioisectionbelow,

Furthermore, the current leader is also responsible for keeping the group safe. This includes
ensuringhazards areignalled early in advance, positioning the group on a line that avoids
bad asphalt, and ensuring that the group will only enter the traffic lane if no cars are coming

from behind.

Unfortunately, not all elements of the tasks associated with the leadiitgmpaae
supported by the bike computer, making it hard for the leader to offload some of the
responsibilities to it. Participants mentioned that it is difficult to find a pace that fits
everyone when leading. They wishedktmw the previous leader's gawithout having to

use recall and, if possibl® monitor any gaps that might be forming behind or the physical
state of their peers behind them. Observing the riders behdiffi¢silt as it requires the
leader to look back, thus not keeping an ey¢hernroad ahead. This information on gaps

is vital when dealing with stronger paces (to avoid dropping riders and creating a big gap
between the group and the spent rider who got dropped), but it does not readily flow to the

leader.

The second roleidentified is themiddle role. Ridersvho are not leading or #te wheel

are part of this role. In the middlefurther identified a suipole: the rider directly behind

the leader has an added set of responsibilities. Particigafited the middle role as
having a high mental effqrsimilar to when leading. Riders reported that one of the reasons
for the mental effort is the added responsibility of not breaking the pack in the middle:
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"When | was in the middle, | felt much strongesponsibility too. Keep

my wheel closer to the person in front of me because now suddenly there

Is two people behind me depending on me keeping that draft, you know?"

[Jake]
Participants reported being attentive topleeson's wheealhead, trying to keep gaps small
and consistent while avoiding overlapping wheels. Focus is also on relaying incoming hand
gestures from the front to the back. Interestingly, participants repade being too
worried about cars while riding in the middle. These riders are not necessarily focused on
their spors metrics or pace since they have very little control over the situation. This
changes when the rider in the middle is just behind theguleader. The rider will start
paying attention to the current pace of the group using the available infornsaibnas
power and speedo they can be ready to maintain a similar pace once they become the
new leader. Participant Mike summarized thexdea tasks as steps to answer the following
guestion"How will my responsibilities change once | am the leader? Especially from a
speed and power perspectivBecause there is no sharing of cycling metrics among riders,
it is up to the person immediagdbehind the current leader to manually keep track of the

current pace, which they should maintain once the leader rotates back.

The third role is what the participardefinedasthe wheel or back. A rider is in this role
when they are the last personthe pack. Participants mentioned being mentally relaxed
as they have no one behind them. In this position, they allow themselves to wiggle from
side to side and have the opportunity to grab food or other items from their jersey pockets.
While keepingthe gap small, they might drift back a little to stretch their legs off the saddle

or make small sprints if the ride intensity is not high. Their only task is to keep track of any
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incoming vehicles and verbally inform the riders ahead if one is coming. Pantgip
however, mentioned that some of the questions they ask once they reach the wheel are

currently not easy to answer:

"How was my pull? How was my pace? Was the pace appropriate for the
group?"[Charlie]
5.4.2 External Influences
Participants mentioned do key influencers: sports motivators, other riders from
their group, road drivers, and provincial laws and infrastructure. Each contributes to a

subset otheriders' actions, decisiemaking or feeling.

Participants mentioned cars as a cause for cora®they can cause dangerous accidents.
The concern is not only for cars driving on the road but falsocars parked close to the
shoulder of the road. The groups mentioned taking the road and moving into the traffic lane
when cars are parked closeth@ shoulder to avoid being "doored.” Although collisions

with cars might seem unlikely for neiders, one group was hit by a car during one
recorded ride. The presence of cars also influences the available strategies when dealing
with the leader rotatigrecheloning, and road hazards described ithe Dealing with the

Environment and Group Safesybsection

Themost significaninfluencer, however, is the interamt with the other riders from the
group. A ridereither imposes their pace and road positioning on the other group riders or

follows the leader's pace.

Participants also mentioned trying to Heugh" or "with an endurance state of mind"

[Carol] in relaton to their peers as if suffering during the practice of a sport is something
97



to be expected, and you should not show it to others. Interestingly, this can lead to overly
taxed riders who might not complete the ride or slow down the group for longer than
necessary. Participants acknowledged this issue but were not necessarily open to

addressing it:

"I tell people to ask to slow down if the pace is too strong for them. I,
however, do not ask if | am the one suffering in the back" [Charlie]

5.4.2.1 Sportfocusedsodgal media

In some capacity, all participants used specialized social media websites, such as
Strava(Strava | Run and Cycling Tracking on the Social Network for Athleteks)
Training PeakgTrainingPeaks | Reclaim Your Race Dayd.)or Ride withGPS(Ride
with GPS | Bike Route Planner and Cycling Navigation,Apg.) Riders revisit rides and
compare the cycling metrics of other riders. Participants used the platforms to plan future

rides anddownload predetermined group routes for tday.

Three participants mentioned using Strava to give positive feedback to other riders (using
a feature called Kudos, similar to a Facebook Like) and to draw inspiration from what other

riders were doing.

5.4.3 The Bike Computer

Participants mentioned relying prinigron the bike computer to support their
work. While they carry more items, like food, water, smartphone, spare tubes, and tire
levers, these items do not contribute directly to the work we observed but rather serve as

supporting resources and tools foredpected situations.
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The bicycle computer was tpemaryinformation source for the study's ride@mputers

are small displays that were either mounted in the steam of the bicycle or just ahead of the
steam using a fly mourgEigure 23). Participants who had the fly mount mentioned that
they prefered it as they could still maintasobmeawareness of the road while glancing at

their data.

Figure 237 Example of a bike computer using a fly mount. Sounttps://www.garmin.com/en

CAl/c/sportsfitness/cyclingbike-computersbike radar-powermeterheadlights/

All participants mentioned that although computers are baakfthey are also a hazard
as it forces them to look away from the road to read informafiirenthey interact with

the display (for exampldo switch pagesthey mustremove one of their hands from the
handlebars. The risk of accidentgnsre signifcantin group rides since riders are closer

to each other:

"It is a little harder to keep track of the data in a group ride. | have to

keep an eye on the wheel in front" [Dave]
"I have to pay attention to the others" [Bob]
"You can't constantly look @ahe computer, you have to keep an eye on

the road and on your partners to avoid accidents." [Eve]
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All participants but one used a fixed bike computer; the remaining participant explained
that they use a smartwatch instead because they participate ilomsdtt is considering
buying a fixed computer and running both the computer and the watch in parallel during

these events.

Participants reported having at least two data screens on their computers: a primary screen
(data page participants reportesingmost of the time)depicted inFigure22, and one or

more secondary data screens with more specialized information. The primary data page
consisted of a gritike layout rendering numeric information from sensors. Although each
rider had their primary page customizéoky allhad similar layouts with at least speed,
cadence, power (if equipped), time, and distance; the average speed field was present in
half of the paticipant's primary display. While most of our participants had a power meter,
two did not and used heart rate instead, with the field in their primary display. Both
participants mentioned wanting a power meter but were waiting due to the costs of such a

unit.

Even though secondary pages varied from participant to participant, the overall idea was
to have one or more specialized pages to be used depending on the task or current role in
the paceline. Four participants had a dedicated page when leadingtlpe This page
contained less information than their primary display and focused on power and heart rate
information. Othersecondary page usage includesvigation (magbased), elevation
profiles, interval training (selfuided or following a préefinedplan) and commuting

specific fields.
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5.4.4 Between Rider Communication

All participants mentioned some form of environmental impairnmetiteir tasks.
Wind noise was mentioned by all participants as a limiting factor to verbal communication,
reducing therange of their voice from nearby riders only to no one, depending on its

intensity.

"When there is a lot of wind, [the] vocal component gets lost" [Charlie]

The flow of information within the riders in each role can be divided into three parts:
informationfrom the rider's computer back to the rider, forward to the back of the paceline,
and back to forward. All sensed sport metrics are recorded and (some) are displayed on the
rider's computer. This information does not propagate to other riders. Infornmation
rotation starts, debris and other road hazards are always from the front to back using hand
gestures and sometimes verbal utterances such as "hole." Hand gestures, however, can

sometimes be missed (like a UDP datagram being dropped).

Communication fronthe backi such as information about people dropping or incoming
carsi is verbal, as no digital communication tool is used, and hand signals flow from front
to back. This is affected by environmental constraints such as wind andsdkscribed

by paticipant Ana:"Verbal communication is not 100% reliable. It fisity of the
participant] super windy, and it gets worse in colder seasons because of physical

obstructiondlike a toquel.

Participants communicate mainly using hand gestures (informiatioels from the front

to the back of the paceline). The gesture lexicon varies slightlihe stopping gesture
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from group to group (agbserved from thetop gesture on the list below). However, most

gestures were the same across all participants.

 Stoppng:
0o Closed hand behind back
0 Open hand behind back
0 Open hand down on the side
o0 Open hand lifted on the side (at head height)
1 Cracks on the roadMove hand parallel to the bike
1 Loose GravelShaking open hand on the side
1 Rail Track:Move open hand perpendiauto the bike
1 Hazards (Debris, Holesyointing at the hazard
1 Move out of the ShouldeBweeping Gesture from Right to Left (righénd drive
roads)
9 Start RotationElbow flick (participants mentioned that some riders are not obvious

with this gesture)

Gestures are primarily used to identify upcoming hazards such as road debris, potholes,
obstacles like parked cars and runners on the shoulders, and train tracks (whietiottn
the wheel of a road bicycle and cawaseaccident The dictionary includegestures to
inform turns (although these were rarely mentioned in the interviews), when the leader is

starting the rotation from front to back, and when a rider is going to get out of the saddle.

As mentioned, gestures only work from the front tolthek of the line. Riders on the back

cannot send effort information and warnings about incoming cars using hand gestures.
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Furthermore, a gesture may fail to propagate backwards because a rider missed the signal
(e.g., they are using the bike computer @bdping their water bottle) or because the rider

did not feel it was safe to remove one of their hands from the handlebar. Whatever the
reason, when a rider fails to propagate the information backwards, riders in the back are at

a disadvantage from a safgigrspective.

"You're looking down. Maybe it's something on your bike computer at
the time that the hand signal comes up and you missed the person's hand
signal in front of you. Or perhaps the person in front gestures too late
and you're pretty much on tghthe hazard or just you know, just missing

the hazard and it's too late to point it out so people don't have time"

[Dave]

Participants also mentioned that the intensity of a gesture encodes the severity or risk
associated with what the gestuepresers For example, when dealing with potholes or
debris of different sizes, participants might put more or less emphasis on the géseire:

bigger the hazard the more forceful | point.” [Charlie]

5.4.5 Dealing with the Environment and Group Safety

In a more traditional work environment, such as a desk in an office space, a
Contextual Inquiry Physical Modegpresenthiow the physical environment supports or
gets in the way of the workt showshow people organize their environment to support
theirwork (adapted from Beyer and Holtzb{Beyer & Holtzblatt, 1997) In cycling there
is support from the physical environment (for example, having a paved road with dedicated
bike lanes) However, riders cannot easily modify their work environment arel rmore
often at the mercy of any challenges imposed by it (bad roads, crosswinds, rain, cold, or

heat).
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Where riders choose to ride on the road is influenced by elements such as the shoulder's
width, wind, the presence of parked cars, and how busy tHeseath drivers. Participants
mentioned being more relaxed on roads with broader shoulteveing them to"find the

line" with less debris through the ride by moving left and right within the shoulder. In
contrast, riders mentioned feeling more vusiideon narrow shoulders and noted that they
would often ride at the shoulder line or eVeake the lane’at moments whethey thought

they could'get squishedby vehicles.

Traffic density also influences how riders deal with different wind conditidfisd can

be a foe or an ally for riders depending on whieoeiginates If it is coming from behind,

it effectively pushes the riders, helping them ride faster or with less effort. Woeméts

directly ahead or at an angle, it is working against theistg. With diagonal winds,
participants mentioned riding in an Echel&igure24) formation to facilitate the drafting

and reduce the impact of the wind on tireters. However, this technique requires a decent
amount of road readtate since ridemnustbe diagonally from each other. If the road is
busy with cars or does not have a reasonably wide shoulder, riders cannot echelon to save

energy due to safety concern
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Road Positioning (Calm Road, XWind) Road Positioning (Busy Road, XWind)

Figure 24 - Example of the echelon technig@ quietroads riders can use the entire road to
deal with crosswind€On busier roads, only the second rider can benefit from the configuration.
If groups are large, riders will ride (and echelon) tabreast when there is enough room on the

road to support this configuration.

The presence of cars influences how riders deal with their rotation strategies (to share "the
load" of moving the group &ad) and with road hazards. When the current leader identifies

a hazard or debris in the road, the rider will try to move around to avoid hitting it. If no
cars are close, the group moves into the traffic lane until they are clear to return to the
shoulder If there are carm the traffic lane, riders will not be able to take the traffic lane
and will have to slow down and wait for the cars to pass or, in a-s@sstscenario, slowly

hit the debris in front of them. The presence of cars in the lanelsadlbéock riders from
rotating. Asshownin Figure 25 right, riders leverage the traffic lane to rotate the leader.
The leader moves into the traffic lane and waitd afi riders go by their right side before

moving back into the shoulder. If cars are present (or long hills and turns), the current
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leader will typically stay at the front of the group for longer than they should be, leading

to further exhaustion anduk requiring a longer recovery time in the back.

