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Collecting measurements of mobile broadband (cellular Internet) performance is critical for efforts address-
ing digital disparities. However, collecting measurements at the necessary spatiotemporal scales to identify
performance and coverage gaps is non-trivial. Crowdsourced data collection is a scalable approach to gather-
ing mobile broadband performance data. However, existing platforms for crowdsourced mobile broadband
measurements are not designed to engage workers over time or space, which can lead to spatial misrep-
resentation, stale data, and, ultimately, inequitable Internet access. With the insight that games and play
offer naturally engaging frameworks for users, we iteratively implemented a game platform that collects
Internet measurements—NetGauge Games—along with three co-designed broadband measurement games
hosted within the platform. We conducted user evaluation of the platform across three locations with 25
participants and measured participants’ connection to people and place using mixed methods. We found
that each game’s affordances yielded varied movement through space, connection to others, connection to
environment, and amount of internet measurements, and we elucidate ultimate design particulars that support
these often competing goals. Overall, the games performed significantly better regarding number of broadband
measurements collected, connection to space, connection to others, radius of gyration, and game rankings
when compared to the Speed Test control.

CCS Concepts: « Networks — Network measurement; « Human-centered computing — Empirical
studies in HCI; Empirical studies in collaborative and social computing; - Social and professional
topics — Geographic characteristics.

Additional Key Words and Phrases: mobile broadband measurement, crowdsourcing, play, rapid iterative
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1 INTRODUCTION

While Internet access is a human right [73], 2.6 billion people worldwide lack Internet access
and only 48% of the world’s rural population has access [42]. One technology that has rapidly
increased global access to the Internet is mobile broadband, or Internet delivered to users over
cellular networks (e.g., 3G, 4G/LTE, 5G). Mobile broadband is relatively inexpensive to deploy,
smartphone devices are becoming increasingly affordable, and data plans tend to be less expensive
than fixed Internet services. Indeed, at the time of writing, 92% of the world is “covered” by 4G/LTE
networks [42]. However, even as mobile broadband coverage becomes increasingly pervasive,
measurements of mobile broadband performance (e.g. “speed tests”) reveal that coverage maps can
hide areas where broadband infrastructure fails to provide usable Internet access [31, 54, 55, 68, 79].
The mismatch between reported coverage using standard practice radio propagation models and
on-the-ground performance can be a major barrier to addressing Internet disparities, as it prevents
network operators and policymakers from understanding where performance gaps prevent users
from accessing usable Internet connectivity [1, 55, 64, 68].
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One way to address this problem is through the collection of mobile broadband measurement data
using crowdsourcing. Indeed, 47% of The Organization for Economic Cooperation and Development
(OECD) countries use crowdsourcing approaches to assess both the quality and availability of
broadband from a user perspective with the goal of informing policy and infrastructure deployment
efforts [39, 52, 55, 83]. Unfortunately, the crowdsourcing platforms used to collect mobile broadband
measurements can be dry and unengaging [85], which prevent scaling crowdsourcing efforts to the
spatial and temporal scales required to generate useful data about Internet service gaps. Therefore,
with the insight that games and play offer naturally engaging frameworks for crowdsourcing
data, in our previous work, we conducted five iterative participatory design sessions and created a
speculative design catalog of 11 co-created broadband measurement games as well as an annotated
mockup of a flexible platform for hosting all of the games, NetGauge [24].

In this work, we implemented the NetGauge Games platform with three of the games from the
speculative design catalog to evaluate them along two goals. The first is to better understand the
effectiveness of the games in their underlying utilitarian goal, which is to measure broadband
across time and space. The second goal is to better understand the social-emotional experiential
affordances of the games because their utilitarian goal cannot be met if the play experience is not
intrinsically rewarding. Because the games are played outdoors, we were specifically interested in
how these games connect people to each other and to their environments. Therefore, the specific
research questions that guided this work are:

RQ1: How well do NetGauge Games improve crowdsourced Internet measurement over space?

RQ2: To what extent do NetGauge Games foster a sense of community among players and environ-
ment?

There are several key findings. When compared to the US Federal Communications Commission
(FCC) inspired control, NetGauge Games had increased the average number of measurements
collected per user by up to a factor of 2.21; increased distance covered by an average of 154m?, and
increased duration of exploration by an average of 891 seconds (~ 15 minutes). Experientially, when
compared to the FCC-inspired control, NetGauge Games had an average increase in connectedness
to other players of 124% and to their environment of 58%. Interestingly, there are significant
correlations related to connection between players and environment among the various games and
locations, explained by various game affordances, which are described in this paper. Overall, this
work makes three contributions:

(1) Artifact: A mixed methods evaluation of a community-framework oriented platform for
employing play to support the collection of crowdsourced broadband measurements.

(2) Empirical: An analysis of mobility metrics and quantity of broadband measurements, which
are evaluated across varied geographical locations and between games.

(3) Theory: An elucidation of design particulars that inform varied player experiences related
to social connectedness and place connection (our innate drive to be connected to a physical
location for belonging, identity, and meaning).

The paper is organized as follows:

(1) In Section 2, we share background on the underlying motivations of the work, which is to
reduce internet inequities by crowdsourcing broadband measurements for more accurate
coverage maps using games to increase engagement.

(2) In Section 3, we describe and extend on our previous speculative design work [24] by
sharing implementation details of the NetGauge platform, three supported games, and an
FCC speed tester control.
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(3) In Section 4, we present how the games, platform, and research protocol iteratively changed
in parallel during our piloting with 13 participants using a Rapid Iterative Testing & Evalua-
tion (RITE) approach [22].

(4) In Section 5, we provide an overview of the finalized mixed-methods research protocol,
demographics of our 12 playtest participants, and ethical considerations

(5) In Section 6, guided by our research questions, we share results on the utilitarian goal of
crowdsourcing broadband measurement times over time and space (RQ1) and the experiential
results on NetGauge’s ability to foster a sense of community among players and environment
(RQ2).

(6) In Section 7, we elucidate design particulars [41], such as intentional ambiguity [81], that
create intrinsically motivating playful experiences that also serve a utilitarian goal, facilitate
connection to our environment, and foster social community.

(7) In Section 8, we present future plans to share our use of RITE [22] as a pedagogical tool for
training student researchers, plans to host workshops for creating new community-driven
games hosted by NetGauge, and plans to create an interactive data visualization supported
by NetGauge’s telemetry data to inform broadband policy and infrastructure investment.

2 BACKGROUND & RELATED WORK

This research centers on addressing Internet inequities and relates to work that uses human-
centered approaches to measure Internet performance across different communities. Specifically,
we employ games to foster community and connect us to space by employing intentional ambiguity,
described in the following sections.

2.1 Location Based Games for Data Collection

Games and play are invaluable tools for transforming serious or mundane activities into engaging
and enjoyable experiences [16, 25, 26, 53, 78, 80, 90]. Serious games have been recognized in the
fields of health and education for their effectiveness in promoting positive behavioral change [15,
51, 89] and improved health outcomes [33, 35, 63, 65, 72, 72, 76, 89]. Gamification in particular
has gained prominence [65, 76], emphasizing points, badges, and leaderboards [20]. However,
while gamification may improve initial engagement, it does not necessarily precipitate long-term
behavior change or significant outcomes [87]. Deep engagement in the design process and creating
intrinsically rewarding experiences are key to lasting engagement and targeted change [14, 59].
Therefore, in our previous work [24], instead of adding leaderboards and badges to the FCC app,
we conducted participatory design bodystorming sessions with 11 participants in three locations
representing a spectrum between rural and urban sites to generate a catalog of 11 game concepts
for crowdsourcing broadband measurements across time and space.

In the context of crowdsourcing mobile broadband performance data, location-based games
(LBGs) can prompt players to move strategically around space [48, 49]. To investigate how people
in a particular community envisioned LBGs as helping to promote crowdsourced mobile broadband
measurement, we engaged in a series of iterative co-design sessions in various sites to bodystorm
[57] “Internet measurement game” concepts with 11 participants [24]. Our co-design study resulted
in a catalog of 11 game concepts that centered situated play design [5, 9, 10]. Analysis of the 11
game concepts revealed that all Internet measurement LBGs could be represented as hierarchical
structures. This led to the speculative design of the NetGauge Games concept, which we elaborate
on in Section 3.
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2.2 Play and Games Fostering Community with People and Space via Intentional
Ambiguity

2.2.1 Space and Environment. Play and games have always connected us to our environment
[12, 13, 17, 37, 88, 92], with some obvious examples being playground activities like Tag, Red Rover,
water balloon fights, and building a snowman—but digital games connect us to our environment
too. This may be most evident in games like Pokemon Go [88], but console games like Assassins
Creed have so accurately captured our cultural heritage and beloved cities that Notre-Dame is being
rebuilt using the game’s model as a reference for historians, architects, and researchers [37]. Games
and play are often seen as children’s activities, but all ages are connected to space through play.
For example, for many golfers, “playing at Pebble Beach is often one of the highlights of their life”
[17]. While it is clear play facilitates feeling connected to space, this research elucidates how the
ultimate particulars [41] of play design affect this connection to space attachment.

To design for play that connects us to outdoor spaces our work employs Situated Play Design
[2, 5, 9, 10, 24]. When designing for play, context is crucial because play is ephemeral, ever-
changing, and spontaneous, making it difficult to systematize [2]. However, Situated Play Design
has demonstrated success in creating playful sociotechnical systems in many spaces, including
urban spaces [4], dinner tables [6], social media (e.g., TikTok [23] and Instagram [11]), and circus
training gyms [26, 58]. Of particular relevance to this research is Situated Play Design’s recent
outdoor projects, including location-based games [48] that incentivize travel, six design probes that
promote reflections in nature [8], joyful human-forest interactions [3], and a playful one-month
backpacking adventure [7]. Because the utilitarian success of this research depends on broadband
measurements across both time and space, we depend on methods that have a track record of
playfully engaging people outdoors for sustained time periods and over long distances [7].

2.2.2  Community. Similar to connecting us to our environment, play and games have always
connected us to each other [43]. This is particularly true for multiplayer games, where games
like Halo can teach us leadership and collaboration [91]. Regardless of the implementation and
whether intentional or not, the design of games afford “Socio-pleasure” derived from our natural
enjoyment from interacting with others [66, p. 105]. This joy keeps us playing, which is a precursor
to utilitarian goals, including collecting broadband measurements. There is incredible power in
playing together, with countless utilitarian applications of games facilitating crowdsourced human
computation that benefits society and science, including Foldit to better understand complex protein
structures, Phylo for genomic sequencing, Galaxy Zoo for classifying galaxies, ESP for generating
image labels, TagATune for describing audio, Pebble It for resource allocation, and Photo City for
creating 3D models of our cities [19]. NetGauge Games takes inspiration from these citizen science
games and uses telemetry [22] to crowdsource broadband measurements for accurate maps to
inform policy, which represents the shared values of a community.

2.2.3 Ambiguity as a Design Resource. To accomplish our overarching goal of collecting broadband
measurements across time and space, NetGauge must continually provide compelling experiences
and high replayability. Key to working in many contexts by diverse players is to design for novel
appropriation, similar to how somaesthetics and design probes (e.g., [60, 77, 84]) facilitate “De-
sign through Use” opportunities [40]. During our Bodystorming [56, 57, 82] design sessions and
development work, we regularly revisited our value of designing for Multiplicity [26] using a
Value-Centered Approach [32], so that players can navigate intentional ambiguity [81]. Allowing
players to reconcile play choices outside of the technology for unique appropriations is intended to
afford a sense of ownership and connection to both other players and the play space itself, extend-
ing the Magic Circle [44, 46] of the NetGauge Platform to include non-screen-centric interactions
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with the environment and unscripted social affordances. Additionally, the NetGauge platform is
made to support “Design after Design” through the Twine Deck paradigm (Described in Section
3) [24] that allows community members to contribute new games to the platform in addition to
appropriating existing games. This expands the platform’s capabilities to crowdsource both the
broadband measurements and the games themselves through ambiguity as a design resource.

3 NETGAUGE GAMES DESIGN

Community Benefit Community Members
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Fig. 1. An overview of the NetGauge platform. On the left, a diagram depicting how community members
play and create games for crowdsourcing broadband measurements with annotated details about future
features, system architecture, and data flow. On the right, annotated screenshots of the application.

This work extends an initial co-design study that engaged 11 participants in developing a catalog of
location-based game concepts to support crowdsourced Internet measurement [24]. In that study,
we found that all of the designed games shared a hierarchical structure and could be effectively
represented as deck-based games [24]. Several concepts were culturally and geographically embed-
ded within sovereign tribal communities, prompting us to envision a platform that could empower
grassroots efforts to create community-specific games.

This vision led to the development of NetGauge Games, a mobile platform implemented as an
Android application to prioritize open-sourcing—though our future efforts would look to porting a
version for i0S. The platform integrates games built in Twine [47] with a Kotlin backend. Native
application development is required to measure cellular network performance at the system level.
Twine was selected for its accessibility to non-programmers and its ability to support immersive,
community-driven storytelling. To align with participatory action research principles that empha-
size community involvement at all stages of research and implementation [21, 45], we extended
Twine’s functionality to allow communities to author original location-based games. NetGauge
supports modular Twine imports with custom broadband measurement hooks as the underlying
game engine, enabling community-authored games for mobile broadband data collection. The hooks
and extended functionality include geocoordinates of target destinations that can be dynamically
fetched, haptic and textual feedback to guide player exploration to the target locations, described
further in Section 4, and network performance metrics (e.g., latency, jitter, packet loss, download
speed, upload speed) that can be used as conditions for Twine branching. The cloud back-end of
NetGauge uses Firebase for the telemetry broadband measurements and geocoordinates, survey
responses, and future community twine games. A diagram of the system architecture is shown in
Figure 1. Figure 1 also details future features of the platform that are outside of this work’s scope
and research questions. Specifically, future work will explore the integration of NetGauge and
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dynamic broadband coverage maps that can be used to inform policy and suggest point of interest
geocoordinates to measure that are underrepresented or stale.

For this study, we selected three games from the catalog that embodied relative endpoints on
a range distinctive game dimensions, including: social vs. solitary; competitive vs. collaborative;
asynchronous vs. synchronous; play-first vs. game first [24]. These dimensions correspond to how
much each game requires interaction with other players, whether games can be played apart (both
time and space) from other players, and the amount of structure versus ambiguity each game
provides. To understand how LBGs impacted user mobility and connection to community compared
to existing crowdsourced broadband measurement applications, we also implemented a replica of
the US Federal Communications Commission (FCC) Speed Test app to function as a control activity
in our study [28, 62]. We describe the LBGs and the control experiences in detail in Section 3.1.

3.1 Game Descriptions

All of the games used a Wizard of Oz approach to collecting network performance measurements.
Specifically, we simulated the collection of typical quality of service metrics including upload speed,
download speed, jitter, packet loss rate, and latency. Values for each metric were probabilistically
generated from normal distributions of values corresponding to typical network performance that
was measured at each of the sites using the FCC Speed Test app. All games were implemented as
predominantly text-based and did not use audio. We provide a representative screenshot of each of
the games in Figures 2 through 5. Each Twine game is available in our supplementary materials.

Fig. 2. A participant playing Scavenger Hunt at the rural location with an enlarged overlay depicting the
game’s user interface and a birds eye view of the Twine structure to the right.
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3.1.1 Scavenger Hunt (SH). A treasure hunt game that was implemented to be competitive and
asynchronous. Scavenger Hunt is a location-based Twine game designed to engage players in
real-world environments. Players are presented with situated questions that require observation
and interaction with their surroundings. Players input responses to these prompts, unlocking
progressions through a structured sequence of location-aware challenges. The game dynamically
adjusts its content based on detected player location and when a player checks whether their
answer was correct, the game collects network performance measurements. The game ends when
the player has successfully answered all clues and they receive a report on the total time and correct
answers for an element of competition related to other players’ performance at the site.

3.1.2  Soul Seeker (SS). A choose your own adventure game designed to be solitary and synchronous.
Soul Seeker is a narrative Twine game that places the player in the role of a lost soul navigating
a surreal and fragmented world in search of their identity. As players journey through strange
realms, they encounter moral dilemmas, cryptic memories, and an enigmatic entity named Omni
who challenges their perception of truth and self. The game unfolds through branching choices
that influence both the tone of the journey and its outcome, ultimately leading to one of three
possible endings. Throughout the experience, themes of memory, agency, and transformation are
explored, making the player’s decisions central to the narrative arc. Outcomes of the game are
impacted by random dice rolls, players’ dynamic strength and intelligence stats, and the choices
they make. The soul fragments are located spread apart at each location. Network performance
metrics are collected when a player is “searching” for their soul.

St Into Souls: 03

Fig. 3. A participant playing Soul Seeker at the campus location with an enlarged overlay depicting the
game’s user interface and a birds eye view of the Twine structure to the right.

3.1.3 Zombie Apocalypse (ZA). Zombie Apocalypse is a team-based, location-aware Twine game
that blends mobile network measurement with competitive tag mechanics. Players choose to play
as either a Scientist or a Zombie, with roles designed to be asymmetrical and emphasize different
forms of interaction and mobility. Scientists move freely in search of antibody samples to create
a zombie vaccine, using device vibration and orientation cues. Zombies, by contrast, use dice-
rolled network measurements to determine their movement range and attack capabilities, choosing
between “Speed” and “Strength” adaptations to pursue and infect Scientists. The game ends either
when a Scientist successfully collects all required data samples and synthesizes a vaccine, or when
Zombies manage to successfully attack a Scientist three times.
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Fig. 4. Participants playing Zombie Apocalypse at the urban location with an enlarged overlay depicting the
Zombie’s user interface and a birds eye view of the Twine structure to the right.

3.1.4 Speed Test (ST). Represents a Wizard of Oz clone of the FCC Speed Test app. When a user
presses a button to initiate a measurement, the resulting metrics are reported to the user in a screen
report that mimics what the FCC Speed Test displays. The game ended whenever the player decided
they wanted it to end.

Run Speed Submit Survey
Test

Fig. 5. Participants playing the Speed Test control at the campus location with an enlarged overlay depicting
the user interface and a birds eye view of the Twine structure to the right.

4 RITE TESTING

We employed a Rapid Iterative Testing and Evaluation (RITE) approach [61, 70] to refine the design,
technology, and research protocol of NetGauge Games. Across four sessions with 13 participants, we
gathered feedback and implemented changes to improve usability and data collection. Participant
demographics and session sites are detailed in Table 1, and game order was counterbalanced to
reduce order effects (Table 2).

We used a provisional coding scheme to develop a codebook for analyzing game play [75],
which we piloted and iterated on during RITE sessions prior to the final playtesting sessions. RITE
iterations were conducted to ensure that neither technical limitations nor procedural breakdowns
would inhibit the final phase of playtesting and data collection. The provisional coding scheme
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Site Code Age (years) Gender Race and Ethnicity
R1A 19 Female = White; Hispanic
Campus RIB 22 Female = White; Non-Hispanic
R1C 24 Female = White; Non-Hispanic
R1D 36 Male Asian/Pacific Islander; Non-Hispanic
R2A 20 Female White; Hispanic
Rural R2B 20 Male White; Non-Hispanic
R2C 24 Female Asian/Pacific Islander; Non-Hispanic
R3A 35 Male Asian/Pacific Islander; Non-Hispanic
Urban R3B 41 Male Black; Non-Hispanic
R3C Not given Female = White; Non-Hispanic
R4A 21 Female White; Non-Hispanic
Campus R4B 30 Male White; Non-Hispanic
R4C 18 Male American Indian/Alaska Native; Non-Hispanic

Table 1. RITE participant overview.

Rural Urban Campus Campus

FCC Speed Test ~ Scavenger Zombie Soul Seeker
Soul Seeker Zombie FCC Speed Test ~ Scavenger
Zombie Soul Seeker Scavenger FCC Speed Test
Scavenger FCC Speed Test ~ Soul Seeker Zombie

Table 2. Order of Games at Each Location

was brainstormed collaboratively in Miro, grounded in RQ2, and is available here! and an export is
included in supplementary materials. We used BORIS, an open source event-logging software for
coding video and audio [29], to conduct our video analysis. Based on the Miro board, we created
a BORIS ethogram [29] to annotate participant behaviors video recorded during gameplay. This
scheme encompassed five broad categories, including Interaction with Others, which captured
moments of collaborative problem-solving, logistical coordination, reflective dialogue, exploratory
discussions, and expressions of joy or humor. We also coded instances of Interaction with the
Environment, such as physical searching, spatial exploration, and responses to navigational or
friction encountered during the game. The Interaction with Technology category included participant
engagement with digital prompts, directional guidance, narrative content, and reflective responses
within the game interface. Additionally, we included a Metacontext category to denote higher-
level structural moments, such as training, transitions between physical locations, and post-game
debriefing sessions. Finally, the Quote category was used to mark notable verbal expressions by
participants that offered insight into their cognitive or emotional engagement. The final BORIS
ethogram is provided in Section 5. Iterative changes to the BORIS ethogram based on RITE session
outcomes are described in the following subsections alongside iterations to the games, protocol,
and platform.

Thttps://miro.com/app/board/uXjVLdo5jC8=/?share_link_id=208996733772
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4.1 RITE Session 1

This session took place at the rural site with three participants. Demographics of the participants
are presented in Table 1. All participants in this session were selected because they had expertise in
networks and information systems, including the collection of network traces, descriptive statistical
analysis, network scientific analysis, and wireless network design and development. The rural
location was selected because it represents a challenging case study for networks research.

4.1.1 Game Design Adjustments. Testers noted that it was difficult (and for some games, impossible)
to play the game without external researcher direction. Thus, for the next iteration, we sought
to have games “speak for themselves” by providing explicit how-to-instructions before each game.
Navigation cues were renamed from “hints” to “request guidance” to signal they were an expected
mechanic rather than an optional aid. Additionally, bugs in Scavenger Hunt responses were fixed
and a feature was added allowing players to view the internet data they had collected.

4.1.2  Platform and Interface Updates. We adjusted Twine’s default styling to improve legibility in
outdoor settings by changing from light text on dark backgrounds to dark text on light backgrounds.
To clarify spatial boundaries, diagrams of the play area were added. Directional language was
revised to second person (e.g., “your left”) to resolve confusion about phone orientation.

In addition to tester-based feedback, our research team also made adjustments to the platform
based on data collection logistics. For instance, we noted that all of the telemetry data for the fourth
game had not been sent to the backend due to data rate limitations on the data collection server. To
address this, we reduced the GPS sampling rate from once per second to once every five seconds to
improve reliability and reduce data loss.