Road Hazzard Rotation (FtB)

Figure 25- lllustration of riders' strategies to deal with hazards on the shoulder (left) and+ront
to-Back rotation (right). Arrows in red accompanied by a lightning bolt inditizie something

blocked their intente.g., cars coming from the back.

5.4.6 Pacing Coordination
| observed two main group intents or goals regarding pacing from the interwibigh

will be discussed in this section. They are:

1 Rotating to "share the load" ofdding and dealing with windage.

1 Appropriately pacing the group to avoid overtaxed riders and drops
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5.4.6.1 Rotation Strategies

Participants mention two common strategies to rotate the leader at the front of the
paceline: bacito-front (BtF) andfront-to-back (FtB). Although both approaches have the
same end goal, they differ on who controls the situation, the current |E88eoil another

rider in the packB§tF).

Riders mentioned using BtF very rarely d%atds to less smooth ridegCharligl andthat

"it can be dangerougCarol]. Group 2 mentioned using it when they started riding together
for the first few times but have switched to FtB for the reasons mentioned above. Groups
1 and 3 mentioned seeing rare moments where a rider opts tcotatkel of the rotation

and start a BtF rotation. Another concern regarding BtF is that the leader has no control of

the situation since the rotation begins behind them.

The overall steps for a bat#-front rotation are depicted ihable6. It is interesting to
observe the first pain point in red: because the leader is not the rider who starts the rotation,
the leader is at the mercy of the riders behind. They had to wait until someone from the
back noticd a drop in speed (indicating thdiet leadewas probably tired)or someone

decidel to take over leading the group foro#mer reason. Secondlynlike an FtB rotation,

the rider who wants to use this strategy must increase the pace to go faster than the leader
to move into the front, thusxpending more energy. Lastly, finding the correct pace when
assuming the new leadership position is not straightforward since the new leader has now

to deal with wind and the previous exertion of going from the back (or middle) to the front.
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Table6 - Sequence Diagram of the BattkFront rotation. Text in red accompanied by an

exclamation mark illustrates issues identified by the riders or the researchers.

INTENT: BtF Rotation

Observe leader's speed
z
Compare it withcurrent implicit effort level
z
If can do a better pacing take over; otherwise, wait until leader slows down
! No direct feedback on how tired the leader is.

Check for cetzfs, hills, curves
Moves into the traffic Iafne with the entipaceline.
I Picks up the pace as?to pass the current leader
Moves back into the shomz;lder after passing the leader
Start puIIinéthe pace line
z

Maintain previous rider pace (speed)
' HR is not a good indicator of pace anymore since there is no more draft
I Sometimes the new leader unintentionally increases the pace
Z
Keep pulling until rider from behind takes over
I No information on when this is going to happen

In front-to-back rotations, the current lead®mtrolswhen to start rotating to bring a new
rider to the front. Participants mentioned two main-subtegies: time/distandesed or
exhaustiorbased. Both are similar on most steps and differ only whestart rotating.
Participant Eve mentionetiGenerally what | tried to think about was how long the leader
was pulling for. | tried to imitate that to be honest. And then in my head | think OK, you
know, roughly they pulled for that long so it's kind gftorn to pull this amountas their

strategy to start leading.
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Both strategies are depictedTiable?. The participants statedatrotating based on time

or distance is the most preferred way in their groups. Interestingly, there is no cemputer
aided support for it, and it is the rider'spessibility to keep track of their pulling time or
distance while trying to remember what the previous leader did. Participants mentioned
using 5 min or 5 km as a starting point and would change the value depending on heavy
traffic (longer pulls), hilly carse (shorter pulls) or wind conditions (longer or shorter

depending on direction) without explicit communication.

In both rotation strategies, riders will not begin a rotation if there are cars behind or if the

terrain is not ideal, e.g. hills, curves,bad roads.

Table7 - Sequence Diagram of the FremtBack rotation. Text in red accompanied by a

exclamation mark illustrates issues identified by the riders or the researchers.

INTENT: FtB Rotation
Leads until time/distance is up is getting too tired to continue.
Tiredness is implicit (e.g., breathing, burning legs)
I'No support from computer to inform if pulling for enough time as compared to o
Z
Check for cars, hills, curves
Trusts reatview radar if equipped
' Will not initiate rotation if there are cars behind, hills and turns ahead
Z
Signal rotation with arms
Z
Moves into the traffic lane
Z
Keep softpedalling while the group advances on the shoulder
Z
Movesback into the shoulder behind the last rider (becomes the new wheel
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5.4.6.2 Pacing the group

Ensuring the pace is correct for the group is one of the leader's primary tasks. A
good pace means that the ride intensity is such that no rider is overburdened (except for the
leader in special situations such as a segment attempt). One participant thefioptimal
pace as'So, in the end, you cannot really try to optimize the pace. You are just making
sure you are within a threshold, that you are not killing anybody. Even if it costs not being

at the optimal pace. | am just trying to keep the grogetioer':

Two common intents exist when pacinfpble 8 and Table 9). Riders can lead without
another cyclist dropping, or they can have a rider dropping from the line. Both variations
start precisely the same: the leader starts leading and has to find@inay if the pace

is good for everyone else in the group. Leaders will use whatever tools are available, such

as speed, grade, heart rate, power, and personal knowledge of the other rider's strengths.

The difference occurs when a rider is forced tgpdrom the group because they cannot
keep up anymore. A gap will start forming as the rider slowly moves away from the main
pack once the rider is exhausted. Someone from the pack will inform the leader of this

situation, and the pace will slow down so thieer can catch up with the group again.

"She was 100, 150 meters behind. Then | slowed down to wait for her to

catch up. She only said it was too fast half the way through" [James]

"[Researcher] The moments where you lost the draft while you are the
whed, you basically had no way of communicating and asking them to

slow down? [Doug]l did not; I just looked to get back on the wheel."
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Table8 - Sequence Diagram of the pacing strategy used by the riders when they are leading. Text
in red accompanied by an exclamation mark illustrates issues identified by the riders or the

researchers

INTENT: Pacing

Start leading the paceline
Z
Infer implicit exertion level of others
I "Maybe | am pushing too hard/slow?"
Z
Monitor seli-perceived effort plus Power/HR
Z
I Extrapolate own exertion levels to the rest of the group
There is no direct feedback from the group. Previous riding experience help
Z
Try to observe (by looking back) the rest of the group
I'It takes time to seif it is too strong. Can lead to people droppanglepleting their
reserves

Table9 - Sequence Diagram depicting the steps when someone drops from the group because the
pace was too strong. Text in red accompaniedrbgxalamation mark illustrates issues identified

by the riders or the researchers.

INTENT: Pacing- too strong

Start leading the paceline
Z
Infer implicit exertion level of others

I "Maybe | am pushing too hard/slow?"

z
Monitor self-perceived effort plus Power/HR
Z
I Gap open, rider drops
Z
Someone from the back informs that there is a gap forming or that someone |
dropped
I Usually, not the person who dropped
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As seen by the pacing intents, inferring the otiders’ effort and exhaustion state is an
essential aspect of riding as a group. Participants stated that before thinking about the others
in the group, they would first pay attention to theiriesdnd numberandthen extrapolate

that to the other rider Participants also mentioned that riding with their group members
helps create a mental model of everyone else's limits and comfort Aasefinitely think

that the more you ride with people that easier it gets to go out with them. It helps to know
how tired they are and how much you can push. It is not only effort too. For example, with
experience, you can learn how much in the middle of the road you can ride without making
the other person feel uncomfortab®a,l guess this component that just téikee " [Mike].

Table10depicts the intent of inferring other riders' state while pacing.
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Table10- Sequence Diagram illustrating the stepken by the leader to gauge the effort state of
the other riders. Text in red accompanied byeaclamation mark illustrates issues identified by

the riders or the researchers.

INTENT: Inference of Peer State
Starts riding at a constant pace

Paysattention to breathing, Iégs and other implicit information
Monitor selfperceiveii effort plus Power/HR
I Extrapolates o?wn effort to others
Looks back an«béserveother riders
I Sees that a rider is f?equently losing the wheel
Z

I Before losing the wheel, riders tend to "grab it with their lives”, leading to
unnecessary exertion!
Riders are more reactive (slow after they are exhausted) than proactive (slow ¢
before being exhausted)

Z

I' No communication from the tired rider tioetleader until max exertion is reachec
Z

Reduces pace slightly to accommodate
I No direct feedback of how tired other riders are or if they have rested and can ¢
stronger

5.4.6.3 The Implicit Pace
The overall pace (how strong or easy ridersparghing) was not strictly defined
before a ride by our participants, and it seems to be implicitly defined by the current

configuration of riders in the group at any given ride:

"Now we didn't discuss what the pace would be [...] It's just sojtistf,

go out and see how people are doing; if people are not doing, you know,
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having a great fast day, it's generally accepted that we'll ride slower"
[Ana]

| observed this pace adaptation phenomenon firsthand in one of the groups (the overview
of the intemaction is depicted ifrigure 26). Riders from one group were riding for four
hours at a strong but comfortable training pace when they saw another rideh&iom
group (who was not participating on that ride) ahead on the road, going slower than them.
After a couple of minutes, they caught up with the rider (depicted in purpigune26),

thus changing the configuration tife members of the group. This new configuration led

to an implicit change in pace (stronger), taxing some of the already tired ndeesgroup.

These riders had to drop from the group as thejdaoot keep up with the pace, creating

a new pace configuration in both groups (the rider in purple remained in the faster group)
and increasing their separation over time. After a certain distance, the rider in purple took
a turn, changed roads, and lefe original group. The riders who had dropped from the
main group were able to catch apdwere back at the pace they held before encountering

their peer on the road.
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Figure 26 - lllustration of the implicit dynamic change of gawhen the group configuration

changes. Adding another rider to the group will impact the current pace.

5.5 Discussion

Resultsfrom the studyshow that Road Cyclists have needs related to collaborative

actions, road safety (on a different scale thagitynriders), effort management, and sport

metrics sharing. While the HClI community has explored tools such as smartphone

applicationgSavino et al., 2020smart helmetfMatviienko et al., 20183nd augmented

handlebar¢ Wo ¥ ni a k evith canimuers arizl @@rity, there is a lack of work that
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focuses on supporting the needs of cycling athletes. Although some of the needs are similar
(e.g., road safetypthers like group communication support, live effgréring,and pace
coordination are uniqu® the group cycling. Road cyclists have more restricted access to
technology and due to higher travel speeds and-goader riding, interaction time with

devices ishorterthan commuters and tourists.

One core issue our participants elicitedhow tocommunicate with the group correctly,
promptly, and free of interference. While one might suggest, "why not use a radio?" radios
are norexistent outside some specific gour evens. Even in professional events, radios

are not used a@svo-way communication between riders in the same team. Radio channels
exist as a onway (simplex) tool between the team cars and the riders. Radios are not
allowed in the Olympics and are neristent in amateur events and training. None of our
participaris mentioned using headphones while riding with the group as it hinders their
awareness of the road and the group. Only one participant stated they use headphones while

riding alonebut of the bone conducting type.

While some of the riders' challenges sasthand communication, flagging of debris and
hazards could possibly be addressed by adding more hardware (e.g. smart gloves to detect
gestures) and designing interaction layers on top of it, the bike computer has untapped
potential to support the needfstbe group plus it is ubiquitous. Althoughultiple issues
wereidentified in the inquiry] chose to focus the rest wly work on sharing exertion and
maintaining the group together as it was identified sy pain point by our participants.

| believethat overtaxed riders and over/under padaogstitute a significanssue that can
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be addressed by exploring new interactive venues with the hardware already present with

the athletes.

5.5.1 Pacing support and physical effort

From the results group pacing is oe of the tenets of group riding. Participants
directly mentioned their strategies and issueth@Pacing Coordinatiosectionand we
can see how the lack of a goooimmunication channel and environmental factors can get

in the way.

On this topic, riders mentioned sharing the load to help manage the effort throughout their
rides. From a resource perspective, we can imagine riders having a shared battery that they
must maintain while exercisingnd every rider contributes to it with their own battéfies
Draining the battery too fast or not letting it recharge a bit while riding in active recovery
will inevitably get a cyclist overly taxed, creating the conditiomsgeopleto dropthe
paceline. Their primary method to control how much of the battery they are draining is for
the current leader, using very little information from the other riders, to adjust the overall

pace, thus managing the group effort.

Participants mentioned paying attention to information from their bike sensors (explicit
data) and their bodies (implicit data). The combination of these two sources, each pooling
from multiple sensors, can be used to gauge effort. From a systems perspectérasit se

straightforward that sharing these effort metrics with other riders could potentially address

21 The concept of a body battery is an analogy to the Work Capacity uhefiteed by Skib#2012)
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the issue of overtaxing riders in the group. However, there are design implications on how

to share such data and what forimahouldhave.

From an individal perspective, explicit data is clear to read and make decisions based on
it, e.g., if my power is increasing to a power zone higher than what | should be, ease up.
Explicit data is also easy to share since the information already exists in the dag&l sp

An exctting research challenge &ssessing, quantifying, and sharingplicit data (like
burning legs, laboured breathing, and tiredness from previous days). While one could only
use power as a metric to pace a group of road riders, using body®sengaght further

assist riders in finrduning each ride based on more thast the numbers.”