4.1.3  Protocol and Data Collection. Given that we had issues with syncing telemetry data from
lab phones to the data collection server, we decided to modify our data collection protocol to save
copies of telemetry data locally on phone storage in addition to posting it to a data collection server
in case of data loss when synchronizing with the Firebase server.

The initial BORIS ethogram was revised in several ways based on findings from the first RITE
session. First, we standardized the “Ask at Stop” setting across all behaviors to ensure raters were
prompted consistently, addressing issues of missing modifier data caused by inconsistent settings.
Modifier groupings were then refined to streamline the coding experience and improve inter-rater
alignment. For Interact with Others, we relocated the Exploration modifier to Interact with Environ-
ment, where it better fit the observed behaviors. Two new modifiers, Debrief and Side Conversations,
were added inductively to capture reflective group discussions and informal in-game banter. For
Interact with Environment, we inductively added the following modifiers: Exploration, Friction,
Mapping Physical Objects to Game, Problem Solving, Reflection, and Searching. These additions
reflected the complexity of spatial and embodied interaction as participants navigated outdoor play
areas. In the Interact with Technology category, we added modifiers for Direction, Friction, Problem
Solving, Reflection, and Story to account for both interaction patterns with Twine interfaces and
affective narrative engagement. The Metacontext behavior was simplified by removing the Internet
Measurement modifier, as these interactions were already captured automatically via telemetry and
were not visible in the recorded video.

Modifier order was also standardized across behaviors to improve coder efficiency and consistency.
All behaviors now followed the schema: (1) Metacontext, (2) Participants Involved in Interaction,
and (3) Interaction Subtype. This change contributed to an improved coding experience and
supported better alignment between raters. Preliminary inter-rater reliability analysis using only
the metacontext modifier yielded high agreement (x = 0.925) [50]. However, including all modifiers
had low reliability (x = 0.011) [50].
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4.2 RITE Session 2

This session took place at the campus site with three participants. Demographics of the participants
are presented in Table 1. All participants for this session were selected for their expertise in
Human-Computer Interaction and game design, offering a complementary perspective to the
network-focused participants in Session 1.

4.2.1  Game Design Adjustments. Participants informed us that Soul Seeker was far too text inten-
sive and that it was hard to have to read through so much text on the screen at once—even if the
plot of the game was interesting. We decided to modify the game by adding visuals to break up
chunks of text and to present a maximum of two folds of content, including images and buttons, at
once on the screen.

Participants also noted that the Zombie game required more coordination instructions to help
players organize themselves into roles and understand the different play instructions for each role.
We addressed this by adding a more robust tutorial with a screen for each button that describes
what the button does and scenarios it may be useful in. Additionally, we made the buttons clearer
with colors and icons corresponding to their function instead of using default Twine hyperlinks.
Finally, we added a prompt at the end of the tutorial to check the readiness of all players so everyone
has time to read the tutorial and get to their starting locations without rushing.

Participants noticed that the Speed Test control’s wizard of oz broadband measurement values
were so variable that they did not trust that it was actually measuring broadband. We added logic to
the random number generator to output a normal distribution of values within reasonable ranges
to avoid breaking player immersion and make it easier for players to suspend their disbelief.

4.2.2  Platform and Interface Updates. We fixed a bug that caused navigation vibration to persist if
a game was closed before all points of interest were found. We also widened the radius for vibration
intensity feedback, improving player experience when approaching objectives.

4.2.3  Protocol and Data Collection. We noted that using four cameras to capture mobile data across
relatively wide areas could be challenging to synchronize for subsequent video data analysis. To
help simplify this synchronization, we used a third-party synchronization application that allowed
us to centrally control and synchronize all cameras while we were recording play test sessions.
We also found that the battery capacity of each of the cameras was not always reliable for the
entire play period. For two of the cameras, we needed to swap batteries mid-session, which was
disruptive. To account for this, we decided that future sessions should couple cameras to external
battery packs.

For RITE Session 1 and 2, we captured connection to people and environment during a debrief
after each game, but did not want the order of participant responses to affect others’ initial ratings.
Therefore, we decided to more quantitatively capture how participants perceived connection by
having them complete a survey built into the game platform once each game was completed prior
to the qualitative debrief.

4.3 RITE Sessions 3 & 4

RITE Sessions 3 and 4 were held on the same day in consecutive sessions. Session 3 took place
at the rural site and Session 4 took place at the urban site. Demographics of the participants are
presented in Table 1. Participants for these sessions were re-invited from our previous study [27]
so that they could provide perspectives as the original game concept designers.

4.3.1 Game Design Adjustments. During the debrief, participants reflected that the Zombie Apoca-
lypse game left ambiguity as to whether or not the Zombie role had successfully “hit” the player
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with the scientist role. As a team, we decided to allow for this ambiguity to persist, as it did not
fundamentally impede game play or data collection and allowed players to navigate balancing the
game’s roles.

4.3.2  Platform and Interface Updates. We did not note any major challenges with the platform
at either site and confirmed that data appropriately synchronized despite limited and interrupted
connectivity in each of the sites where these sessions took place.

4.3.3  Protocol and Data Collection. When all behaviors and modifiers were included there was
still low reliability (x = 0.216)[50]. One source of disagreement in the coding arose from tagging
participants and researchers in interactions and limited direction on how to denote which of the
camera frames codes referred to, which is important because participants often separated from
one another. To address this, we changed our use of the subject feature in BORIS to tag which of
the cameras each code is linked to and researchers and participants were tagged with behavior
modifiers. In addition, we developed a guide to accompany video coding, which is available in our
supplementary materials. Prior to analyzing the playtest videos, two coders from the larger group
volunteered to complete all of the coding and attended a training to improve reliability. For the final
coding of playtest sessions, which all used a standardized BORIS ethogram, inter-rater reliability for
all behaviors improved significantly to a mean inter-rater reliability x = 0.739 (o = 0.042), which
can be interpreted as substantial agreement [50], detailed further in Section 5.

5 METHODOLOGY

Table 3 provides an overview of the data we collected, the mixed methods used to collect the data,
the research question associated with the data, and the type of analysis completed. We describe
each of these data and methodologies in detail in this section.

Method Data Metric RQ | Type | Analysis
Telemetry GPS Route Geocoordinate Timestamp | RQ1 | Quant | Mobility
Generated Broadband Metrics Geocoordinate Timestamp | RQ1 | Quant | Mobility
Duration RQ1 | Quant | Temporal
Interactions with Environment Subjects RQ2 | Quant | Network
Theme RQ2 | Qual Thematic
Duration RQ1 | Quant | Temporal
Interactions with Technology Subjects RQ2 | Quant | Network
Video Coding Theme RQ2 | Qual Thematic
Duration RQ1 | Quant | Temporal
Interactions with People Subjects RQ2 | Quant | Network
Theme RQ2 | Qual Thematic
Player Ethnography Quotes RQ2 | Qual Thematic
Overall Game Impression 3 Adjectives RQ2 | Qual Descriptive
Game Survey Game-Specific Connection to Place Likert RQ2 | Qual Descriptive
Game-Specific Connection to People | Likert RQ2 | Qual Descriptive
Game Ranking Ordering RQ2 | Quant | Descriptive
Connection to Place Likert RQ2 | Qual Descriptive
Pre-Post - - —
Connection to People Likert RQ2 | Qual Descriptive
Measuring Broadband Interest Likert RQ1 | Qual Descriptive

Table 3. Overview of Methodology
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5.1 Telemetry

Telemetry is a common method in Games User Research [22] in which data is automatically streamed
to a server. The nature of telemetry to produce a large corpus of quantitative data lends itself
to identifying usage patterns, but telemetry benefits from paired qualitative methods to provide
context [22]. Telemetry systems can provide numerous types of data, including screen interactions,
sensor data, and event logs. For this research, we were interested in how participants moved within
play spaces over time and in broadband metrics.

5.1.1 Mobility Metrics. To quantify the movement behaviors of participants during game play, we
used a suite of mobility metrics derived from spatiotemporal GPS telemetry. This included measures
of individual travel patterns (e.g., route length and spatial spread), and group-level spatial proximity
patterns. All computations were implemented in Python using the scikit-mobility package [69],
availible in our supplementary materials. We first filtered trajectory data by game type, ensuring
that comparisons were based on matched gameplay contexts. For each participant trajectory, we
calculated the route length, defined as the cumulative straight-line distance between consecutive
GPS points. This provided a baseline measure of how far participants physically traveled during
each game session, with higher values indicating broader movement through the play space.

Next, we computed the radius of gyration (ry), a commonly used metric in mobility analysis that
quantifies the characteristic spatial range of an individual’s movement [34]. It is defined as the root
mean square distance between each recorded location and the participant’s center of mass (i.e., the
average position of all GPS points). This measure provides insight into whether movement was
tightly clustered (low ry) or widely dispersed (high r).

We also incorporated two entropy-based metrics that characterize the predictability and diversity
of participants’ movements in bits. Real entropy estimates the theoretical limit of predictability
by incorporating both the frequency and ordering of visited locations. Higher real entropy (in
bits) indicates more complex and less predictable mobility patterns, while lower values suggest
highly routine or stereotyped movements. Random entropy, in contrast, assumes that all visited
locations are equally likely and independent, providing an upper bound on uncertainty. It thus
reflects the maximum diversity a trajectory could achieve if location choices were entirely random.
Across these entropy metrics, each additional bit corresponds to a doubling of potential uncertainty,
enabling an interpretable scale for comparing mobility complexity across games and sessions. Full
mobility statistics for each session are presented in Section 6.1.

5.2 Video Coding

To analyze participants’ in-game behaviors and interactions, we employed a structured video
coding process using the Behavioral Observation Research Interactive Software (BORIS)[29]. Each
playtest session was recorded using multiple camera angles to capture spatially distributed activity
in large outdoor play spaces. The camera angles were synchronized using timestamps in Adobe
Premiere to create a four-frame compiled video used in BORIS. These recordings were annotated
in BORIS using a standardized ethogram (Table 4) developed iteratively during RITE testing (see
Section 4). Two researchers from the study team received dedicated training in the coding scheme
and completed all final behavioral coding for the playtest sessions. A custom video coding guide
and walkthrough was also developed and is included in the supplementary materials. To calculate
inter-rater reliability (IRR) using Cohen k, we set the sampling rate to the standard deviation of
aggregated event durations, shown in Table 5. The overall mean IRR for all behaviors was k = 0.739
(o = 0.042), which can be interpreted as substantial agreement [50]. Fine-grain IRR is available in
Tables 6 (excluding modifiers) and 7 (including modifiers). All coded behavioral data was exported
to CSV format for subsequent analysis (see Section 6).
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Behavior

Modifier

Modifier Values

Interact with others (i)

Metacontext of Interaction

FCC-Control (F)
Scavenger Hunt (H)

Soul Seeker (S)

Zombie (Z)

Consent (C)

Moving to Play Space (M)
Warmup (W)

Participants Involved In Interaction

Researcher ID (list selection)
Participant ID (list selection)

Type of Interaction

Debrief (d)

Friction (f)

Training / Logistics (g)
Moment of joy or laughter (j)
Reflection (r)

Problem Solving (s)
Roleplaying (p)

Side conversations (c)

Interact with Environment (e)

Metacontext Of Interaction

FCC-Control (F)
Scavenger Hunt (H)

Soul Seeker (S)

Zombie (Z)

Consent (C)

Moving to Play Space (M)
Warmup (W)

Participants Involved In Interaction

Researcher ID (list selection)
Participant ID (list selection)

Type of Interaction

Exploration (e)
Friction (f)

Mapping Physical Objects to Game (m)

Problem Solving (p)
Reflection (r)
Searching (s)

Interaction with Technology(t)

Metacontext Of Interaction

FCC-Control (F)
Scavenger Hunt (H)

Soul Seeker (S)

Zombie (Z)

Consent (C),

Moving to Play Space (M)
Warmup (W)

Participants Involved In Interaction

Researcher ID (list selection)
Participant ID (list selection)

Type of Interaction

Direction (d)

Friction (f)

Problem Solving (p)
Reflection (r)

Story (s)

Internet Measurement (i)

Metacontext (m)

Metacontext Of Interaction

FCC-Control (F)
Scavenger Hunt (H)

Soul Seeker (S)

Zombie (Z)

Consent (C)

Moving to Play Space (M)

Quote (q)

Metacontext Of Interaction

FCC-Control (F)
Scavenger Hunt (H)

Soul Seeker (S)

Zombie (Z)

Consent (C

Moving to Play Space (M)
Warmup (W)

Participants Involved In Interaction

Researcher ID (list selection)
Participant ID (list selection)

QuotelD

ID linked to external spreadsheet

Table 4. Final BORIS Ethogram. Hot keys are shown within parenthesis.