Design shouldocus on how to represent this measure of etimrshare with the other
riders in the group. Walminnk(2014)concept of sharing HRetween two riders using a
helmet display israexcellentstart to promote socialization between the ridel@wever,

it is unclear how it would scale to large groups. Also, absolute heart rate values carry little
information because it is affected by aettitemperature and humidity, it islawmetric

that needs time to reflect changes in effort, and different riders have different maximum
heart rates and ventilatory thresholds. Star's Boundary Object c¢Btap& Griesemer,
1989)or the sportselaed Extraction Objecté&olovson et al., 2020fpcus on supporting
communication and collaboration between participants with different backgrounds or from
different leves of an organization structurelowever, the organization and roles for group
cyclists while riding ardflat. That is, all riders are the same and share formal roles with
well-defined responsibilities. The responsibilities and roles change as ridersanthtiee

information needed by each person changes at the same time. The san@lrples
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between the riders are already in place. However, the digital tools to bridge the gap between
the self and the group ("what | think of the group effort” vs. "I know the current group

effort”) are yet to be designed and evaluated.

From a group pspective theeffort is a combination of everyone's effort since everyone
contributes to the group battery. As a result, interaction designers should consider who
owns the effort metrics and who should have access to it. From one perspective, this
belongsto each individual rider and,ishereforeprivate data; from another perspective,

the data belongs to the group since everyone is riding together. Sharing effort becomes a
fascinatingdesign space problem: should we share an individual's metrics \eithoee

else, creating potentially uncomfortable situations such as exposing riders who are under
performing to their teammates? Or should we aggregate individual data into an abstract

representation of group effort, removing the personal information?

From a privacypreserving perspectivegne could argue that not sharing individual
information is the correct choicélowever, ramifications of this decisiogo beyond
privacy concerns only; thereforegsearchthat consides both approaches (or a hybrid
mode) is required. For example, from a tedmilding exercise, knowing your peers' state
might help you create a more refined mental model of everyone's capabilities and current
fitness level. It can also help identify riders that might be more tired thars@the leave

them for longer periods closer to the wheel to benefit more from active recovery and
drafting. The same could be true for stronger riders (or just less tired than others); they
could spend more time leading the group, thus saving the otlees add contributing to

a more balanced ride.
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Although the above examples make a case for making individual metrics available, we
should not dismiss the idea of sharing a graige metric that hides the individual data.
While longterm group riders havesense (and sometimes can even access historical data
from previous rides) of their peers' capabilities, this is not true for more casual group rides
where the group is formed 4mbc on each ride. Forcing riders who argamiliar with

each other to shateeir current effort while riding with strangers could make riders feel
insecure and even los#gerest in riding with others. However, an anonymized metric could
still be used to manage the overall pace of the group to avoid taxing weaker riders while
notsingling them out. This metric could lead to stronger rides without drops, thus boosting
morale (especially for weaker or more insecure riders) and possibly paving the road for
creating a longstanding group of riders that will, over time, become famiiath

everyone's physical abilities and goals.

The choice of privacy becomes situational or corgpecific(Nissenbaum, 2004p the
current group's dynamics. It is defined by ¢lgeling group's local constraintsch as their

ride goals and friendship (or familiarity) with the other riders. Digital systems should
support multiple ways of sharing the same (or similar) effort information based on the

group dynamics of each ride.

| propose thaprivate andanonymous optionke available to riders on their cycling
computers. The system could use power information and/or ratings of perceived exertion
to drive the effort metrics. If we consider this group effort metric to be accurate, then other

data becomes $s necessary, simplifying the bike computer's display.
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5.5.2 Too much data, not enough time

While modern bicycles can sense many sponetrics, communicating such
informationamongthe riders of the same group safely and sensibly warrants continuous
exploration. Riders are paying attentiomthe road and their peers; therefore, it is crucial
to consider how to deliver the information. Using a screen that requires morefévan a
seconds to read the important information might be a safety issue. Moving ohatipée
pages can also lead to safety issues as riders will need to remove orfeohatitkir

handlebars to interact with the display.

"It is a little harder to keep track of the data in a group ride. | have to

keep an eye on the wheel in front” [Ang]

"You can't constantly look at the computer, you have to keep an eye on

the road and on your partners to avoid accidents."[Dave]

Role-based displays could potentially reduce the number of data fields rendered, thus
making it safer for the rider to interacttivihe data. Managing information based on roles
makes senseconsidering that different roles have different tasks and information
requirementsHowever, this concept creates another sensing challenge: identifying the role
of the rider as it dynamicallyhanges over time, which is somewhat unique to road cycling
compared to other group sports. If we can sense roles, it is possible to offload some of the
cognitive efforsto the computer. Information suchthg pace and time of the last pull can

be rendere automatically to the second rider witbey assume the leading positidine

leader can receive gap information (as in new gaps from a possible drop) if it occurs and
be advised when their time or distance is paad riders on the wheel can compararthe

pull with previous pulls.
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Cycling computers could leverage the unique tasks and questions the riders have on the
three and a half roles identified during the contextual inquiry. The information rendered
should adapt itself to hide parts that amecesary, for example, masking group effort
information for all roles but the leader since they are the only rider that can control the
pace. Modern atioc mesh networking and GPS positioning could possibly infer the
position and role of each rider in the plawe locally. If heavier computation is required,

5G networks could support running raletection algorithms in the cloud since riders don't
necessarily need a high refresh rate of which information is rendered as their roles don't

change every second beuery couple of minutes.

5.5.3 A Design Exercise on Sharing

As a discussion exercise leading to the last study in my thesis, | created two bike computer
visualizations to support sharing effort metrics with other rideigu¢e27 andFigure28).

The screens iRigure27 share individual riders' agreement with the pace; riders can be OK
with pace (= sign), asking for the pace to be stronger (up arrow) or slower (down arrow).

The current leader still maintains the agency to decide to change the pate o
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Figure 27 - Bike computer screen sharing individualized rider effort information in a traditional
grid-like configuration. All riders have access to the same information. = sign indicates that
riders are OK with the current pace; up arrow indicates that one ridarta/the pace to be

stronger; down arrow indicates that a rider is asking for the pace to be slower. The colour of the
down arrow changes, over time, from black to red to indicate for how long a specific rider is

pushing too hard.

Figure 28 shows the first iteration of the Pace Guide. It aggregates the current effort of
every rider and combines it into a single anonymized representation deployed in groups
where ridersnight feel uncomfortable explicitly sharing their effort. Only the green circle

is lit if most riders are comfortable with the pace. Once one or multiple riders feel that the
pace is either too strong or easy, the lights surrounding the green light will be
accordingly. If at least one rider is struggling to keep up, all three top circles are lit (green,
yellow, red) independently of the state of the other riders. The pace guide metric does not
need much screen space since it condenses everyone'saitdormto "one field." If riders

want to have their traditional gritke information on their computers, it is possible to

overlay the data into their screens, as showfignre29.
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Figure 28 - Design of the Pace Guide metric. It renders all the group effort information into a

single visualization thus preserving anonymity.

Time Elapsed
1:20:38
Pwr. 3s
140w -
Speed (\
32 km/h
Distance
47.43km
Time of Day Self RPE

15:47 14

Figure 29- Due to its small screen footptjrnit is possible to overlay the Pace Guide metric on

existing gridlike data pages without compromising any information.

5.6 Limitations

My study sample consisted only of Canadian cyclists. Although road cycling rules
and techniques are the same around thbeggtiders from different countries might have
different cultural influencegotentially leadingo slightly different modelse.g, cyclists

in left-hand driving countries rotaia the other direction. All of our insights came from
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the ability of rides to recall their experience in the remote contextual inquiry. Even though
we reached saturation with our three groups, there is the potentraddeerother insights

with an inloco contextual inquiry.

125



CHAPTER 6 IMPACTS ON SHARING RATINGS OF
PERCEIVED EXERTION IN G ROUP ROAD CYCLING

In the previous study,itlentified challenges group road cyclists face when riding
together. Communication between riders (duplex and multicast communication) seemed to
be one of the highest points of attritidn more specitally, communicating how much
exertion riders are putting out and how to manage strategies to maximize performance

based on each rider's efforts.

My goal in the followup study presented in this chaptethics approval letters in
Appendices K and L)was to explore howwe cansupport the sharing of exertion
information among riders in a cycling group and the impacts of doing so. Through this
study, Isoughtto answer the research questitvedow. Addressingthese questionsould

lead to higher coordination of the collocated riders asdconsequence a higher

performance output of the group thus leading to faster riders.

RQ1. What is the impact of the proposed effshiaring techniques on participants
overdl effort and energy expenditure compared to the basdlmsv riders
currently work together, with only individual tools)?

RQ2. Will participants be able testimate the overall group effort betteing the
sharing technigues when compared to the baseline?

RQ3. What are the impacts of the sharing technigques on rider drops and overall

time to recover from drops?

| explored the research questions throtgb interventions RPEView and Paceguide

(Figure 33). Both stem from the proposed bicycle computer designs developed in the
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previous Chapter. | evaluated these interventions against a baseline coreptiesenting
the current state of the art in commerabiglycle computerdan a controlled study using the

virtual platform Zwift.

Results from the study show an increase in the power output of riders in the groups and a
decrease in the numbers of riders being dropped from the group during the rides.
Participants also mentioneceibhg more aware of their peers exertion levels using both

proposed interventions.

6.1 Paceguide and RPEView Exertion Sharing Tools

In the previous Chapter, | presented the work modeling created using Contextual
Design. As per Dourish (2006Cbntextual Inquiryprovides designers with a series of
tools and techniques for understanding social settings orgadizing their
observations tderive models for desiggnl used my notes and models from the process
to identify issues related to working together in a road cycling peloton. Chapter 5 concludes
with a series of possibliata pagefor cycling computergFigure30) that focus on sharing

exertion valuegnamely using RPE as the data metric) among riders in the group.

These data pages were created using my knowledge of the field combined with the
discussion | had with pariwants of the Contextual Inquiry presented in the previous
Chapter. They focus garovidingthe information in a single page (to avoid page scrolling)
and to support aglance visualization minimizing the time riders need to look away from

the road.
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Figure 307 Example ofour bike computer (modled after the Garmin Edge 530 screen space)
pages sharing rider's effort. From the left to right: RPEView; Paceguide; %FTP, Requested
Change in Pace. The red warning symbol on the togslefiquick indicator that at least one

rider is above a praletermined threshold.

| evaluated two designn the study presented on this chapRIPE View and Paceguide

RPE View provides a direct way for riders to learn about their peers' exertela hau
requires more time to read the data. Paceguide, on the other hand, gives an overview of the
entire and requires little interaction time for the rider to read the information. The selected
designscan be viewedrom Shneidermas visualizationmantra(Shneiderman, 1996)
Overview First (Paceguide) and Details on Demand (RPE View). Riders with access to
both could use Paceguide as a quieglahce tool and switch to RPE view when the need

exertion information from a specific rider.

Both canuse an underlying data source (e.g., %FTP, HR) to drive the exertion values
shared with the other ridefsowever RPE was chosen as it translates across different riders
with different fitness leveldn RPEView, riders can séleeir peers' individualized extion
values (in this case, RPEn Paceguide, individualized values are hidden; instead, the
layout computes a groupise metric using individualized values and represents them as a

sequence of colours (depictedrigure31) based on preetermined thresholds.
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Paceguide was designed with two concegitsts core:to havea small footprint thus
allowing it to be overlayed on top of other data fieldigire32), andto support aiglance
visualization, minimizing the time rideraustlook away from the road. At the other end,
RPEView focused on providing individualized informationdentify riders that might be
more tired than others, to keep them at the end of the pacelinenfmeaextendeg@eriod

It can also be used to identify riders thatramge restdthan otherand therefore can lead

(pull) the grougfor longer.

Figure 33 depids a sideby-side progression of RPE View and Paceguide as seen by the

participants in the study.

A

Pace Guide Pace Guide Pace Guide Pace Guide Pace Guide

-

Pwr. 3s Self RPE Pwr. 3s Self RPE Pwr. 3s Self RPE Pwr. 3s Self RPE Pwr. 3s Self RPE

145w 14 145w 14 145w 14 145w 14 145w 14

Figure 311 The effort progression in the original Paceguide layout. Lit colours underneath the
centre point represent low group effort (low training impabt)contrast|it colours above the
centre point represent high effowith red meaning that a rider iskiély to be dropped due to
overexertion.l opted to use a combination of "number of lights" and colour to facilitate at
glance interaction as it allows riders to quickly look at the visualization and not have to count

how many lights are lit (if they lahad the same colour)

129



Time Elapsed
1:20:38
Pwr. 3s
140w
Speed
32 km/h

Distance

47.43km
Time of Day Self RPE

15:47 14

Figure 32 - Paceguide overlaid on top of a regular mdigld page
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Figure 331 Side by side example of the exertion progression on RPE View and Paceguide as

seen by the padipants in the study described in this chapter.