Duval et al.
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Session Sampling Rate (s) Excluding Modifiers (x) Including Modifiers (k)

1 128 0.757 0.604
2 172 0.729 0.63
3 294 0.783 0.708
4 213 0.685 0.558
Mean 201 (o = 70) 0.739 (o = 0.042) 0.625 (o = 0.063)

Table 5. IRR for all behaviors. k was calculated using a sampling rate, in seconds, based on the standard
deviation (o) of state event durations.

Session Sampling Rate (s) Others (k) Tech (x) Enviornment (x)
1 128 0.784 0.693 0.635
2 172 0.859 0.837 0.744
3 294 0.734 0.914 0.775
4 213 0.691 0.812 0.711
Mean 202 (0 =71) 0.767 (0 =0.072) 0.814 (¢ =0.092)  0.716 (¢ = 0.060)

Table 6. IRR of individual behaviors excluding modifiers. k was calculated using a sampling rate, in seconds,
based on the standard deviation (o) of state event durations.

Session Sampling Rate (s) Others (x) Tech (x) Environment (k)
1 128 0.375 0.666 0.547
2 172 0.54 0.846 0.751
3 294 0.637 0.918 0.638
4 213 0.398 0.769 0.546
Mean 202 (0 =71) 0.488 (0 =0.124) 0.800 (0 =0.108)  0.621 (o = 0.097)

Table 7. IRR of individual behaviors, including modifiers. k was calculated using a sampling rate, in seconds,
based on the standard deviation (o) of state event durations.

5.3 Game Survey

After completing each game, participants were presented with a short survey embedded directly
within the game platform. This post-game instrument was designed to capture players’ sense of
connection both to the environment in which the game took place and to the other participants.
The survey included two Likert-scale questions: “How connected did this game make you feel to
the spatial environment?” and “How connected did this game make you feel to other players?” For
each question, participants selected from five ordinal response options: Not connected at all, Not
connected, Neutral, Connected, and Very connected. Embedding the survey within the game ensured
that responses were collected immediately after gameplay, minimizing recall bias and aligning the
reflection process with the emotional and cognitive state of participants. These measures were later
analyzed in relation to behavioral, mobility, and temporal metrics to examine how game structure
influenced perceived environmental and social connection (see Section 6).
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5.4 Pre and Post-Survey

In addition to per-game feedback, participants completed brief surveys at the beginning and end
of each session. These surveys were designed to contextualize gameplay responses by capturing
baseline familiarity with mobile games and platforms, as well as overall impressions across the
full play session. For example, one item asked participants to report their interest in measuring
broadband internet to see if the playtest had an effect. At the conclusion of the full session, partici-
pants completed a post-survey asking them to rank the games in order of personal preference. This
ranking provided a comparative measure of overall experience and allowed us to triangulate game-
specific engagement metrics with holistic user satisfaction. Responses were analyzed descriptively
and used to inform design implications presented in Section 6.3.

5.5 Post-Game Debrief Discussions

Immediately following each game, participants engaged in a short debrief session facilitated by a
member of the research team. These sessions served to elicit qualitative reflections on gameplay
experience and expand upon the Likert-scale questions administered within the game platform.
Participants responded to each question in rotating order with a different participant starting each
time. Participants were first asked to share three adjectives that best described their experience
with the game. These descriptors were collected in real-time and later visualized as weighted
treemaps to surface patterns in emotional tone, engagement, and perceived challenge across games
and sites. Following, participants responded to two open-ended questions designed to parallel
the Likert items: “In what ways did this game make you feel connected or disconnected from
the spatial environment?” and “How did this game affect your sense of connection to the other
players?” These open-ended reflections provided qualitative insight into players’ affective and social
experiences, offering depth and nuance to complement the quantitative survey results. Debrief data
was extracted within BORIS using the “Quote” behavior within the ethogram (Section 5.2). Results
are presented alongside survey and behavioral data in Section 6.3.

5.6 Exploratory Correlation Analysis

To explore relationships between all collected variables, including mobility metrics, survey re-
sponses, telemetry, and video coding, we conducted an exploratory correlation analysis using
Spearman’s rank-order correlation coefficient (p). This nonparametric method was chosen due to
the small sample size and the presence of non-normal distributions among several measures. All
statistical computations were performed using SPSS. For each pairwise combination of variables, we
computed Spearman’s p and corresponding two-tailed significance values. Only correlations reach-
ing statistical significance (p < .05) are reported in relevant sections of the Results. All correlation
coefficients, including non-significant findings, are available in the supplemental materials.

5.7 Participants

We recruited a total of 12 participants for playtesting by posting research recruitment posters
on bulletin boards around campus and sending email recruitment announcements to list-servs,
including the Flagstaff Public Library and the Northern Arizona University student clubs list-servs.
58% identified as female, 33% as male, and 8% as non-binary or other. Participants were on average
20.91 years old (o = 2.53 years). Participants were compensated with a $25 Amazon gift card at the
conclusion of the study. We report on the demography of participants in Table 8.
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Site Code Age (years) Gender Race and Ethnicity
E1A 24 Female Asian/Pacific Islander; Non-Hispanic

Rural E1B 20 Male American Indian/Alaska Native; Non-Hispanic
E1C 22 Female Asian/Pacific Islander; Non-Hispanic
E2A 22 Male White; Non-Hispanic

Campus E2B 18 Female American Indian/Alaska Native; Non-Hispanic
E2C 24 Non-binary/third gender =~ White; Non-Hispanic
E3A 20 Male White; Non-Hispanic

Campus E3B 19 Female American Indian/Alaska Native; Non-Hispanic
E3C 18 Female Asian/Pacific Islander; Non-Hispanic
E4A 26 Male Asian/Pacific Islander; Non-Hispanic

Urban E4B 19 Female White; Hispanic
E4C 19 Female White; Hispanic

Table 8. Playtest participant overview.

5.8 Ethics

This study was approved by the Institutional Review Board (IRB) at Northern Arizona University
(IRB #1860713). All participants provided informed consent prior to participation and were briefed
on the nature of the research, their rights as participants, and how their data would be used.
Participants were informed that they could withdraw at any time without penalty. To protect
participant privacy during gameplay and recording, each participant was assigned a pseudonymous
code, and all data, including survey responses, GPS traces, and video recordings, were stored on
encrypted drives accessible only to the research team. Participants were compensated for their
time with a $25 gift card per session. In addition, we provided snacks and drinks to participants in
recognition of the time and energy required to participate. We ensured that all sites were accessible
via public transportation and would be generally accessible in case of restricted mobility.

5.8.1 Positionality. Because the positionality and presentation of researchers fundamentally shape
the dynamics of field-based user studies and design-oriented evaluations, we briefly reflect on
our roles in this work. The RITE sessions and playtest sessions were facilitated by members of a
multidisciplinary research team including Vigil-Hayes and Duval, who are faculty researchers with
longstanding commitments to participatory design and community-engaged research. Vigil-Hayes
brings over a decade of experience examining digital inequities and co-designing interventions in
rural and Indigenous contexts. Duval has a decade of experience leading participatory research in
serious games and playful health technologies. Cole Pendergraft (Masters student) served as the
lead developer, responsible for implementing the technical infrastructure. Taylen Johnson (First-
year undergraduate) led the development and design for the Twine-based games. Hunter Beach
(Third-Year undergraduate), Chaithanya Heblikar (Recent Masters graduate), and Alison Graham
(Third-Year undergraduate) participated in the RITE video coding process. Olivia Vester (Third-Year
undergraduate) participated in both the RITE video coding process and, alongside Pendergraft, led
the final video coding for the full playtest sessions. Shelby Hagemann (PhD Student), Md Nazmul
Hossain (PhD Candidate), and Varna Gobbur (Recent Masters graduate) extracted quotes from
videos. Five members of the team identify as male, and six identify as female. Across the team,
we adopted an intersectional feminist approach to design, emphasizing collaboration, reflexivity,
inclusive environments, and reduction of researcher-participant hierarchies.
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6 RESULTS

We organize our results around answers to our research questions. First, we report on how NetGauge
performed in its utilitarian goal of crowdsourcing broadband measurements across time and space
(RQ1I) in Section 6.1. Then, we report how NetGauge Games impacted players’ connection to each
other and to space (RQ2) in Section 6.2. To contextualize statistical analyses, we briefly summarize
the study design: Each participant played four different location-based games in one session (within-
subjects). We ran four different sessions that varied the geographic context and order of game play
(between-subjects). This mixed design allowed us to examine how mobility patterns and number of
broadband measurements differed across games as well as how these effects interacted with the
physical and social environment.

For RQ1 in Section 6.1 we examined the following six metrics: number of broadband measure-
ments, straight line distance, radius of gyration, random entropy, and real entropy. We conclude
RQ1with an overview of area coverage. For RQ2 in Section 6.2, we begin by presenting our temporal
analysis via video coding, which is organized by each game. Then we examined the following two
metrics: Likert survey responses, and game rankings. For each metric we analyzed for RQ1 and
RQ2, we begin by presenting the omnibus statistical analysis and descriptive statistics, then we
share correlational analysis with participant reflections, and conclude with a brief statement of key
takeaways. Finally, we report on players’ overall perspectives and experiences on the games as a
holistic experience in Section 6.3.