6.2 Considerations for the COVID-19 Pandemic

The initial design of the study consisted of participants riding physically together.
Due to the COVIB19 protocols at the timéadapted the study to allow group riding while
keeping the riders physically distant from one anotisng the virtual group cycling

platform Zwift.
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| opted to use ZwifAt Home Cycling & Running Virtual Training & Workout Game App
n.d.) a virual cycling platform instead of virtual reality bike simulators like the one
proposed byHernandezMelgarejo(2020) so participants could participate in the study
from their homesZwift is the current platform of choice of the International Cyclingddini

(UCI) for the esports world cycling touEwift riders connect their bicycles to smart
trainers, devices that can control the load on the rear wheel thus simulating changes in
terrain (e.g., climbs) andir resistance due to drafting effects. Ttaners can also sense

t he r i der 0 swhiphoduvesthe wirtual gvatar forwardrigure 34 shows the

riderés view during the study.

Unfortunately, it wagechnologically challenging tose live data (e.g., current power

output or heart rate) from the participdrgsart trainers and sensdosdrive the effort

sharing toolsas Zwift does nohave an open API that | could access. To usedate,|

would have to develop my own group cycling simulator which a#side the scope of

my thesis and not necessary for this resedinstead, | trained the participams the RPE

scale | used thedf-reported values insteagthich meant that the researclwed toprobe

the participantsd exertion | evels at wunifo
RPE scale Because it is &elfreported measurats values can be directly compared
between riders with different fithess levelBurthermore,RPE values cardepict

accumulated exertion over time, which igpossible with Watts, Watts/kg, or %FTP.
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Figure 34 - The user interface of Zwift. Rider data is split between personal (top left) and ride

(top centre). The study interface is placed on top of Zedgftering the right part of the window

6.3 The Implementation of Paceguide and RPEView for desktops

The study application was developed in Ci#et (Core) version SWindows and Mac)lt
consisted of two parts control application used by the researcher to input the RPE values
of each rider and an alwags-top application used by the participantsvisualize the

group dataSource code can be foundfatps://github.com/jmfranz/AtHomeCyclingStudy

The repository, however, will remain private until a papiethe study is published.

During the trials, participants would periodically inform their current RPE value (it is a
selfreported measure) verbally so the researcher could update the Vakigsrticipant
facing application rendered three differentesns depending on the study condition:
baseline, RPEView, or Paceguidgdgure35). In all conditionsthe RPE scale was visible

for the participants to consult. In tRaceguide view, the RPE thresholds for the gligah
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wasset to 13 (first ventilatory threshgl¥T1) and above 17 for the red light (above the
second ventilatory threshql®¥T2) as described ifAlberton et al., 2013)To summarise
the ventilatory thresholds, VT1 is when a person's exercise intstesity to rise changing

its breathing pattern andig high enough to start accumulating lactate in the blood; VT2
is a higher intensityvhere breathing becomes very rapsdnnot be sustained for long

periods and causes a rapid accumulation of lactate.

The group effort was computed using the RPE values of everyone in the group. If any rider
was above 17he red light was set to on, regardless of the RPE values of thef thst

group. If no rider was above the 17, the RPE values sxareagedThe average value was

then subtracted from the green line value (13) to compute the distance from the neutral
RPE. This distance was then used to compute which lights should bel aff @&z per

Figure 36.
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Figure 3571 The three views of the participant facitig study application. From the left to right,

baseline, RPEViewraceguide

From the computed group RPthe lights were lit as shown iRigure 36. The middle
greenlight was always orthe yellow light turns on at a positive distance from the

NeutralRPE of one or more and the red light turns on at a positive distance from the
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NeutralRPE of 3 or more. The values for the grey and black light are analogous in the

negative direction.
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Paceguide lights as a distance from NeutralRPE

Figure 361 Lights displayed on Paceguide as a distance from the NeutralRPE threshold (set as

13 for the study)

6.4 Methodology

To explore the research questions listed in Chapter 6, | designed asulhétts
repeated measures study withe factor and three levels: Baseline, and the two sharing
techniques RPEView and Paceguide. In the study cyclstkl ride together as a group
while being exposed to the shared effort informatibiie | measured the impacts on their
performancen terms of powerand number of drops from the group ipr&determined

course | recruited participants in groups of three riders that rode together in the past.

The study consisted of five encounteFsg(re 38) where three were group rides: one a
baseline condition with no sharing, i.e., riding as theyally do, and two with sharing
enabled.Following other studies in exercise physiology, participants always rode the
baline condition first and then | counterbalanced the order of the two sharing conditions.

Furthermore, participants musave at least one day of rest between each triafimist
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the study witim two weeks to avoid performance differences between sessuento their

regular training sessiorfMieras et al., 2014)

6.4.1 Participation Criteria and Recruitment

To participate in the study, participants were required to ride at least 100km weekly
and have experience with group riding in the real world andenwittual cycling platform
Zwift. Participants were allowed to use their weekly kilometres from previous years in case
it was affected by the Coronavirus pandemic. Participants were required to be fluent in

English, at least 16 years old and were notictstt to a specific region in the world.

Participants were recruited through social media, Today@Dal, and through a local cycling
shop billboard in Halifax. Participants from the study presented in the previous chapter

were not allowed tparticipate. | did not know any of the participants prior to this study.

6.4.2 Participation Protocol

Participants met with the researcher five timiaghe first encounter, participants
met the researcher individually to go over the consent form, give veobakrt to
participate in the study, and become familiarized with the sharing tools and the study
protocol.| opted for verbal consent for convenience; participation was remote and not

everyone can sign PDFs. This reasoning was approved by the ethicste@nmit

After | ran the familiarisation protocol with the RPE scale with the particighmniag the

first encounter

1. Warmup up for as long as necessary

2. Ride "Fairly Light" for 2 minutes
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3. Increase to "Somewhat Hard" for 2 minutes
4. Increase to "Hard" for 2 minutes
5. Increase to "Very Hard" for 30 seconds

6. Cooldown for 5 minutes

During each stagd, asked the participant iftheir feelings matchethe cuesfor each
keyword. The RPE table containing the association between keywordssvahgebody

sensations can be found Appendix M.

In the following three encounters, participants rode adpgtermined course of 20.1 km
with the following instructionga detailed stevise protocol description for the rides can

be found in Appendix P)

1. Ride at a strong training pace as a group
2. Rotate the lead rider every 5 minutes
3. Keep the group together (doop ride)

4. Update the effort information every minute

| chose the Ocean Cliffside Loopigure37) as it contains sections of flats, rolling hills
and a climb while being compatible with the allocatetk of each study session. The road
conditions were mostly asphalt with a small section of gnatéth is mportant as Zwift

emulategherolling resistance of the road surface.
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cliffside-loop/

During each ride] collected the ride metrics (power, speed, altitude, grade) for each
participant through Zwiftl recordedhe ride from a thirgperson perspectivwgsing Zwift's
follow rider mode (e.g.Figure34) while recording the screen on my compued stored

t he progressi on o fusing the dudyrcontlotapmicatiolR PE v al ues

The protocol for each ride was as follows: participants joined the reseaitchetwift
Meetup? five to ten minutes before the start time. fitieeresearcher reviesdthe ride
instructions and the sharing interface of the day with the participants. Participants would
then start riding the meetup course forming a pace line. -Ainbite intervals, the
researcher instructed the participants to rotate the lead ridermitute intervals, the
researcher prompted the RPE values of each participant individuiailly temporarily
blocking theother participantérom hearing the spoken valughe information was then
manually entered on the researcher's control interfacasettito updatthe effort sharing

view on the participant's computaccordingly.

22 https://support.zwift.com/en_us/meeteiddP7iud4r
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After each ride, participants answered a fgesision survey with the following cgtens

(one to five scale from Strongly Disagree and Strongly Agree

Al.When | was leading, | was aware of my partners' effort level

A2.When | was leading, | was not sure how strong | could pull without dropping anyone
A3.When | was second, | knew how to strong to pull in my turn.

A4.When | was last, | felt that | was being overly taxed

A5.When | last, | was able to recover from my previous pull

A6.l have perceived the 20km ride during this session as

Assertions one through five had i'IStrongly Disagree" and "6 Strongly Agree™ as the
end points of the Likert scale while assertion six had Ehsy" and "5 Hard" as the end

points.

Participantsompleted the SUS survey after rides with the Paceguide and RPEView views.

After the three rides, participant groups met the researcher once more for a focus group
di scussion about their experience insthe s

from each ride. The discussion period focused on three main topics:

- Comparison between riding on Zwift vs. Real World
- Differences and impacts between the baseline and both tools

- Differences between the tools in terms of impacts, benefits, and drawbacks
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Figure 38- Summary of the group ridingrotocol with the allocated time for each session

6.4.3 Instruments

The postsession survey was created from my interpretation of the work models
created in Chapter Fhrough my contextual inquiry and work modeling, | identified key
issuessuch as the lack of awareness of the group's exertion which my designs aretrying t
addressThe questions presented in the psEstsion survey allow me to explore, as a self

reported measure, weather my designs were able to support the riders.

There was limited opportunity to fully validate the questions considering that they were
usedfor a single study and not created with the goal to be used by others. The language
used in the questions (suchsl, recoveryanddropping are terms commonly used in

the sport and provide little room to erroneous interpretation.

Participants sport gtrics' datafor this study were measured directly through Zwitie
numbers of riders dropped from the group waded from the vidececordingsandthe
RPE value wasnanually inputted by the researcher during the tribddle 11 describes

the source for each variable
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Tablel11- Source of the data for the independent variables in the MMA study

Data Point Souce
Wall Time Zwift
RPE Value Manual InputFrom Voice Prompts
Performance Metrics (e.g., Power) Zwift
Drop count Video Coding

6.4.4 Data Analysis Tools

| processed ride metrics collected direttyyZzwift (Flexible and Interoperable Data
Transfer form&®) in GoldenCheetal{GoldenCheetahn.d.) an opersource cycling
metrics analysis software. For each rideemoved the first and last two kilormnet to
account for warrrup and organization times the start of the ride and efd-ride loss of
focus, chitchats and lagnile sprints. | then exported the individual processed data and
performed the study analysis on R version 4.1. and the FSA paokesjend.9.2.Audio
data was first automatically transcribed using the meeting software and then manually
reviewed to fix transcriptions errorgideo datawas coded in NVivo 120 identify the

number of drops and the time it took for riders to recover from the drops.

6.5 Results

| recruitedten groups andollected a total of 8 groups of three riders. Two groups
had to withdraw from the study, one due to COMI® and another from a race injury
unrelated to the study. Participant ages were 44.52 + 7.76 years; 14 patsicjemtified

as male and 11 as female. The meandional Threshold Powéor the participants was

23 https://developer.garmin.com/fit/overview/
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159.42 + 65.17 watfshile the average yeadd experience with group riding was 14 +
12.47.Sevengroups were from Canadgarfvinces ofQuebe¢ New Brunswick Ontarig

and Alberta and one group was from the UR2 participants used diredtive smart
trainers and two participants had fluid trainers. The power analysis presented in 6.5.1 did
not consider the data of the two fluid traind?srticipantsnames used on quotes on this

study are pseudonyms and to not reflect their real names.

6.5.1 Performance MetricRQ1 and RQ3)

| present the power comparison between the rides in terms of Normalized Power
(NP) against the baseline riddsqure39). Allen et al.(2019)define N as"a measure
of the true physiological demands [or cost] of a training seSsiData was assessén
normality usingShapireWilk (fj 18t v and Bartletts test for homoscedasticityn

T8t L.

Oneway ANOVA showedsignificant difference irNP (Figure 39) between the rides
"Ocht v p B vy T8 T andlarge effect size{ T® ¢ gposthocanalysis with
Bonferroni correctiorshowed a significant difference between the baseline condition and

RPEView € 8t m)p and betweenRPEView and Paceguide (

T8t T Y. X
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p < 0.001

p = 0.0057

1.050-

1.000-

Baseline Face RPEView
Condition

Figure 397 Normalized Power as a ratio of the baseline value.

Oneway ANOVA showeda significant reduction in the number of riders being dropped
from the paceline(Figure 40) Oclp v p @ pMR T p— 1@ 0.0Posthoc
analysis with Bonferroni correctioshowed a significant difference between the baseline

condition and RPEViewr\( 18t p and between the baseline condition and

Paeguide(n T8t 11 §. Y
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p < 0.001

p =0.0197

Murnber of drops from the paceline

1 1 I
Baseline Paceguide RPEView
Condition

Figure 407 Comparison of the number of drops between all three conditions. There was no

difference between Paceguide and RPEView

6.5.2 Self-Reported Metric§RQ2)
Oneway ANOVA did not yield a significant difference for ti8ystem Usability
Scale scores between RPEViemd Paceguidemean scores were 85.00 and 78.82

respectively.

Oneway ANOVA showed astatistical difference in two of the pestssion questions
"When | was leading, | was aware of my partners' effort leffébure 41) "Ocht

T @um mnp 1@ ¢ pand 'When | was leading, Was not sure how strong |
could pull without dropping anyohegFigure 42) "Ocht ¢ u8t Y gry T8 Tl

T X.Uor the first questigrihere was difference between all factor$ ( T8t P

using Bonferroni correctionParticipant data from both questions were not normally
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distributed; per Norma(2010) ANOVA tests are robust even when data is not normally

distributed.
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Figure41i Answers to the postession question: "When | wigading, | was aware of my

partners' effort level" using a-point Likert scale.

In the second questiornihere wasa significant difference, in poesioc analysis with

Bonferroni correction, between RPEView and baseline ( T8t .

Oneway ANOVA did not yield a statisticalifference in the otheassertions"When | was
second, | knew how to strong to pull in my tliriWhen | was last, | felt that | was being
overly taxed' and"When | was last, | felt that | was being overly taxétl have perceived

the 20km ride during this session as".
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Figure 42 - Answers to the postession question: "When | was leading, | wassure how

strongl could pull without dropping anyone" using apwint Likert scale.

6.5.3 Perceived dierences between the baseline, Paceguide and RPE View

In this subsection, | present the summary of the focus group discussions with the
participants after they were exposed to all study conditions. | used the issues identified in
the work modeling from Chmer 5, such as lack of awareness and difficulty pacing, as a
theorical foundation to aggregate the quotes and comments from the discussion period.
Audio data was transcribed to text and then comments were tagged using the

aforementioned prdefinitions ugng Nvivo 12.

Participants unanimously agreed that the tools helped plaemthe group better akdep
everyone together. They mentioned using the tools to validate their pacing decisions when
leading. The tools made their taskore straightforwardthan jst relying on their

perception of the others.
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When | am leading, | will never just blewp, go beyond Zone 3 [Power
Zone], but the numbers helped to validate: okay, no one's blown up or
no one disappeared or is suffering greathAlice

When you're on #hfront and you could see people putting out similar
efforts to you, I think it definitely helped you because you know the group
is all working in a similar level and quite often you know one of us on
the front might be a 16 or something and the othergwéror 15. Then

the overall level is; this is a good pace to maintéiiob

When | saw the number going up for someone, | knew | had to slow down.
Without it, | was constantly checking if someone was dropping, | had to
figure it out by myself. | think #two views helped a lost, we had a better

cohesioni Eve

Riders agreed that they had better awareness of their peers and that the shared effort
information would beeven moréeneficial inlargergroupswherethe leader has even less

awareness ohe entire pack.

If you are on a long paceline and you are pulling, you can't see what the
last person is doing. So, if our goal is to stay together as much as possible
it helps to know how much effort everyone is because we do drop people
through our ridesand don't realize until we stop at a traffic light and

realize half the group is goné.Charlie

I've found that with the Paceguide and the RPE | was more awKilof

andNortoni Frank

Three groups mentioned thatcess to the effomformation helped thersee how hard
one can push the group without anyone dropping. The concept of trying to push the

envelope might have come from the ride instructidisle ata strong training pace; you
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want to get some training impact out of our g@s$ Participant Dave summarizes the

concept:

You want to make people suffer but prsbughso they don't drop. | am

a bit of narcissist, so | liked to know how people are doing. If they are
not working hard enough, | will keep pushing the pace. | lagdthve
access to the effort of others. | guess it translates to what you do in the
real world too as you are always pursing that power or heart rate value.

i Garret

When comparing RPEView vs Paceguyidarticipants leaned motewards RPEView3
participants preferred Paceguidéhey describedt as more accurate and lesgén to
interpretatior [Alice], with less ‘guessing workKarl] of who is having a hard time
keeping upWith RPEView, there was naeed to fecall the effort range of each coloare

light" [Eve. Participants from three groups mentioned that they were able to combine the
individualized values and their internal knowledge of their peers to have a clear picture of

the group.

| like the individual numbers; in a group the traffic light is difficult then
to determine kind of minor adjustments that needs to be made for a given

rider that is suffering Harry

The numbers were better for me. | could individueilywveach person's
number and knowingri's andLam'sstrengths | can kind of put my mind
inside their mindand know exactly what | need to do for us to stay

together as much as possibleJaimie

| prefer the RPE View because after riding with people fang period
of time you kind of know who might get dropped. Therefore, | could use

it to keep track of those riders as we goibifarl

148



With the RPE view you have cleared information. You can see who is
struggling and can plan on how to help that personewwu are doing
the rotationsi Lam

Furthermore, four participants mentioned that it was hard, if not impossible, to understand
whowas driving the changes Faceguidas that information wasnavailable This could

lead to doubts on how to manage sitaationto increase, decrease or keep the same pace.

| was more conscious with the RPE. With the traffic lj§laiceguide] |
was not sure who was driving the lights. If | saw a yellow, | wondered if
it was me or someone else. With the individualizedoeusn could see

that | was the one driving higher values for whatever reasdnike

| was staring at the lights and I just wondering, based on what | was
feeling and the lights, what are the others feeling. The only thing | could
gauge is that independ#y of who is causing the changes in the lights,

if one of these strong riders is strugglingmustslow down, doesn't
matter who it is. However, with the RPE it was easier for me to stay in
the paceline better. From the numbers, | knewaim had no moe
matches or ilUri had the potential to speed up, | knew approximately
where | was and what | had to do to maintain my position based on their
energy levels. | still find that having the numbers associated with their
names helped to make some educategnasgons based on my previous

experiences riding with therm.Jaimie

Although there was a general preference for RPEVigwnee participants argued that
Paceguide was better because it provided a twagad the information quickly. The
coloured lighs made it possible to glance at the tool and understand the overall group

metric instead ofhinking about the individual RPE values.
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When you are working hard on the front, you just want a quick snapshot
of the data so the traffic lights kind of work tads that sensé. Olaf

Less thinking is better so probably the lightdorton

I've found the Paceguide more intuitive. | was interested in the numbers,

but it took more thought to figure out what the information was there.

Maybe if the order changed [na&orders] to reflect the position it the

paceline it might have helpédPaul
Two participants pointed outdhthe choice between group metrics versus individualized
values must considdrow homogenous the rider's fithess levels are. In a heterogenous
group, the group value might not represent #etual exertion state due to individual
differences. | have observed this phenomenon in the study where one of the groups was
going up the climb section with only the green light,dné one of the riders was putting
a higher effort thatheothers. Closer to the end of the clirabother rider raised their RPE
value by oneand the light switched to gregmellow: "Finally someone is suffering with

me!' [Tessd

Both Karl andNorton have valid points. | assume if everyone is around
the same fitness level, traffic lights might be be®ert if the group is

not well balanced then the individual numbers are more helpftdank

| don't think the traffic lights paints a very clear picdukVhen | see those
hills coming and | am just dying, and the light is yellow. | know the
other's strengths so am | the yellow and they are green or am | close to
read and they are yellow? And | think that as the group grows, then these
individuals that nght be more tired for whatever reason are going to get

lost in the datal Jaimie
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In the focus groupl asked about possible privacy concerns of showing individual values

to everyone and opening the possibility of exposing riders in a group that might be
underperformingpr "unfit" for the group. All participants believe that that was not an issue

in groups that regularly ride togethand the benefits of being able to identify weaker/tired
riders outweigh any privacy concearrParticipants mentioned tham, some form, riders

that exercise together have an idea of the fitness levels of others either from the experience
of riding together or from sports metrics shaoedStrava or other spefbcused social

media.

In a group setting, if someone is sufferiagd you can identify them
early, you can take care of that person making sure that he or she is
sitting more in the back while less tired riders can spend more time in
the fronti Mike

| think if there is a rider that is tired because they overtrainetaut a
heavy night, knowing it is useful. Because then there are not what you
would expect them, you know. So, you get extra insight into how they're

how they're really doing. Paul

Yeah, we've all had situations where you are just overtraining or feeling
il or coming off a cold and you go out forrale, and you are just
struggling thinking how this is going to be tough. I think communicating
that is a good thingpecausetherwise pople may, particularly if you do
know the dynamics of that group, be expecting you to do those extra 100
watts that they normally do. If they haven't got them and then | think you
need to let people know quite quickly, otherwise they might think you're

just freewheeling or being a bit of a wheel suckebarret

In groups that know each othgwou already know whogoing todrop

when there is a climldt would be nice to know, just before you start
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climbing, what is this person state. Because if you@oefast, even on
the flats they are probably already taxétlked knowing the state of the

others so we can adjustQuinn

When questioned about their thoughts on sharing exertion information in a group of
strangerse.g., an adhoc ride, all participants agreed that it would be beneficial to fill the
knowledge gap of the fitness of others. They mentioned that it could help them pace the

group when they are leading without pulling too strong but also not pullingagyo e

Assumingthat everyone is using @nd| want to keep a pace where the
group feels happy. | want to know that everymiegetherand is at a
OK pace so I'm not goingo hard and drop someone. That's my feeling
so | want to look at that happy whae that color is whether it's green

or whatever and that's. Frank

| think it would also help me to understand how long | should pullffor.
it's if the group is way stronger than me then | would pull hard and take
a really shortpull, right? But if | knew | was one of the stronger riders
and | felt fine but everyone else was getting tired, then | would pull for

longerand go slower or go as hard.Karl

It would help youBecause we're coming at this from a point of view of
having that background knogdge that we've just talked about and
having an awareness of basic fitness levels, basic ability, basic power.

Garret

6.5.4 Ecological Validity and Limitations of Zwift
The sharing effort tools | proposed in this study target ridettseiwild. However,
due b the COVID19 pandemic, conducting the study with riders physically together was

not feasible As a compromisel opted to use Zwift as the study's cycling platform.
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Therefore, it isessentiato address the limitations of the softwacensidering thattiis a
simulation. During the focus group discussion period, | addressed how participants
perceived the differences and similarities between riding on Zwift and outside. From a
research perspective, however, using a virtual cycling platform allows fer betitrol of
confoundng variables such as weather conditions, road surfacekcar traffic At the
same timegifferences in rest states and the performance between different bicycles are

still reflected in the simulation.

All but one participantbelieves that their experience riding inside reflects their
expectations of outdoor rides except for some key differences. Participants indicated that
the power output to keapp with the virtual group was close to their output on rides during

the outdoor seaso

My effort is always judged on how much effort I'm putting on versus what
I'm seeing behind me or in front of me depending on where | am. | don't

know whether it's any different than from riding outsidRiley

| do [believemy experience on Zwift translate to real world rides],
reasonably. All | would say havingldenwith these two guys doing in
the real worldis thatit was a fairly similar experiencéwas hanging on

for dear life most of the time, so it was quite claseially.i Paul

| would think that the [power/exertion] feel is very it's similar for me, |
think. You know, | think it translates well. | wouldn't say it's exact. | think

riding outdoors is still easieii. Jaimie

| think it doegmy experience on Zwiftanslate to real world rides]I
ride with Riley quite a bit and so the comparison betwe@eideversus

in real lifeis clox. 1 Silas
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Regarding power've done FTP tests afwift and out on the road and
| think they're pretty consistent.Garret

| think it's asPaul would say reasonably close hitls certainly not an

exact matchi Olaf

The effort inside and outside is pretty much the same. | think outside can
be more difficult depending on the road conditions [e.g., new vs old
asphalt]i Eve

| think on Zwift with reality is the group effect with drafting is simulated
and it's somewhat close. If you get dropped, you feel that it's hard to get
back on, and then when you're on and you're in it, it's pretty good.
Frank

| think it canchecka lot of boxes, but it's never going to completely
replicate what you do outside in the road because you haven't got all
those variables of traffic and road surface and wind direction and those
kinds of thingsi Bob

Participants also mentioned that thaerception of the effort they had to pautduring the

study and the RPE values they have seen of the other riders in the RPE View condition

matchedheir expectations from their internal model of their peers' fithess levels.

| think it match up well. think it match mostly for me, especially on the

last day when we could see the RPE valuddike

| agree withMike. | knowMike andSilasare both stronger than me and
so | like knev that probably most of the timewould beto keep up with

them and think that was true, especially the first two rideRiley
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However, participants mentioned that riding inside was relatively harder than outside for
the same amount of time due to the lack of coasting, stops (such as intersections and traffic

lights) ard thebike's rigidityon the fixed trainer.

You freewhee]coast] more[outside] so | feel more tired aftesne hour
Zwiftingthan | do after an hour out in the real world, but | probably have
put in more kilo joules overali. Rob

| think 2 hours orZwift is worth 3 hours out in the road because of the
amount of frewheeling stopping for traffi¢ stopping injunctionsand
things like thati Garret

One of the biggest things when we ride togethaside,we hit traffic
lights; we start, we takéreaks for chatting. So as the main difference, |
think when I'm riding one Zwift, it's always much harder effort then
outside. Again, for our group there's a lot of breaks and that personally

works well for mel Lam

It is shorter and more intense. Yooautd go out for a thredour ride
outside and it is okay; but if you do a thwieeur ride on Zwift, you will

feel it. Maybe it is just because you sat on your bike all the time and it is
not as interesting. It is easier to do long rides outside. It is ljkst
running 20km on a treadmill or running 20km outside; it is a different

sensatiori Tessa

The bike doesn't move, it feels stiff whereas outside it feels like liberty

Eve

| think that the integration of your body on the bike #iadk of bike]
movemat. | can ride for 4i 5 hours outdoors but inside anything more

than 90 minutes makes me feel saddle palaimie

The @ame goes for engagement and motivatmpushharder on longer rides
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| feel like there's a much more engaging experience no mdtsgnmien
| ride autside, | feel like I've ridden a lot harder and gotten a much better

work out.i Karl

In some sense, | find it easier to push myself out on the road bgoause
are not stting in yourshedor in your house or whatever, and it's easy to
kind of motivate yourselfGarret

6.6 Discussion

As shown by the previous study, riders faced difficulties trying to gauge the current
exertion of their fellow cyclists while trying to pace the group without dropping anyone.
The study described in this chapmesented the same issmethe baseline conditicm
selfreported effort awareness results and in the discussion period. Furtheanore,
significant differencen the number of riders being dropped also reflects the difficilty

pacingthe group while mataining cohesion.