6.1 Impact on Measurement and Spatial Mobility (RQT)

Measure Game Median [IQR] Mean +o Omnibus Test  p Effect Size
Number of Broadband Measures ZA 0.0 [13] 10.58 + 6.857  F(3,24) =9.94 <.001 r]f, =.55
SS 34.5 [24] 34.5 + 3.864
ST 5.5 [46] 23.75 + 8.221
SH  65][5] 8.33 + 1.202
Straight-Line Distance (km) ZA 0.197 [0.225]  0.285 +0.067  F(3,24) =6.87  .002 r]lz, = .46
SS 0.302 [0.186] 0.348 + 0.049
ST 0.064 [0.365] 0.170 £ 0.063
SH 0.226 [0.336] 0.299 + 0.057
Radius of Gyration (km) ZA 0.012 [0.008]  0.0167 +0.003 F(3,24) =11.31 <.001 r]f, =.59

SS 0.025 [0.014] 0.0222 + 0.002
ST 0.009 [0.045] 0.0196 + 0.007
SH 0.013 [0.029] 0.0243 + 0.004
Real Entropy (bits) ZA  6015[1769] 6.00=0967  F(3,6) =4234 <001 n’=.9
SS 6.346 [0.874] 6.395 + 0.704
ST 4.270 [3.281] 4.404 + 1.707
SH 6.118 [1.103] 6.101 £ 0.759
Random Entropy (bits) ZA 6.887 [0.500]  6.893 £0.384  F(3,6) =315.77 <.001 r]f, =.99
SS 7.483 [0.332] 7.546 + 0.461
ST 4508[2.997]  4.654 = 1.605
SH 6.555 [0.969] 6.437 £+ 0.609
Uncorrelated Entropy (bits) ZA 0.981[0.039]  0.976 £ 0.006  F(3,24) =21.66 <.001 r]f, =.73
SS 0.979 [0.023] 0.979 + 0.004
ST 1.000 [0.003] 0.997 + 0.002

SH 0.997 [0.014] 0.993 + 0.003
Table 9. Descriptive statistics (median [IQR] and mean +o0) and omnibus test results for the number of
broadband measures and mobility outcomes across games, with associated effect sizes.
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To answer RQ1 about how well NetGauge Games improve crowdsourced measurement over
space, we report the impact of NetGauge Games on the number of measurements collected (Sec-
tion 6.1.1) and player mobility through space (Sections 6.1.2-6.1.6). Table 9 provides a high-level
overview of telemetry-derived descriptive statistics and omnibus test results for number of internet
measurements and mobility across games. We discuss the implications of these results in Section 7.1.

6.1.1  Number of Measurements Collected.

Omnibus Analysis and Descriptive Statistics. We report the median and average number of mea-
surements collected per game per user in Table 9, with totals in Figure 6. Across games, the median
number of measurements was highest for Soul Seeker (34.5), followed by Scavenger Hunt (6.5),
Speed Test (5.5), and Zombie Apocalypse (0.0). Soul Seeker therefore yielded 5.31X as many median
measurements as the next highest game (Scavenger Hunt). Zombie Apocalypse’s median of 0.0
reflected its asymmetric design, in which only the Scientist role collected data while Zombies did
not. As can be seen in Figure 7, only one participant per session acted as the Scientist in Zombie
Apocalypse, but the “tag” mechanic could generate large bursts of data. For example, participant
E3C recorded 83 measurements within 40.6 minutes of gameplay. Scavenger Hunt, by contrast,
produced the most consistent measurement counts across players (o = 1.2).

Soul Seeker 89 | 105 | 140 _

Speed Test (Control) 180 | 88 |s .

Zombie Apocalypse = 18 | 13| 83 .

0 50 100 150 200 250 300 350 400

Number of Measurements

Fig. 6. Aggregate number of measurements per game across 4 sessions

Scavenger Hunt H l P—¢
Soul Seeker “—.—' I b—.—¢
Zombie Apocaplypse b—' I } ¢

1 |
Speed Test (Control) H I | 1

0 10 20 30 40 50 60 70 80

Number of Measurements #

Fig. 7. Distributions of the the number of measurements taken each game

Because three of the four game conditions deviated from normality, as indicated by Shapiro-Wilk
tests (Zombie Apocalypse W = 515, p < .001; Soul Seeker W = .993, p = .413; Scavenger Hunt W =
.782, p = .006; Speed Test W = .769, p = .004), we analyzed the number of Internet measurements
using a nonparametric aligned rank transform (ART) ANOVA (Table 10) that accommodated the
mixed design (Game within-subjects; Session between-subjects). The test revealed a significant main
effect of Game, F(3,24) = 9.94, p < .001, 7712, = .55, and a significant Game X Session interaction,
F(9,24) =3.60, p = .006, r]lz, = .57. The main effect of Session was marginal, F(3, 8) = 3.26, p = .081,
m, = .55.
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ART ANOVA Number Broadband Measures

Effect F df  dfyes p U
Game 9.94 3 24 <.001 .55
Session 3.26 3 8 .081 .55
Game X Session ~ 3.60 9 24 .006 .57
Pairwise Comparisons

Contrast Estimate SE t Dadj

ZA - SS -23.00 495 -4.64 <.001

ZA - ST -14.25 495 -2.88 .050

ZA - SH -1.08 495 -0.22 1.000

SS - ST 8.75 495 1.77 540

SS - SH 21.92 495 443 .001

ST - SH 13.17 495 2.66 .083

Table 10. Omnibus and pairwise Bonferroni-adjusted ART ANOVA results for number of Internet measure-
ments using Type Il Wald F tests with Kenward—Roger df.

Session E1 ‘ Session E2
Contrast Estimate SE df t-ratio P ‘ Contrast Estimate SE df t-ratio P
ZA - SS 0.667 936 24 0.071 1.0000 | ZA - SS -8.667 936 24 -0.926 1.0000
ZA - ST -27.000 936 24 -2.884 0.0489 | ZA-ST -9.667 936 24 -1.033 1.0000
ZA - SH -2.667 936 24  -0.285 1.0000 | ZA - SH -15.333 936 24  -1.638 0.6868
SS - ST -27.667 936 24  -2.955 0.0414 | SS-ST -1.000 936 24 -0.107 1.0000
SS - SH -3.333 936 24 -0.356 1.0000 | SS - SH -6.667 936 24 -0.712 1.0000
ST - SH 24333 936 24 2.599  0.0944 | ST - SH -5.667 9.36 24 -0.605 1.0000

Session E3 ‘ Session E4
Contrast Estimate SE df t-ratio P ‘ Contrast Estimate SE df t-ratio P
ZA - SS -13.000 936 24 -1.389 1.0000 | ZA-SS 3333 936 24 0.356  1.0000
ZA - ST 21.000 936 24 2.243 0.2062 | ZA - ST 18.000 9.36 24 1.923  0.3987
ZA - SH -3.667 936 24 -0.392 1.0000 | ZA - SH -5.667 9.36 24 -0.605 1.0000
SS - ST 34.000 936 24 3.632 0.0080 | SS-ST 14.667 936 24 1.567 0.7816
SS - SH 9.333 936 24 0.997 1.0000 | SS - SH -9.000 936 24 -0.961 1.0000

ST -SH -24.667 936 24 -2.635 0.0870 | ST -SH -23.667 9.36 24  -2.528 0.1107

Table 11. Simple Game Effects Within Session (Bonferroni-adjusted pairwise contrasts; Kenward-Roger
degrees of freedom).

Bonferroni-adjusted contrasts showed that Soul Seeker yielded significantly more Internet
measurements than both Zombie Apocalypse (p < .001) and Scavenger Hunt (p = .001). Zombie
Apocalypse produced fewer measurements than Speed Test (p = .05). Other comparisons were not
significant (p > .05).

Simple effects analyses (Table 11) confirmed that differences were driven by Session 1 (Rural)
and Session 3 (Campus). In Session 1 (Rural), Speed Test yielded significantly more measurements
than both Zombie Apocalypse and Soul Seeker (both p < .05). In Session 3 (Campus), Soul Seeker
produced significantly more measurements than Speed Test (p = .008). By contrast, no reliable
differences were found in Session 2 (Campus) or Session 4 (Downtown). Overall, Soul Seeker
generated the highest number of Internet measurements on average, followed by Speed Test,
while Zombie Apocalypse and Scavenger Hunt yielded fewer measurements. However, given the
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significant interaction, interpretation of marginal averages should be made cautiously, as the rank
ordering of games varied by session. Full descriptive statistics (SPSS), Shapiro-Wilk test (SPSS),
and ART ANOVA (R script) are provided in the Supplementary Materials.

Correlational Analysis and Qualitative Reflections. Participants collected broadband measurements
in very different ways depending on the game structure. The Speed Test replicated the FCC app,
allowing participants to initiate tests at will. This often led to a minimal and repetitive experience,
reflected in its median of only 5.5 measurements per player and wide variance (Table 9). One
participant summarized the activity bluntly: “It was horrible. I just walked around and checked out
different internet connection measurements throughout the environment” (E1B, Speed Test). Speed
Test reduced measurement to a utilitarian task, lacking intrinsic engagement: “It wasn’t a video
game, it was a tool” (E1A, Speed Test).

The number of measurements collected during Speed Test was strongly and negatively correlated
with the order in which the game was played (p = —0.758, p = .004), indicating that participants
who encountered Speed Test later in their session took substantially fewer measurements than
those who played it earlier. In other words, when positioned after more engaging games like
Zombie Apocalypse or Soul Seeker, Speed Test suffered from reduced player effort and attention. By
contrast, games like Zombie Apocalypse and Soul Seeker embedded measurement into narrative and
role-based mechanics, turning data collection into part of the play experience. As one participant
noted:

“I feel like I was kind of in my own world a little bit more than the other games just
because I really get into the story of video games. It was kind of like immersing yourself
in the fake world that it had set up for you. But also trying to guess how the story
would end” (E1A, Soul Seeker).

Mechanics that require proximity checks, exploration, or role-play transform taking measurements
into moments of fun and competition, which may explain why Soul Seeker produced over five times
more measurements than Scavenger Hunt, and why Zombie Apocalypse, despite asymmetries in
who could measure, still generated bursts of intense data collection by scientists under pursuit.

Key Takeaways. Soul Seeker consistently drove the highest and most stable number of measure-
ments, producing over five times as many as Scavenger Hunt and significantly more than Zombie
Apocalypse. Scavenger Hunt yielded moderate and consistent counts, while Zombie Apocalypse
showed bursts of intense measurement from a single role but little activity otherwise. The Speed
Test control produced relatively few measurements and declined sharply when played later in the
session, underscoring its lack of engagement. Overall, embedding measurement into narrative,
role-based, or exploratory mechanics sustained player effort and yielded richer data than utilitarian
testing alone. However, significant Game X Session interactions highlight that both game mechanics
and geographic context shaped measurement outcomes.

6.1.2  Straight Line Distance.

Omnibus Analysis and Descriptive Statistics. We plot the distribution of straight-line distance
traveled per player per game across all sessions in Figure 8. We observe that Speed Test had the
shortest median straight-line distance (0.06 km), whereas Soul Seeker had the longest median
straight-line distance (0.30 km). Compared to Speed Test, Soul Seeker distances were nearly five
times longer on the median scale. Importantly, Speed Test exhibited the widest spread of distances
(IQR = 0.34 km), indicating more variability across players than for the other games.

Because three of the four game conditions deviated from normality, as indicated by Shapiro-Wilk
tests (Zombie Apocalypse W = .77, p = .004; Soul Seeker W = .84, p = .026; Scavenger Hunt
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Fig. 8. Distributions of the straight-line distance associated with each game.

W = .79, p = .006; Speed Test W = .89, p = .108), we analyzed straight-line distance using a
nonparametric aligned rank transform (ART) ANOVA that accommodated the mixed design. The
omnibus tests revealed a significant main effect of Game, F(3,24) = 6.87, p = .002, 1712, = .46, a
significant main effect of Session, F(3,8) = 18.63, p < .001, ryf, = .87, and a robust Game X Session
interaction, F(9,24) = 6.22, p < .001, qIZJ = .70. Both the game being played and the session
context strongly influenced the distances that participants traveled, with game effects varying
across sessions.