Results from the studghow that bothinterventionscould mitigate the lack of effort
information with varying degrees of succeBaceguide and RPE View enabled the riders
to understand their peers' exertion bettéowever, RPEView was more effective in
supporting the leading tasls observed by the very high confidence answers tiwhen

| was leading, | was aware of my partners' effort legeistion and increased performance

while not dropping riders.

As observed in the selts, participants had a significant increase in Normalized Power
while using RPE View. Ishowsthat riders could ride stronger than they initially thought
without hurting the groupwhile one mightarguethat a four percent change migitt

havea signficantimpact overall, as ride distance increasies difference in power output
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will lead to shorter ride time3.hestudysroute was planned with a constraint to keep each
session within a onrkour window however typical ride distances ardenger than the
20km loop selected. When riding longer or for longer periods of, &fi@t management

is of the utmostimportance to ensure riders can finish the caurberefore riders who

know ther peers' effort and can ugego pace the group have an adwzgd over others.

While | did not observe the san\ differencein Paceguide, it should hbe discarded:

it can be considered sateecausd requires less time to gather information @ngsedess
screen spac&urthermore, Paceguide scalesaér group better as it requires a constant
screen space regardless of how many riders are in the dgrR@i/iew would require
scrolling due to the limited screen space in the bike computers. However, further work is
required to refine the algorithm thedbmputes the group effovtith larger groupsso an
individual rider is not underrepresented in a large pool of rigegs by usingaweighted

average instead of the current distance measure.

Similar to Walmink's worK2014) one of my goals was tacrease the mutual awareness

of the rider's exertion levels in the group thus supporting better informed pace and paceline
positioning decisionsSelf-reported exertion values (RPE) ane excelleh proxy for
measuring and sharing exertiaga they translte to different riders independently of their
fitness level (a 16 RPE value feels the same for different people) in contrast to absolute HR
valuesused in(Walmink, Wilde, et al., 2014However, the tradeff of RPEis that riders

must manually updatideir current exertion state often. Thinual data entryorks in a
research environment where the researcbnducting the study is constantly asking for

updatesHowever it might not transfer to riders riding thewild.
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Other exertion metrichsuld be considered in the future. Relative metrics such as current
power zone and %FTP are a good start stycstsalreadyhavepower information while

riding. One issue, however, is that power metrics dacoosidetthe time riders have been

riding at a specific zone. For example, as an athlete keeps exercising at constant power, it
Is expected for stress to accumulate even though the power zone and %FTP remains the
same. When using RRBne would expect the value to go up over tiepicting the
increase in stress over time even at a constant power dtpiiR.and HR zone®n the

other handgcan provide meaningful information for long redas HR will increase over

time; however there are other issues with the metric as previadisiyussed.

An automated or seraiutomated method for computing exertion overtime is needed to
supportgroup riding while not addin@nother highkdemand task to the rider€@ne
approach that is work considerimgyto exploreSkiba's W' concept to measurevhtired

the riders are throughout the ride. &dsely relates to the idea of a battexyd riders can
depleteand recharge as they change exercise intensity. The caicepattery is already
reflected in the W'bal (W' balan¢8kiba & Clarke, 202))used in the poside analysis
software Golden Cheetah. While the metric is not flawless and requires a specific testing
protocol to estimate the valui is the closest to an automatic metric that relieghan

sensed data in the cyclists' computers.

Another possible path is to explore new metrics in conjunetitnthosecreated by spost
researchersAs shown RPE works well and can reflect influences outside the numbers
such as tiredness from previous training sessions or bad sleep highitsisa manual

process. Future effegharing iterations could leverage computer intelligence tahese
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sensor information to model the rider exertion owere and prompt the rider to update
their RPE value when it detects changepaceor combinations of &lue not reflected in

the model Machine learning could, in theory, model the entire energy expenditure system
and try to infer effort values based on the sensor dataxitingresearch area is how to
allow athletes to modify the prediction model toefinine it for specific ridese.g, tired

and want to go easier.

6.6.1 Paceguide and groups with different fitness levels

One problem | identified with the Paceguig@s its inability to reflect changes
when only one rider pushegfrongerthan the othersThis situation occurs when a rider is
weaker than others (or is tired from previous training sessions). When a tired or weaker
rider is not represented in the group efftiie group cannot support this rider leading to

more exhaustion.

6.6.2 Privacyis secondary

One concern of sharing personal information is the impact it might have on the
individual sharing the data. In the case of the riders, there was a queshgrsiifaring
exertion valueswe could be identifying weaker riders that ablle slowing down the

group and thus generating attrition between the riders in a group.

Results from the discussion period refuted the initial conoglating toNissenbaum's
work (2004)suggesting that the concegtprivate information and its imptconsharing

is anchored in the current context of the people sharing.

In the group cycling contextwe can see the advantages of sharing personal effort

information and using it to identify riders that are weaker in the group or just
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underperforming ora given day Among riders that know each othé&nowing who is
struggling caraid weaker riders by allowing them to skip the leading role when rotating
thus protecting them. In groups of riders that know each other, knowing the other riders'
exertion leels and fitness levels allows whoever is leading to have more informed pace

decisions promoting a more uniform ride wigwerdrops.

6.6.3 Going Virtual

One possible limitation of my study is that riders were not physicallipcatedand
were riding at theihome using Zwift as a virtual proxy to raabrld group riding. A strong
psychologicalinfluence when athletes are exercising together (either as a team or
individually but coelocated) is the Kohler effecr KohlerMotivation Gain Effect (Kerr &
Hertel, 2011)(Original article in Germar{Kéhler, 1927). Kohler and thesubsequent
studies demonstrated that athletes with different fitness lewalking together benefit
from groupwork and perform better than if they were working alone, espgtialweaker
ones in the grouf@-he effect exists even when two athletest do noknow each other are
exercising together (eactive) i like two runners sharing the same route by chance
However, it is stronger in groups working together where theifqrerance depends on
the weakest athlete (conjunctive), like group road cy&imccording to the work by Kerr

and Hertel, to better support thélder effect some steps can be taken (among others):

1 "Increase the likelihood of social comparison by pdow individual and
comparable performance feedback to the group memibers

9 "Making individuals and their contributions identifialile

24 The tradition example is if mountaineers climbing tetdaeoeeach other. The group can climb only as fast
as the slowest climber.
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1 Increase the likelihood that inferior members perceive their efforts as crucial
for the tearfssuccess, for instance, by implementing conjunctive task demands
1T Making It easy for t eammat es t o mo n

performances continuously

Moving from physically collocated to remote cyclimgthe present studgid not interfere

with the points listed aboveRiders were still working together, could hear each other
(including heavy breathing noises) and see their partaeasar$® changing position on

the road (e.g., moving away when droppargnoving slowly to the back of the paceline
when rotating. | argue that there was increased support for the Gains Effect in the study,
despite being virtual, since the two study conditions introduced new tools to continuously

monitorthe rider's pedrmance while riding

From a spod physiology perspective (instead of spgrsychology above)ransitioning

to indoor cyclingdid impactthe riders' performancé\s mentioned by the participants,
riding indoors feels morehallengingthan outside. Tis sensation of "being harder" has
been explorety Mieras et al.(2014) The authorslemonstrated that when given free ride
instructions’ like thosein my study: "ride at a strong training padeflders performed up

to 30% better outside than in labtmgy settings at the same RPE levels.

Therefore, considering Mieragindings,the performance gain observed in the RPE View
can be evemore significantf the tools are used outdoors instead of in a laboratory setting.

Furthermore, unning the study oAwift allowed for greater control of confound variables

25 |rywin et al. demonstrated that virtual avatars are enough to promote Kohler's Motivation Gain Effect
(Irwin et al., 2012)
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(such as weather and traffic) without nullifying the transition of the findings to outdoor

riders.
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CHAPTER 7 DISCUSSION

Through my work] focused on designing and applying tools to proragtareness
and cordination in collocated grougnabling users to seele specific information while
maintaining some form of common reference available to everyone to facilitate
engagementl have consideredlifferent roles acces$o information from different
perspectivesSharing information while praging context to fill knowledge gaps between
multiple parties plays a critical role in promoting engaging experiences independently o

the collaborative nature of the experience.

From the study at thiglaritime Museum of the Atlantic, we can obsetivat symmetrical,

l.e., everyone sees the same thing and interacts with it the sansg thaysame timas

not necessarily required. Asymmetri¢aihd asynchronous at timeshen "look ahead"
exploration emeged sharingi people seeing different aspects of the data or interacting
with it differently from each other can promote interaction as long as there is enough to
ground conversation and engagement betwsaners provided by the Halifax Harbour
wood model and the Indicator Rings (when availablEhis finding is interesting as
previous museum technologies focus on providing the same experience for visitors
exploring the museum together; audio guides, Heid AR devicesvideo walls and static
signage all provide the same content at the samehonwever my work demonstrates that
museums can explore new content avenues where visitors are exposed to experiences from

different perspectives while still interacting with each other.

The success of theltaborative experienagsing the Semantic Linking ashat you see
is not what | sée(Snowdon et al., 199%8)pproach is oar with Zhu's worKZhu, 2004)

however asdemonstratedreexplicit definition of roles before the startittge WYSINWIS
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collaboration wasot required in a content exploration/learning experience scenario such
as the museum exhibfurthermore, with the introduction of the Indicator Rings, | have
shown that ifs possible tdlur the boundaries between WISIWYS and WISINWY'S; with

it both participants had parts of their interaction connected (WISIWYS) through the rings
and we even observedformal role switching e.g., the participant not wearing the
HoloLens usig the rings to "take control" of the experience while asking for specific

buildings to be selected.

As observed in the museyall sharing methodologies promotsaime form oengagement

T even the minimalistic Indicator RingEachtechnique had advantagand drawbacks

(e.g., the higher mental load on Owke-Shoulder); thus, choosing the ideal method for
future applications should be considered araseby-case basisApproaches similar to
Overthe-Shoulder sharing work well in situations where pdiave similar interests (e.g.,
explore the 3D models fully, read the signage at the same pace) however it does not scale
well to larger groups, such as museum tours, or when the pairs have different paces or goals
exploring museum pieces (e.g., one foonghe visual aspect while the other's goals are

to read and interpret the textual information).

Results from the MMA worknformedthe design choices made thefollowing studies.
Like riders, each participant in the pair had a different role when atitegavith the exhibit

and its virtual contenlbeit riders have fluid butell-definedroles®. The design focus of

26| expect that outside a controlled study environment, museum visitors would take turns in using the headset
thus making role chging more flexible.
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my work was to rely on existing tools already in place in the workspace of cyclists, i.e., the

bicycle computer, and not "replace exigtimediators and artefactBgdker, 2006)

The interaction structure in the musedoesnat translate welfor cyclists. Not only is the
technology different (heachounted displays veieadsdown displays)but their goalsare
essentiallydifferent. Albeit both are working together, musegoers are looking into
exploring the spacat a relaxed paced whigxercise mindeddersfocuson finishing their

training sessionwhile gainng some training impact from itfurthermore the physical
demand context in which they are interacting with digital systems are on opposite edges of

the exertion spectrum.

Results from théMA work inspired me to explore information sharing between people
while they are exercising as a growith different rolessupporting the work like the
maritime information AR tool and the museum visitdtsave directed the last stage of my
Ph.D. work towards road cycling.begins with understating the work done by riders while
they are exercising/Vhile | had anecdotavidence of some of the issues encountered by
road cyclistsa deeper exploration of their work and needs was requiredquip future

research iad focus the desigmn supporting them.

The Contextual Inquirieshowed thatiders have a welestablishedunderstanding (or

frame (Orlikowski & Gash, 1999) on how their exercise technology and information
systems i(e., the ubiquitous bicycle computer) support their work and how they can
leverage them whiletraining or during cycling. The sport cycling community's
technological frame around the computer is mature enough to enable technological use of
devices across different manufacturaithile technology has evolved since the original
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mechanical computer toare forthe needs of an dividual rider, there is no support for
between rider communication and sharing information within the same well know
technological frameParticipants were excited by the "idea of sharing” but were so set on
their understanding on the capabilities of thasvices that the concept of seeing exertion

or biometrics data from the other riders was foreign to them.

The findings also showed thathile researchers arexploring cyclists commuting or
exploring the cityas touristsroad cyclists have different @@s and most of the findings
from the literature do not apply to theBecause there is well-definedtechnological
scope for roaatyclists,| argue tharesearch with alternative forms of feedback such as
vibration (Poppinga et al., 2009; Vo et al., 202andprojection surfacefDancu, Vecheyv,
Ayca Unluer, et al., 2015; Kadomura et al., 20mdht be seeffrom a sport perspective)

as toys, adding weight or taking precious real space on the handkebatable exception

is Walmink's heart rate ahing helme{Walmink, Wilde, et al., 2014pr pairs of cyclists.
Although it does not scale to groups and uses absolute HR as the sharing metric, it
demonstrates thfeasibility and hints at the impacts (although from a social aspect) of
sharing bio-signals among ridersMy work improves from Walmink's with a proper
evaluation from a sport performance perspective using meaningfsidrials metrics,

with sharing mechanisms that support multiple riders and focusing on the flow of effort

information fromback to front (most meaningful) as from back to from (as Walmink's).