Pairwise comparisons averaged across sessions (Bonferroni-adjusted) showed that Speed Test
elicited significantly shorter distances than Zombie Apocalypse (p = .041), Soul Seeker (p = .001),
and Scavenger Hunt (p = .021). No reliable differences were observed among Zombie Apocalypse,
Soul Seeker, and Scavenger Hunt (all p > .10). Effect sizes for the significant contrasts were
moderate-to-large (r ~ .50-.70). However, given the significant interaction, interpretation of
marginal comparisons should be made cautiously.

Simple effects analyses within each session revealed that the pattern of differences varied
across location. In Session 1 (Rural), Speed Test distances were significantly shorter than Zombie
Apocalypse, Soul Seeker, and Scavenger Hunt (all p < .005). In Session 2 (Campus), no significant
differences emerged among games (all p = 1). In Session 3 (Campus), results closely mirrored
Session 1 (Rural): Speed Test distances were again significantly shorter than Zombie Apocalypse,
Soul Seeker, and Scavenger Hunt (all p < .05). In Session 4 (Downtown), no reliable differences were
observed. Speed Test consistently produced the shortest travel trajectories, while Soul Seeker and
Zombie Apocalypse tended to elicit longer distances, although the strength of these differences was
session-dependent. Straight line distance calculations (Python script using SciKit), Shapiro-Wilk
normality tests (SPSS), ART ANOVA computations (R script), and Bonferroni-adjusted pairwise
comparisons (R script) are provided in the supplementary materials.

Correlational Analysis and Qualitative Reflections. Straight line distance measures revealed several
significant behavioral and spatial patterns across different conditions, such as Speed Test’s distance
showing an exceptionally strong positive correlation with Speed Test’s total duration (p = 0.979,
p < 0.001). Movement unpredictability was also highly correlated with distance, as evidenced by
the strong relationship between Scavenger Hunt distance and Scavenger Hunt Distance real entropy
(p =0.965, p < 0.001), suggesting that participants who traveled greater straight-line distances also
exhibited more unpredictable and variable movement patterns. Participants’ reflections illustrate
how game mechanics drove these relationships. One described the pursuit of clues in Zombie
Apocalypse: “As a zombie, my goal was to get closer to everybody” (E2A). Another reflected on the
Scavenger Hunt:
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ART ANOVA Straight Line Distance

Effect F df dfyes p
Game 6.87 3 24 .002
Session 18.63 3 8 <.001
Game X Session  6.22 9 24 <.001
Pairwise Comparisons

Comparison Estimate SE t Padj
ZA - SS -7.33 534 -1.37 1.000
ZA - ST 15.83 534  2.96 .041
ZA - SH -1.50 534 -0.28 1.000
SS - ST 23.17 534 4.34 .001
SS - SH 5.83 534 1.09 1.000
ST - SH -17.33 534 -324 .021

23

Table 12. Straight line distance ART ANOVA and pairwise Bonferroni-adjusted results for using Type Il Wald
F tests with Kenward-Roger df.

Session E1 ‘ Session E2
Contrast  Estimate SE df t-ratio p-value ‘ Contrast  Estimate SE df t-ratio p-value
ZA - SS -6.000 8.040 24 -0.746 1.000 | ZA - SS -9.667 8.040 24 -1.203 1.000
ZA - ST -37.333  8.040 24  -4.645 <.001 | ZA -ST -2.000 8.040 24 -0.249 1.000
ZA - SH 3.333 8.040 24 0.415 1.000 | ZA - SH -7.000 8.040 24 -0.871 1.000
SS - ST -31.333 8.040 24 -3.898 .004 | SS-ST 7.667 8.040 24 0.954 1.000
SS - SH 9.333  8.040 24 1.161 1.000 | SS - SH 2.667 8.040 24 0.332 1.000
ST - SH 40.667 8.040 24 5.059 <.001 | ST-SH -5.000 8.040 24 -0.622 1.000

Session E3 ‘ Session E4
Contrast Estimate SE df t-ratio p-value ‘ Contrast Estimate SE df t-ratio p-value
ZA - SS 6.333 8.040 24 0.788 1.000 | ZA - SS -2.667 8.040 24 -0.332 1.000
ZA - ST 32.000 8.040 24 3.981 .003 | ZA - ST 0.667 8.040 24 0.083 1.000
ZA - SH -1.000 8.040 24 -0.124 1.000 | ZA - SH -3.333  8.040 24 -0415 1.000
SS - ST 25.667 8.040 24 3.193 .023 | SS-ST 3.333 8.040 24 0.415 1.000
SS - SH -7.333 8.040 24 -0.912 1.000 | SS - SH -0.667 8.040 24 -0.083 1.000
ST - SH -33.000 8.040 24 -4.105 .002 | ST -SH -4.000 8.040 24 -0.498 1.000

Table 13. Straight line distance simple game effects within session (Bonferroni-adjusted pairwise contrasts;
Kenward-Roger degrees of freedom).

“I think it was pretty interactive. It made me really like look into the things that were
in the environment. I walked around here like everyday for two years and I [pointing

at the direction of the object] didn’t even know that was there” (E1B).

Following and searching behaviors pushed players to take more varied and less predictable routes,
resulting in both increased distances and higher movement entropy. In contrast, one player sum-
marized the Speed Test as, “Walked around and checked out different internet measurements” (E2A),
capturing the shorter and more structured paths of the control condition.

Key Takeaways. Across conditions, Speed Test consistently produced the shortest travel trajecto-
ries, while Soul Seeker and Zombie Apocalypse elicited the longest routes, with Scavenger Hunt
falling in between. Soul Seeker distances were nearly five times longer than Speed Test on the
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median scale, though differences varied by session context. Longer distances were strongly tied
to session duration and movement unpredictability, reinforcing that exploratory or pursuit-based
mechanics (e.g., clue-following, chasing) pushed players into more diverse and less predictable
paths. By contrast, Speed Test’s utilitarian structure constrained movement, yielding shorter and
more repetitive routes.

6.1.3  Radius of Gyration.

Omnibus Analysis and Descriptive Statistics. We plot the distribution of the radius of gyration per
player per game across all sessions in Figure 9. Median values were small overall (reflecting tightly
bounded movement), with Speed Test yielding the shortest median radius of gyration (0.009km) and
Soul Seeker the largest (0.025km). Speed Test exhibited the widest dispersion, with an interquartile
range (IQR) of 0.045. In contrast, Zombie Apocalypse is tightly clustered near .01 km with some
outliers.

Scavenger Hunt RoG d] —
Soul Seeker RoG ¢ | p—9
Zombie Apocalypse RoG ¢-oq | b ®
Speed Test (Control) RoG [gf | | |
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07

Kilometers #

Fig. 9. Distributions of radius of gyration associated with each game

Because three of the four game conditions deviated from normality, as indicated by Shapiro-
Wilk tests (Zombie Apocalypse W = .74, p = .002; Soul Seeker W = .88, p = .087; Scavenger
Hunt W = .723, p = .001; Speed Test W = .73, p = .002), we analyzed radius of gyration using a
nonparametric aligned rank transform (ART) ANOVA that accommodated the mixed design. The
omnibus tests revealed a significant main effect of Game, F(3,24) = 11.31, p < .001, nf, =.59a
significant main effect of Session, F(3, 8) = 20.83, p < .001, 1712, = .89, and a robust Game X Session
interaction, F(9,24) = 13.69, p < .001, 1712, = .84. Both the game being played and the session
context strongly influenced participants’ dispersion of movement, with game effects varying across
sessions.

Pairwise comparisons averaged across sessions (Bonferroni-adjusted) showed that Soul Seeker
elicited significantly higher gyration than Zombie Apocalypse (p = .011), while Scavenger Hunt
elicited significantly higher gyration than both Speed Test (p = .002) and Zombie Apocalypse
(p < .001). No reliable differences were observed between Speed Test and Soul Seeker (p > .10).
Effect sizes for these contrasts were large (r ~.60-.85). However, given the significant interaction,
interpretation of marginal averages should be made cautiously.

Simple effects analyses confirmed session-dependent patterns. In Session 1 (Rural), Speed Test
produced significantly higher gyration than Zombie Apocalypse and Soul Seeker, while Scavenger
Hunt was higher than Soul Seeker but lower than Speed Test (all p < .05). In Session 2 (Campus), only
the Scavenger Hunt vs. Speed Test contrast reached significance (p = .031). In Session E3, all three
main games showed significantly greater gyration than Speed Test (Speed Test p < .001; Soul Seeker
p = .004; Scavenger Hunt p < .001). No other comparisons were significant. Radius of gyration
(Python script using ScyKit), Shapiro-Wilk normality tests (SPSS), ART ANOVA computations (R
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ART ANOVA Radius of Gyration

Effect F df dfyes p
Game 11.31 3 24 <.001
Session 20.83 3 8 <.001
Game X Session  13.69 9 24 <.001
Pairwise Comparisons

Comparison Estimate SE t Padj
ZA - SS -16.20 4.65 -3.50 .011
ZA - ST -4.50 4.65 -0.97 1.000
ZA - SH -24.20 4.65 -5.22 <001
SS - ST 11.80 4.65 2.53 0.110
SS - SH -8.00 4.65 -1.72  0.587
ST - SH -19.80 4.65 -4.25 .002

Table 14. Omnibus and pairwise Bonferroni-adjusted ART ANOVA results for radius of gyration using Type Il
Wald F tests with Kenward-Roger df.

Session E1 ‘ Session E2

Contrast  Estimate SE df t-ratio p-value ‘ Contrast  Estimate SE df t-ratio p-value

ZA - SS -18.67 6.07 24 -3.077 .031 | ZA-SS -5.00 6.07 24 -0.824 1.000

ZA - ST -39.00 6.07 24 -6.430 <.001 | ZA - ST 733 6.07 24 1.209 1.000

ZA - SH 3.00 6.07 24 0.495 1.000 | ZA - SH -11.33 6.07 24 -1.868 0.444

SS - ST -20.33  6.07 24 -3.352 .016 | SS-ST 1233 6.07 24 2.033 0.319

SS - SH 21.67 6.07 24 3.572 .009 | SS-SH -6.33 6.07 24 -1.044 1.000

ST - SH 42.00 6.07 24 6.924 <.001 | ST -SH -18.67 6.07 24 -3.077 .031
Session E3 Session E4

Contrast  Estimate SE df t-ratio p-value | Contrast Estimate SE df t-ratio p-value

ZA - SS 10.00 6.07 24 1.649 0.674 | ZA - SS 433  6.07 24 0.714 1.000
ZA - ST 33.67 6.07 24 5.550 <.001 | ZA-ST 20.00 6.07 24 3.297 .018
ZA - SH -433 607 24 -0.714 1.000 | ZA -SH 933 6.07 24 1.539 0.822
SS - ST 23.67 6.07 24 3.902 .004 | SS-ST 15.67 6.07 24 2.583 0.098
SS - SH -1433  6.07 24  -2.363 0.159 | SS-SH 5.00 6.07 24 0.824 1.000
ST - SH -38.00 6.07 24  -6.265 <.001 | ST-SH -10.67 6.07 24 -1.759 0.548

Table 15. Radius of gyration simple game effects within session (Bonferroni-adjusted pairwise contrasts;
Kenward-Roger degrees of freedom).

script), and Bonferroni-adjusted pairwise comparisons (R script) are provided in the supplementary
materials.

Correlational Analysis and Qualitative Reflections. As expected, radius of gyration correlates
strongly with distance traveled, (p = 0.993, p < 0.001), random entropy (p = 0.921, p < 0.001) and
total time (p = 0.965, p < 0.001), as evidenced by Speed Test. Interestingly, radius of gyration also
showed a strong positive correlation with Likert results about connection to environment (p = 0.869,
p < 0.001). Participant reflections reveal how different games shaped movement spread. In Zombie
Apocalypse, one participant explained, “For me, It felt like a game of tag from my perspective” (E2A)
and the scientist player recalled, “I have to pay attention to my phone and where it’s buzzing and
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where I have to go. But I always had to keep an eye out for those two [zombies]” (E4C), showing how
evasion and pursuit mechanics stretched trajectories across the play space.

Key Takeaways. Radius of gyration results showed that movement dispersion was strongly shaped
by both game mechanics and session context. Soul Seeker and Scavenger Hunt generally elicited
broader dispersal than Zombie Apocalypse, while Speed Test produced the smallest median gyration
but with the widest variability. Session-level effects were substantial, with contrasts flipping across
rural, campus, and downtown contexts. Importantly, larger gyration values were strongly associated
with longer sessions, greater movement unpredictability, and stronger reported connection to the
environment. Narrative, exploratory, and pursuit mechanics stretch players’ spatial ranges, while
utilitarian tasks constrain movement to smaller, more repetitive areas.

6.1.4 Random Entropy.

Omnibus Analysis and Descriptive Statistics. Across sessions, random entropy (Table 10) totals
showed that Soul Seeker had the highest overall value (M = 7.55, o = 0.46), followed by Zombie
Apocalypse (M = 6.89, ¢ = 0.38) and Scavenger Hunt (M = 6.44, ¢ = 0.61), while Speed Test
produced the lowest random entropy (M = 4.65, ¢ = 1.60), indicating much greater variability and
reduced randomness compared to the other games.

Scavenger Hunt Rand Entropy M I H
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Fig. 10. Distributions of the random entropy associated with the control and each game.

Because none of the four game conditions deviated from normality, as indicated by Shapiro-Wilk
tests (Zombie Apocalypse W = .97, p = .85; Soul Seeker W = .93, p = .39; Scavenger Hunt W = .94,
p =.49; Speed Test W = .89, p = .13), we analyzed random entropy using a two-way mixed-design
ANOVA (Table 16). Multivariate tests revealed a highly significant main effect of Game, Pillai’s
Trace = .99, F(3,6) = 315.77, p < .001, r]f, =.99, as well as a significant Game X Session interaction,
Pillai’s Trace = 1.84, F(9,24) = 4.25, p = .002, 77?, = .61. Univariate within-subjects tests confirmed
a robust main effect of Game, F(3,24) = 177.70, p < .001, ryf, = .96, and a strong Game X Session
interaction, F(9,24) = 31.49, p < .001, qf, = .92. Between-subjects effects indicated a significant
main effect of Session, F(3,8) = 5.36, p = .026, 1712, = .67.

Post hoc Bonferroni-adjusted pairwise comparisons showed that Speed Test entropy (M = 4.65
bits, 95% CI [4.34, 4.97]) was significantly lower than all other games (all p < .001). Soul Seeker
(M =17.55,95% CI [7.35, 7.74]) was significantly higher than both Zombie Apocalypse (M = 6.89,
95% CI [6.74, 7.04], p = .005) and Scavenger Hunt (M = 6.44, 95% CI [6.19, 6.68], p < .001). In
contrast, Zombie Apocalypse and Scavenger Hunt did not differ significantly from one another
(p = .116). Random entropy (Python script using ScyKit), Shapiro-Wilk normality tests (SPSS),
Mauchly’s test of sphericity (SPSS), mixed-design ANOVA (SPSS), and Bonferroni-adjusted pairwise
comparisons (SPSS), are provided in the supplementary materials.

Correlational Analysis and Qualitative Reflections. Spatial dispersion measures showed robust
associations with random entropy, as evidenced by the strong positive correlation between Speed
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Mixed ANOVA Random Entropy

2
Effect F df P My
Game 315.77 (36) <001 .99
Session 5.36 (3,8) .026 .67
Game X Session  4.25 (9,24) <.002 .61
Pairwise Comparisons

Comparison Estimate SE Dadj

ZA - SS -0.65 0.12 .005

ZA - ST 2.24 0.18 <.001

ZA - SH 0.46 0.16 116

SS - ST 2.89 0.10 <.001

SS - SH 1.11 0.08 <.001

ST - SH -1.78 0.12 <.001

Table 16. Mixed ANOVA and Bonferroni-adjusted pairwise comparisons for random entropy.

Session E1 ‘ Session E2
Contrast  Estimate SE  p-value ‘ Contrast  Estimate SE  p-value
ZA -SS -0.833  0.247 .059 | ZA-SS 0.098  0.247 1.000
ZA - ST 0.061 0.360 1.000 | ZA - ST 1.517  0.360 .018
ZA - SH 0.906  0.313 120 | ZA-SH 0.804 0.313 199
SS - ST 0.894 0.203 014 | SS-ST 1.419 0.203 <.001
SS - SH 1739 0.151 <.001 | SS-SH 0.707  0.151 .010
ST - SH 0.845 0.249 .057 | ST - SH -0.712  0.249 127

Session E3 ‘ Session E4
Contrast  Estimate SE  p-value ‘ Contrast  Estimate SE  p-value
ZA - SS -0.839  0.247 .057 | ZA -SS -1.034  0.247 .018
ZA - ST 4.061  0.360 <.001 | ZA-ST 3.320  0.360 <.001
ZA - SH 0.139 0.313 1.000 | ZA -SH -0.023  0.313 1.000
SS - ST 4.900 0.203 <.001 | SS-ST 4.354  0.203 <.001
SS - SH 0.978  0.151 .001 | SS-SH 1.010  0.151 <.001
ST - SH -3.922  0.249 <.001 | ST-SH -3.344  0.249 <.001

Table 17. Random entropy simple game effects within session (Bonferroni-adjusted pairwise contrasts).

Test random entropy and gyration (p = 0.921, p < 0.001), suggesting that more dispersed movement
patterns aligned with higher theoretical randomness. This result is supported by a strong correlation
in Speed Test between random entropy and number of broadband measurements taken (p = 0.896,
p < 0.001). Random entropy demonstrated strong negative relationships with task ordering, as
Speed Test random entropy was negatively correlated with Speed Test game order played (p =
—0.898, p < 0.001). Additionally, cross-entropy relationships emerged, with Zombie Apocalypse’s
random entropy showing strong positive correlations with both real entropy (p = 0.895, p < 0.001)
and uncorrelated entropy (p = 0.832, p < 0.001), revealing systematic relationships between
baseline theoretical randomness and actual movement entropy measures. Participant quotes reveal
insights into why some movement patterns are predictable while others are not: “Honestly for me I
kind of went solo. I did not really pay attention to what the other zombie was doing. I was just trying
to get the scientist” (E1C, Zombie Apocalypse).
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Key Takeaways. Random entropy was highest for Soul Seeker, indicating the most unpredictable
movement patterns, and lowest for Speed Test, which produced shorter, more repetitive routes. Both
Zombie Apocalypse and Scavenger Hunt fell in between, with no significant difference between
them. Entropy strongly correlated with broader spatial dispersal and higher measurement counts,
suggesting that games encouraging exploration or pursuit led to more varied and less predictable
paths. Speed Test entropy decreased sharply when played later in the session, underscoring how
utilitarian mechanics were more vulnerable to fatigue and disengagement. In contrast, narrative- or
role-based mechanics sustained unpredictability by embedding randomness into the play experience.

6.1.5 Real Entropy.

Omnibus Analysis and Descriptive Statistics. Across sessions, Soul Seeker exhibited the highest
overall real entropy (M = 6.40 bits, SD = 0.70). Scavenger Hunt (M = 6.10, SD = 0.76) and Zombie
Apocalypse (M = 6.00, SD = 0.97) were similarly high. In contrast, Speed Test displayed the lowest
and most variable entropy (M = 4.40, SD = 1.71).
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Fig. 11. Distributions of the real entropy associated with the control and each game.

Because none of the four game conditions deviated from normality, as indicated by Shapiro-
Wilk tests (Zombie Apocalypse W = .93, p = .37; Soul Seeker W = .91, p = .19; Scavenger Hunt
W = .96, p = .80; Speed Test W = .90, p = .16), we analyzed real entropy using a two-way
mixed-design ANOVA. Multivariate tests revealed a significant main effect of Game, Pillai’s Trace
=.96, F(3,6) = 42.34, p < .001, 1712, = .96, and a significant Game X Session interaction, Pillai’s Trace
= 1.43, F(9,24) = 2.41, p = .041, 77?, = .48. Univariate within-subjects tests confirmed a strong
main effect of Game, F(3,24) =31.98, p < .001, ryz = .80, and a robust Game X Session interaction,
F(9,24) =13.64, p < .001, 17, = .84.

Between-subjects effects further indicated a reliable main effect of Session, F(3,8) = 14.13,
p =.001, ’7;2; = .84. Post hoc pairwise comparisons (Bonferroni-adjusted) showed that Speed Test
had significantly lower real entropy than all other games (all p < .001), whereas Zombie Apocalypse,
Soul Seeker, and Scavenger Hunt did not significantly differ from one another. Estimated marginal
means indicated that Soul Seeker (M = 6.40 bits, 95% CI [5.93, 6.86]) and Scavenger Hunt (M = 6.10,
95% CI [5.76, 6.44]) were consistently high, Zombie Apocalypse was moderately high (M = 6.00,
95% CI [5.78, 6.21]), and Speed Test was markedly lower (M = 4.40, 95% CI [4.07, 4.74]). Real entropy
(Python script using ScyKit), Shapiro-Wilk normality tests (SPSS), Mauchly’s test of sphericity
(SPSS), mixed-design ANOVA (SPSS), and Bonferroni-adjusted pairwise comparisons (SPSS), are
provided in the supplementary materials.

Correlational Analysis and Qualitative Reflections. Movement unpredictability was strongly linked
to spatial dispersion, as demonstrated by the robust positive correlation between Scavenger Hunt
real entropy and distance (p = 0.965, p < 0.001). Real entropy in Speed Test was strongly associated
with social duration (p = 0.892, p < 0.001). In Zombie Apocalypse, real entropy demonstrated a
strong positive correlation with uncorrelated entropy (p = 0.972, p < 0.001), revealing consistency



NetGauge Games Platform: Connecting People and Place while Crowdsourcing Broadband Measurements 29

Mixed ANOVA Real Entropy

2
Effect F df P My
Game 31.98 (3,24) <001 .80
Session 14.13 (3,8) .001 .84
Game X Session  13.64 (9,24) <.001 .84
Pairwise Comparisons

Comparison Estimate SE Dadj

ZA - SS -0.40 0.22 .643

ZA - ST 1.59 0.19 <.001

ZA - SH -0.11 0.20 1.000

SS - ST 1.99 0.28 <.001

SS - SH 0.29 0.28 1.000

ST - SH -1.70 0.14 <.001

Table 18. Mixed ANOVA and Bonferroni-adjusted pairwise comparisons for real entropy.