Sincegroup cyclistsare riding with otherssome roles and responsibilitige beyond the
individual (as opposed to a commuter child rider (Matviienko & Ali, 2019) for

examplg. As we @ansee from the results, three roles exiseleader, middle, andheel
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Each role comes with its unique set of tasks and cognitive load as expected from a
traditional work environmeriike a shop manager or a kitchen's cdakerestingly, unlike
mostoffice work, roles are fluigand riders switch roles often as they move throughout the

paceline duringheir rotations.

This unique characteristic poses an interesting engineering technical challenge: to best
support rides, one should display only the information relevant to their current role. It

saves screen space in the already small displaymerehses safety as riders will have to

spend less time looking away from the roddb we v e r identi fydeng t he
as they move through the paceline is a problem that needs to be addressed before role

based information filtering is possél

Between rides, communicatiorwas another challengxposed by the contextual inquiry.

It directly impactedheriderd s a b collabarate withdheir peer€ommunication is

not only affected by environmental aspects like wind,,raimd cold whichcausesi d at a
packageso to get d r o plpoeessential imfarmation snehthe 0 t I mo
exertion state ofiders is not shared among them. Informataiouttheir bodies and

physical state is limited to instantaneous measures such as HR and Poea@rtrast,

information such as accumulated exertion, resting state, and burning sensations are not

collected noishared.

Riders, athletes of other team sports, and coaches can benefit from more work on how to
best collect implicit exertion information and share it with their peers wkil actively
engaging in sporfthus reducing the soctéchnical gap/Ackerman,2000). While it

would not completely solvethe pacing issuén cycling, reducing the knowledge gap
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bet ween t he r i dtharpeerssState fadilitates tha optireizatio groblem

of pacing a group.

"So, in the end, you cannot really try tptimize the pace. You are just
making sure you are within a threshold, that you are not killing anybody.
Even if it costs not being at the optimal pace. | am just trying to keep the

group together:

Riders exposed other aspects of their work during theeRtral Inquiriesdescribed in
Chapter 5 such as problems with their bike computers, gestures, safety, and work
environmentWhile the Contextual Inquiry study idiined multiple avenues for future
work, | focus on how to share effort information amamgers and better support the

| eader 6s p aCoirest@acidgeplayis signiticantrale in the success ofgaoup

ride as bad decisions can lead to group fragmentation, frustiderd,and slower times.

The final study (Chapter 6) explored tlmpacts of two different exertiesharingtools
(RPE View and Paceguideh group cyclistsBoth tools were designed to be compatible
with bike computers as they are ubiquitous among enthusiasts and professional riders and

very popular withrecreational oes.

While there was exertion information available to the current leader, that data was only
related to their own body.eaders had to use their datatry to guess or estimate the
group's overall efforaind make pace decisions based on missing information. That leads to
situations where the group is ridiaglower intensities gworse, higher onethus leading

to riders being overly taxed and dropping from the group.
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Results from the study show thatth interventions mitigatithe lack of effort information

with various degrees of succeBgy.introducing ways of sharing exertion information with

the leade¥, | was able to provide means to fill the knowledge gap between "what | think |
know of my pees” and "what my peers are feeling at the mom&ttaringed tothe group

being more aware of everyone's exertion levels which filled the context forimanmaed

paced decisions by leaders resulting in fewer drops while riding at stronger paces

simultareously

It is essential to considdmow to deliver information to riders and warrants further
exploration. While both Paceguide and Rf&v were effective, they provide different
levels of information and require different amounts of "lalmkvn™ time to ead the group
effort. The former is arucial consideration as riders who are interacting with their
computers are not looking to the road (and riders) ahé#dle there isno research
regarding safe time windows for lo@lown touch screen interaction gsfor cyclists, car

research suggests no longer than 2 secg@i€ldser et al., 2006; Zwahlen et al., 1988)

Scalability is aother concern, especially for RPE View; as the group size increases, riders
might have to start scrolling see everyone inéir group as the screen space is limited.
RPE View had the highest sefported group awareness scoreswever the future
design must consider ways to avoid scrolling by prioritizidgrsstruggling or displaying

the effort information in morder tha mimics the current order of riders in the paceline.
An initial approach to this problem is depictedHFigure 43. This design was generated

from thefeedback received in the discussion periods after the last study.

27And with everyone else in the group for my study
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Lastly, recording and displaying exertion trends, similar to Star's Boundary O(3éats

& Griesemer, 1989)might be beneficial for riders too. As a rider moves from a high
exertionrole in the lead and moves to the wheel, their exertion levels will not immediately
taper down to an active recovery state. The new leader could decrease the pace to
accommodate the high exertion numbers on the wheel without the need for such action. A
trend indication supports the natural decrease in exertion over time when an athlete moves

from high intensity to active recovery closing the knowledge gap further.

RPE View

Pwr. 3s
145w
Figure 431 Circular approach to RPE/iew addressing scalability éne showing 13 riders).
Riders RPEs are shown asmodified Rose DiagranThe leades RPE is always at zero
degrees. As riders rotate to the paceline their RPEs will mouater clockwisenimicking the
rotation action in the real world. The gap dividbe wheel and the leadesles,and thedash

lines provide quick ah glancevisualizationsof any rider that is above or below RPEs 12 and 17.

However different than Stas Boundary Objectsr evenKolovison's(2020)sport specific

ExtractionObjects the cycling work,did not focus on providing means for people with
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different roles to understandeach other. Because riders rotate across all roles everyone
understands the responsibilities and data needs of each position. Instead, | focused on
creating means for an extra layer of communication to support sharing of information
(exertion) among riderks a unique object shared across all ridethus supporting their

work as a team.

This added layer agxertioninformationtransmitted through thadycle computersreates
a form of Workspace Awareneg&utwin & Greenberg, 1996hat not only serves as
another information dimension for the leader but also to create a shared understanding of

the exertion levels of all the riders in the group.

Findings from tte last study show that it is possible to make the knowledge gap of athletes
smaller whertheir needs are evaluated in confextd design choices are made with their
tasks in mindOutcomes are valid across different group cycling disciplings asdeam

Time Trial (TTT), Randonneuring and the grand tours such as Giro d'ltalia and Tour de
France. Other team sports that suppoitoco data visualizatignsuch as team rowing
could also benefit from exertion sharing howetee information delivey method should

be redesigned to fit their work environment.

7.1 An Organizing Matrix of the Thesis Studies

Figure 44's design space serves as an organizing construmttter explain the
difference between various components of shadies presented in my thesis. When
comparing Aggregated vs. Raw presdapntatof information results indicated that both
approaches were successful in supporting collaboration; however, raw shared content led
to an increased cognitive load on participants either because they had to pay more attention
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to the content they were sirgg (e.g., the live view in Ovahe-Shoulder) or due to a larger
guantity of exertion data in RPE View (although there were strategic advantages of
knowing the exertion levels of all member individually). From thW/SIWIS vs.
WYSINWIS lens, the first wasble tonaturally provide means to support sharing and
collaboration among participantdowever jt was not necessarily requireas seen by the
Semantic Linking condition in the museum (and past w(Bkefik et al., 198%)
Furthermore WYSINWIS adds the capability of rolspecific visualization (e.g., ship
trajectories and metadata views in the maritime domain) and asynchriotenagstion

observed in the "logkhead" behaviour in the SL condition in the museum.

Sharing of Role Specific Information

————
- -~ -

-
P [ WYSIWIS ] [ WYSINWIS ]"‘ -
~

Paceguide Semantic Linking N

~
{ Aggregated/Abstract

4
/
1
!
1

Data Communication & Metadata \
/ (Maritime Domain) \
I/
1 MIMIR
! Halifax Harbour Model + Indicator Personal Performance Metrics Museum (MMA)
I Rings (all conditions + baseline)
\ Cycling

RPE View MMA Baseline + HL View in

Semantic Linking

-
Raw/Literal

Over The Shoulder

~ Terrain & Ship Trajectories

\
\
\
\
\
1

- -

—
-— -
e - — e ————

Figure 4471 Design space framingf my work which aims teupportin role specific information
sharingto users and enhance collaboration amongm. Through my preliminary studies
(MIMIR) and the core studies (MMA and Cycling), | explored interaction and sharing using both

aggregate and raw data visualization in both WYSIWIS and WY SINWIS approaches.
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Roles are fundamental to the success of CSC\WemmtGuzdial et al., 2000; Zhu, 2006)

It is the overarching concept on Figure 46 spanning across WYSIWIS and WYSINWIS
approaches, and on the Raw and Aggregated represent@imm®f the foundations for

the success dhe Maritime Museum and Cyclinguslies was their intuitive role support.

In both, roles are well defined; in MMA roles are establishigte start of the experience

(HL vs. neHL), remain fixed® during the experiment, and require no training from the
users.While in Road Cyclingrolesare defined ariori, and users can and will freely
transition between them throughout their collaborative work. In both approaotes
were weltdefined promoting collaboratior{Becht et al., 1999)Furthermore, the extra
collaboration support whesharing exertion metrics led to a more performant team, another

success from a CSCW and sjgdraining perspective.

7.2 The Road Ahead

Future work should consider applications beyond the two domains explored in the
three studies. Work should explore how the sharing methods created in the first study scale
when theras more than one augmented reality headset present. Until nowta-oreay
approach makes it simple to control which and how the virtual content is shared to non
AR users. Challenges arise when we have two or more headsets. Questions such as who
controls the shared display, how to relinquish control to other AR dewoddjow to
indicate who is sharing contewith nonAR users must then be addressed. Furthermore,
another question that warrants exploratiorwtsether noPAR users caridetach' from

whoever is sharing the AR content and promote individual exploration whileaimiry

28 As noted, outside a controlled study | would expésitorsto share the HMD by taking turnsspecially
in the baseline condition
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engagement with their peerQuestions on how to indicate to rRAR users who is
controlling the display and how to transition between WYSIWIS and WYSINWIS must be
explored. Further work on merging the views of bathmany AR views into a additie

WYSIWIS view should also be considered.

Findings from thdaststudy should also be explored outside the cycling environment. For
example, sensing and sharing exertion in small displays, such as smart watches-or heads
up AR displays, could benefit cottated teams working in hazardous environments that
are physically demandin@Bhattarai et al., 2020)Noteworthy examples include first

responders (e.g., fire crews), military, and search and rescue (Badoses et al., 2020)

In the last study albarticipants had access to the shared inform&WeviSIWIS), future
work should explore the impacts of showing the shared information only to the decision
maker (leader) of the groupNYSINWIS). What are the impacts on performance,

organization, and sodiaspects of this change in access?

7.2.1 IntelligentExertion

A limitation of my last study was the manual inputtbé RPE values by the
participants. While this works in research settings where the reseeaotistantly askir
the ridersexertion value, maual entry can be spotty at beSne option for new research
is to explore if riders can retain this new effort information for future risie$hey do not

need to use RPEView anymore as there is extra mental taxation to use it in the first place.

A moreexciting path s for future workto explore ways to automate (partially or fully) the

exertion sensing procesAn interestingstarting pointis to explore othepowerbased
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metrics such as Skiba's W'balarf&ewhich could work as a starting point to judge if riders

are resting or not through the changes in the W'balance value ovelPtimeris acritical

metric in cycling, buthovices do ot widely use itbecause othe high cost of sensors
(power meters)Accesdo currentgeneratiorpower meters might be restricted due to high
costs research indicate(Araujo & Balbinot, 2022)hat different approaches to sensing
could lead to lower uhcosts and broader usage of power sensing among enthusiasts and

recreational road cyclists.

Powerbased metrics alone might not sgficient,however.Powercan only measure the
amount of energy expended during the ride dmels not consider the ridestatebefore

the rider stag(something RPE can take into accoufmt)ere could be ways to retrieve this
information using a combination (sensor fusion) of power metrics and heart ratsudata
as heartrate variability metrics that gauge how tired ergon is throughout the day

(Firstbeat Analyticsn.d.)

Another interesting path is to use machine learning algorithms to moded' ggertion

using powerheartrate, RPEand other metrichiroughout ridesThis information can then

be used to model the rider's exertion in future riders automating the manual input of implicit
exertion values such as RPE by predictingriler's current effort and sharing it with
others Riders can fingune the model as theide by overriding predictionshus leading

to refined predictions in future rides.

29 How much work above Critical Power a rider "haft'l W'balance can be recharged by long periods of
riding below CP.
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7.2.2 Going Electric

Breaking away from group ridethe work presented here could also be integrated
into e-bicyclesfor health promotion or socializatioklectric bicycles areraexcellemtool
for commuters ounfit people as they assist riders with their electric motors, thus reducing

(or nulling) theeffort required to go from point A to B.

By sensingherider's effort and sharing it with the bicycle's motor contrpltezould be

possible to control the amount of pedakistor regenerative breakingansferred to the
rider to target &pecificexertion goal. Routes or training routines previouslccessible
for unfit riders can now be unlocked with partial electric suppagsibly leading to more

motivated riders.

Future research should explargingexertionbased electric pedaksistto bring together
pairs or groups of riders with different fitness levéderswho areless fit than others
could have just enough assistamodeep together with the group whimultaneously
achievingtraining impact More experienced riders would haveeir bikes with regen
engagegincreasinghe load on their pedals when they areleatling or the pace is slower

than they wouldypically go.

7.2.3 Ad-hoc Rides

Thework in Chapter 8ocuses on a group of riders whkmow each other and have
experience ridingogether Riders within the group already have a-pefined mental
model of their peers' fitness abilities, albeit incomplete or not peaesteen by the studies

in Chapters 5 and 6.
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Future work should consed exploring the impacts of sharing metrics in group&miliar
with oneanother. Aehoc rides where riders megp on a predetermined start location
during a given day are an interesting space for exploratibith was considered for my

thesis howeveriders were not happening regularly due to COMMD
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CHAPTER 8 CONCLUSION

Throughout my thesjs explored how sharingple specifianformation carfill the
situational knowledge gap agdound collaboration in collocated individuals with different
access tdhe samedata In the study presented in Chapter $a/e demonstrated that
museums with interactive augmented reality exhibits can use asymmetrical sharing to
promote engagement between a patron wearing arheadted display and other members
of their grow. This is an important finding as it shows that museums do not necessarily
needmanyheadsets to promote these novel exhiwitich could be prohibitive wittheir
budgets. Patrons in the study enghgeth their peersvhile only one had access to the
HMD while others could see proxy information on a watlunted display and projected

it on the physica¢xhibit piece.

After, 1 switched domains from museums to group road cycling while maintaining the
focus on shared experiences. In Chapter 5, | presemesiiis of a Contextual Design
study on the work done by group road cyclists while exercising together. Results are
grouped using thdive work models defined by & CD methodology(available on
Appendices E through.IThe study depicts a situation wheisderscan accessensor data

while riding Howeverdue to the lack of sharing mechanisthe information is contained

within each persagncreating silos of knowledge. Have identified future research and
design challenges to support riders in areas such as exertion sensing and sharing,

communication, data presentatioale-basedasks and needs, and pacing support.

The last studyin my thesis(Chapter 6) focses on one bthe issues identified in the
Contextual Design study: the lack of exertion sensing and sharing among riders leads to

attrition between riders and soiptimized paces. In this studystaredfrom the principle
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that we can and should leverage the curmdmtjuitous hardware instead of creating new
lab-only, impractical solutionand propose two ways of sharing effort among the peloton

designed with their computers in mind.

Results indicated thatensing and sharing effort leads to more smooth ridersfetar

drops and increased awareness of everyone's exertion levels. Interestingly, results also
show that riders with sharing were aldtehave higher normalized power than without

This differenceindicatesthat the extra information allowed riders to puble power
envelopdurther without sacrificing thgroup's cohesiarOutcomes from this study should

be directly applicable to different group cycling modalities such as TTT and

Randonneuring another group sports that supporisitu data visualizations

Future work caraddresghe challenges faced when scaling the AR sharing techniques to
two or more headsete other issues identified in the Contextual Design study, automated
ways of sensing implicit exertion values such as beelysations antringing exertion

valuesto othergroup sports or collocated teams such as search and rescue crews
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APPENDIX AT MUSEUM STUDY'S BRIEFING SCRIPT

Part 1: Introduction to the exhibit

Hello and welcome to the Halifax Explosion Exhibit. My name is [investigator], let me
take few minutes to explain some basic interaction methods and safety features before you

begin.

To fully interact with this exhibit one of yowill need to use a HoloLens, which is a head
mounted display capable of showing holograms in front of you [shows HoloLens]. With it
you will be able to see 3D models of key buildings of Halifax rendered above the wood

representation of the city.

Interading with the virtual content is fairly simple, first the only input method is to press
this button, [gives button to participant] with it you can enlarge the virtual buildings. To
do so, you look at a specific building that you want to explore in moeal,dqaacing the
cursor on top of it, and press the button. The building will then enlarge in the center of the
table, half a meter above its surface. You can make the building small again by looking at

it and clicking again or by enlarging another buitdin

Some buildings have images inside of that that can be seen moving towards them (or into

them) while they are enlarged

The HoloLens can track itself around the table, so it always knows where it is regarding
the wood model. Therefore, we encourage ymunbve around freely and explore the

exhibit from different angles.
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Be aware that you may become really focused on the virtual content presented over the real
world and may become less aware of your surroundings (something we refer as
immersion). Pleaseytrto remember that there might other people around you while you

are moving around the wood model.

When you are finished exploring the virtual elements of the exhibit please let me know so

| can take the HoloLens safely from you.

Lastly, AR headsets geradly do not cause nausea or disorientation however if you feel

discomfort of any kind please let us know so we can assist you to remove the headset.

Finally, have fun! Do you have any questions before we proceed? [answer any questions]

Part 2: Invitation t o participate in the study
We are also running an exploratory study looking at how people interact with this mixed

setup of virtual and real content and on how they communicate what they currently seeing
with other. You are free to explore the exhibit wisggtor not you wish to participate in the
study, but if you do agree to participate will need your consent to record video and
audio of both of you while you explore this exhibit and to ask a couple questions in the

end. Your faces will be blurred indtvideo to preserve anonymity.

After the study we will provide you with a debriefing form that has all the information
about the study including who to contact if you have questions and how to withdraw your
data from the study if you change your mind alparticipating. Do we have your consent

to collect data during the study?
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APPENDIX BT SYSTEM USABILITY SCORE (SUS)

I think that | would like to use 1 2 3| 4 5
this system frequently
Strongly Strongly
Disagree Agree
I found the systen 1 2|1 31| 4 5
unnecessarily complex
Strongly Strongly
Disagree Agree
I thought the system was ea 1 2|1 31| 4 5
to use
Strongly Strongly
Disagree Agree
I think that | would need th 1 2 3] 4 5
support of a technical person
Strongly Strongly
be able to use thsystem
Disagree Agree
| found the various functions i 1 2 3] 4 5
this system were we
Strongly Strongly
integrated
Disagree Agree
| thought there was too muc 1 2| 31| 4 5
inconsistency in this system
Strongly Strongly
Disagree Agree
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I would imagine that mosg 1 2 5
people would learn to use th

Strongly Strongly
system very quickly

Disagree Agree
I found the system ver 1 2 5
cumbersome to use

Strongly Strongly

Disagree Agree
| felt very confident usinghe 1 2 5
system

Strongly Strongly

Disagree Agree
I needed to learn a lot of thing 1 2 5
before | could get going wit

Strongly Strongly
this system

Disagree Agree
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APPENDIX CT MUSEUM STUDY'S SEMI-STRUCTURED
INTERVIEW QUESTIONS

. Do youthink this technology can be used in other museum exhibits?

. Were the two of you [three, four, e ]
exhibit? Were you [look at no HoloLens participant] able to understand what was
presented in the virtual world?

. What dd you talked about while referring to the virtual content?

. Do you have any other thoughts or comments about your experience?
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APPENDIX D117 MUSEUM STUDY'S POST-SESSION
QUESTIONNAIRE (HOLOLENS USER)

It was difficult for me to communicat| 1 2|1 3|4 5
with others while using the HoloLens
Strongly Strongly
Disagree Agree
It was easy for me to share and expl 1 2 13| 4 5
what | was seeing.
Strongly Strongly
Disagree Agree
| feel that my friends/family wer; 1 2|1 3|4 5
disconnected from me while | we
Strongly Strongly
exploring the virtual content.
Disagree Agree
| enjoyed this virtual experienc 1 21 3|4 5
combined with the physical model.
Strongly Strongly
Disagree Agree
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APPENDIX D217 MUSEUM STUDY'S POST-SESSION
QUESTIONNAIRE (NO HOLOLENS USER)

It was difficult for me to communicat| 1 2|1 3|4 5
with the person using the HoloLens

Strongly Strongly

Disagree Agree
It was easy for me to understand wl 1 2 13| 4 5
was being displayed in the virtu

Strongly Strongly
environment.

Disagree Agree
| feel that | was disconnected from t 1 2 13| 4 5
person exploring the virtual conte

Strongly Strongly
with the HoloLens

Disagree Agree
| enjoyed this shared mixa@ality 1 21 3|4 5
experience evewithout the headset.

Strongly Strongly

Disagree Agree
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APPENDIX E T CONTEXTUAL INQUIRY CULTURAL MODEL
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APPENDIX F 7 CONTEXTUAL INQUIRY FLOW MODEL

123033 2/E083] 341 W

_wosiad 3o
g ueia ss3) nd
o3 1uEn 1u0p

BEGEEIETSY

Lanpadsiad samad pue paads @ wosy
| 23U 2BURYD SBIGISUOSEL AL M MOH, -

BuI0E 51 dneJS ) SU0NS MoY 40 42N sdasy «

speufts puey Sy

10449 |E1UBW UTIH) PEAUE [33Up 341 L0 FRSN30) AlEBR - AREHER: Sobrleninate
pum o ssnesaq 4! St 4 i %_%oﬂ (anduion) siaguinu syl -
sefuey OLIIEL Sednt o {uopsed aue) uonsa
i ISE1GE O] HOIBSIIAL & 1L 328 03 AddeH, - a = I BuwA
a.“,auu...sé (1se2uqe o) o e i 2juas 01 fddey am:mrﬂﬂ. Spewpue -
Sl v 10 501 NeaY i«

cdlnou s ey paseudoudde ssed 3 sew -
cazed A sem moH «
\ ] Bt o
sUonsangd -

JoRTBUEII 01 W01 S0y Uk ATTA -
g eupds -
<38 pens -

asodind uo sssjup -

(oved wanm ay dasy | ue) -
2B 551 2US 1O 112 01 10U 20 BUlKEn

U0y | SE0Y Wi Aenin, -
BUIyaq Wouy Suiss S123 0] uonuane ded

s1o330d aup oo Surnd apum 2(38m, 01 wool sk -
Jaen pue pacy -

des ou ‘depiano oy SISt
ue ysen fue siaddns
[oSUE [Baym 3L UD PaSIo] - =
susaop 3 fauasn)

oL g
W BUILRG U0 ON, 22 mepsmnduiaa
paselay Alleway - 10y paau ay

fjaa. Bupy

Jouz 1210 0 PINOM 14| Z8LU PUNDIE BUD/ians o B1e)
e 30 SIRLM UEjod AW Uo 3 A2idSIp PN | )] YBaA 3NS5 10} MALK 0) (003 30 PINGM IELL
Juedpieg

EEPELENTs]

e JE3

Znof puiuag un 2ae 3jdead Sunsad
SO 10 B ML MO 03 UIPES] 81004 UaUM Nod 16y FULSS I B0 PINoM UL Nak 07
sayaaeasay

Communicate
Exertion

SAUMSE0 PUEH

(asea U aved) 1o done/Ano-sau0z SaRAWoS -
soip B2 01 $13U10 3iang0 o) il -

paadg puiyaq sded Jonuoty spssod ji -
. a3ed Japeal snomazd [e0ay -
ateg - aUoKIans s1) 181 ded € puly -

suoanAsqe esAud Jo
25NEI3Q SUDSERS 13p|0d
ul asJom 138 pue

U U PUOaas UBL

punioq wos siea Inoge papom Aisn 19N -

(g 2ot gy

puodes ssejun - Apuiw sadns ‘[is] 513 soed uEsUEs UEUER - 51 pwoje o0 5 Ausgs pasmpuon
SIaqUINu sy un pasng) 10N
SPUIN A1jES -
DUIM J0 325200, 3L LY+ — FIElI2 00T 100 5| PRI tss 344 o 1 P 3pun
LONENUNLILES (2094, 12 e 20 € 212 2

01 SN 'Sugag . -
Aes (eudls

s sfsiale | SueR] VAT
R

LOU A YEIp 18
Huideay 2w uo Juipuadap
2w puiyeg 3jdosd
o1 51 1A Auappns
AR 35334 L 10 108 Uy
LoSIBG L 0 1350 [BaYA
fua a3y} 001 AIsUOds2

5321500 104 400] 0153111 -

Si6> Fuwoau ua posmony s57 -

Suilind 3L pUE JUCT Jamod 4o e sdaay -

B o ST . —

4o pasnang - »
saed wswnz joopea deay - Buipeay

SaBunuss yanus oy peads « Iy 2
LONSd pRoy - S|P B ST | LS, Jomag a1y oy Axoad
sdef umsisuaa ews -
1@ pUE 1DIEW) 1043 JoILop - BioE hEGL

Fuddeiane [saym pony -
spaaym Sugne oy«

2Bues ap sasn)

-

au;

Papaau y 30 e -

sugag
ue pasoa) WA -

S3im=an puen

e Sprosy

(chay I0u s30p J3NI

) LSRN U0 paSeY 20y«

Surpesy

Eleg1amnd oy

[SPOIN MO|4

205



il

APPENDIX G T CONTEXTUAL INQUIRY ARTIFACT MODEL
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APPENDIX H T CONTEXTUAL INQUIRY PHYSICAL MODEL

Breaks don't work well

Road Positioning (Busy Road. XWIg)

§
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Physical Model
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APPENDIX 11T CONTEXTUAL INQUIRY SEQUENCE MODEL
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APPENDIX 12 i CONTEXTUAL INQUIRY SEQUENCE MODEL
(CONT)
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