Session E1 ‘ Session E2
Contrast  Estimate SE  p-value ‘ Contrast  Estimate SE  p-value
ZA -SS -1.108  0.440 215 | ZA-SS 0.156  0.440 1.000
ZA - ST -1.583 0.384 020 | ZA-ST 1.207 0.384 .083
ZA - SH -0.401  0.397 1.000 | ZA -SH 0.323  0.397 1.000
SS - ST -0.475 0.561 1.000 | SS - ST 1.051 0.561 587
SS - SH 0.707  0.560 1.000 | SS-SH 0.168  0.560 1.000
ST - SH 1.182  0.282 .018 | ST - SH -0.883  0.282 .084

Session E3 ‘ Session E4
Contrast  Estimate SE  p-value ‘ Contrast  Estimate SE  p-value
ZA - SS 0.138  0.440 1.000 | ZA -SS -0.781  0.440 .681
ZA - ST 4213 0.384 <.001 | ZA-ST 2.533  0.384 .001
ZA - SH 0.165 0.397 1.000 | ZA -SH -0.508  0.397 1.000
SS - ST 4.075 0.561 <.001 | SS-ST 3314 0.561 .002
SS - SH 0.027  0.560 1.000 | SS-SH 0.273  0.560 1.000
ST - SH -4.049 0.282 <.001 | ST - SH -3.041  0.282 <.001

Table 19. Real entropy simple game effects within session (Bonferroni-adjusted pairwise contrasts).

between different entropy measures and movement patterns. Quotes show how mechanics gener-
ated cycles of movement. In Zombie Apocalypse, one player described, “The phone is vibrating and
it tells me when I'm close” (E2C), pointing to system feedback that guided repeated visits. Another
emphasized, “It made me walk around to different spaces in the area” (E2A), capturing how the game
scaffolded cyclical exploration.

Key Takeaways. Real entropy was significantly higher in Soul Seeker, Scavenger Hunt, and
Zombie Apocalypse compared to Speed Test, which produced the lowest and most variable un-
predictability. Differences among the three narrative-driven games were small, indicating that
each supported similarly complex and non-repetitive movement patterns. Session context shaped
these outcomes, with contrasts shifting depending on location. Strong correlations between real
entropy, spatial dispersion, and session duration further support how exploratory and pursuit
mechanics generated cyclical yet unpredictable movement, while Speed Test constrained players
to more repetitive paths. Participant reflections highlight how system feedback and task design
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in games like Zombie Apocalypse sustained ongoing, varied exploration. Together with random
entropy, the real entropy results show that narrative and role-based games sustained higher and
more unpredictable movement patterns than Speed Test, reinforcing that unpredictability in play
emerges both in theoretical randomness and in actual movement behaviors.

6.1.6  Area Coverage. Using GPS coordinates we collected during play sessions, we plotted the area
coverage afforded by each game in each session (E1-E4) by the players in aggregate in Figure 12.
To best represent how the games encourage players to move with their phones around an area the
size of an H3 resolution 7 area’, we calculated coverage against a 700m? area partitioned by 5m?
squares, which is the horizontal area at which GPS is accurate under open sky3. Thus, in Figure 12,
each blue square in a subplot represents a 5m? space where at least one player during a session
moved through during a session. In general, the players covered more area when engaging with the
games than with the Speed Test experience. The exception to this trend was E1, which took place
in a rural place that was unfamiliar to most participants and Speed Test was the first game that was
played during the session. To illustrate how each locations’ geography shaped player movement
for each game, we provide maps of each player’s movement paths in Figures 13-16.

We observed the highest median coverage values across all games in E2 and E3 which both
took place in the campus environment and represented spaces that participants were typically
the most familiar with (0.33% and 0.62%, respectively). We observed the highest median coverage
value for the Soul Seeker game with a median coverage of 0.37%. This complements other mobility
assessments of the games, where Soul Seeker also offered the greatest median values for straight
line distance and radius of gyration.

Key Takeaways. Across sessions, games generally expanded spatial coverage well beyond the
Speed Test control, with a clear exception in E1 (rural, unfamiliar, and played first) where the
control covered comparatively more. Campus sessions (E2-E3) yielded the highest median coverage
(> 0.33% and = 0.62%), reflecting participants’ familiarity with the setting. Soul Seeker produced the
highest median coverage across games (x 0.37%), aligning with its leading medians for straight-line
distance and radius of gyration. The grid maps illustrate how geography and mechanics co-produce
coverage: pursuit and clue-following dispersed players broadly, while device-centric, utilitarian
play concentrated movement into smaller pockets.

“The area at which mobile broadband measurements can be used to challenge the FCC National Broadband Map.
Shttps://www.gps.gov/systems/gps/performance/accuracy/
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(a) Speed Test Control (Played 1st)

(c) Zombie Apocalypse (Played 3rd) (d) Scavenger Hunt (Played 4th)

Fig. 13. Session E1 map depicting how players move and around the geographical area for each game (a,b,c,d).
Each color is a player, dot is a GPS coordinate, and dots are connected via timestamp to show paths.
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(b) Zombie Apocalypse (Played 2nd)
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(c) Soul Seeker (Played 3rd) (d) Speed Test Control (Played 4th)

Fig. 14. Session E2 map depicting how players move around the geographical area for each game (a,b,c,d).
Each color is a player, dot is a GPS coordinate, and dots are connected via timestamp to show paths.
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(b) Speed Test Control (Played 2nd)

(c) Scavenger Hunt (Played 3rd) (d) Soul Seeker (Played 4th)

Fig. 15. Session E3 map depicting how players move within the geographical area for each game (a,b,c,d).
Each color is a player, dot is a GPS coordinate, and dots are connected via timestamp to show paths.

s / y
(a) SOl;/l Seeker‘(PIayed 1st) (b) Scave;ger Hurjf (Played 2nd)
| (c) Speed '}est Control (Played 3rd) (d) Zombi;Apocalypse (Played 4th)

Fig. 16. Session E4 map depicting how players move within the geographical area for each game (a,b,c,d).
Each color is a player, dot is a GPS coordinate, and dots are connected via timestamp to show paths.
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6.2 Community among players and environment (RQ2)

To answer RQ2 about how well NetGauge Games impacted players’ connection to each other and
to space, we begin by reporting the overall outcomes of our video coding (Section 6.2.1), which
provides thematic insight into how players interact with the environment, technology, and other
people. Then, we discuss results specific to players’ connections to each other, and how game
affordances impacted these in Section 6.2.2. Next, we discuss results specific to player’s connection
with space, and how game affordances impacted these in Section 6.2.3. We discuss the implications
of these results in Section 7.2.
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Fig. 17. Overview of video coding

6.2.1 Video Coding. Figure 17 provides an overview of coded video interactions across all four
games, segmented by environment, people, and technology themes. Below, we describe the thematic
analysis of each game and include game-specific video coding figures that are more fine-grained
and colorblind friendly.

Scavenger Hunt. The video coding in Figure 18 shows Scavenger Hunt as an outward-facing,
place-seeking activity: long stretches of Interact with Environment punctuated by brief glances to
the device to confirm clue progress, with little Interact with Others. This rhythm matches the game’s
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Fig. 18. Overview of Scavenger Hunt video coding

clue-following loop—heads-up scanning and walking dominate, while phone use is instrumental
rather than focal. Longer sessions tracked stronger place connection, suggesting that time spent
hunting translated into situated noticing (p = .730, p = .0255 ). Participants’ accounts mirror these
coded patterns of environmental attention and low peer interaction:

“Even if the place is very familiar, it was really hard for me to find out the things
and all, and it was actually very interesting to find out what exactly and all, and this
game makes the place even more familiar for me to understand, and it’s actually very
interesting.” (E4A).

“There wasn’t any, like, connection. I just played it by myself” (E4B).
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Fig. 19. Overview of Soul Seeker video coding

Soul Seeker. In Soul Seeker, the coding in Figure 19 indicates a device-centered, introspective
pacing: prolonged Interact with Technology for reading and making choices, with comparatively
sparse Interact with Others; Interact with Environment appears as wayfinding driven by the fiction
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rather than by inspecting physical affordances. Quantitatively, Soul Seeker time using technology
strongly tracked session length, consistent with reading-heavy and choice-heavy play (p = .839,
p < .001). As a complementary (cross-task) indicator of the solo tenor of Soul Seeker, players’ social
connection ratings aligned with how they felt in the also-solitary control, Speed Test (p = .719,
p =.019). Participants’ language emphasizes immersion in on-screen content and attention tethered
to the device:

“The distraction part really comes down to like, you’re reading a lot of text and you are
not paying attention to your surroundings. Cause like the one thing I noticed was when
we were over there, there was like two people waiting. I didn’t even notice” (E3A).

Noticing the solitary nature of Soul Seeker, one participant suggested ways to make the game more
social:

“I think it would be cool if there was an option to play as a team. Where, like in D&D,
your goal is to do something with your team. So we could all be finding our spearate
soul fragements and at the end, depending on what everybody else chose....and because
everyone has their own mini-tasks to do, we don’t have to rely too much on others to
figure out where we are going and it would be a little more interesting and then I'd be
like “okay this is my story and I can figure out where I'm going” (E3B).
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Technology  Direction | |
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E2  Environment Exploration . 1
Searching 1
People Debrief [ ]
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Fig. 20. Overview of Zombie Apocalypse video coding

Zombie Apocalypse. Zombie Apocalypse’s video coding in Figure 20 reveals tight coupling
between embodied chase (frequent Interact with Environment) and moment-to-moment social
awareness (Interact with Others), with the device acting as a tactical aid (bursts of Interact with
Technology for scans or status). Time in environment was positively associated with players’ felt
social connection (p = .825, p = .006), consistent with head-up searching, hiding, and coordinating
in sight of others. Players described vigilant scanning for others and strategic movement:

“Tavoided them like the plague. As the person who was the scientist, I tried to make sure
that I was outside of a certain range, weaving between them to make sure. I did not
know if they had to physically touch me or if they just had to try to attack me (E1A)”
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“As a zombie, my goal is to kind of like getting closer to everybody...closing the radius
towards the scientist” (E1B).
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Fig. 21. Overview of Speed Test video coding

Speed Test. Speed Test’s video coding in Figure 21 exhibits the most technology-forward pro-
file: extended Interact with Technology while standing still or walking short segments, minimal
Interact with Others, and functional Interact with Environment tied to finding test spots rather
than discovering features. In line with that, time spent engaging the physical space was utilitarian
and tightly coupled to the measurement task: Time in environment correlated with number of
measurements (p = .876, p > .001). Participants framed the experience as a precise, tool-like routine
with occasional informational payoff:

“I thought it was pretty informative to see the different download and upload speeds
compared in different locations” (E2A).

“The UI was kind of basic. I wouldn’t say it really was a game. It didn’t really feel like
a game to me, so that’s my only complaint” (E3A).

B Interact with People Interact with Environment B Interact with Tech

Speed Test 528.53 391.02

1,089.12 627.56

Scavenger Hunt

Soul Seeker 2,837.90
Zombie Apocalypse 923.99 1,069.70
0% 25% 50% 75%

Fig. 22. Aggregate percentage of time spent interacting with people, environment, and technology across
each game. We report aggregate duration in seconds within each bar.

Game Affordances and Aggregate Thematic Analysis. Across all games, aggregate durations further
emphasize how each design distributed attention across people, environment, and technology
(Figure 22). Scavenger Hunt and Soul Seeker yielded the longest overall sessions, but in different
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ways: Scavenger Hunt balanced substantial environment interaction (1,089s) with steady peer
discussion (1,802s), while Soul Seeker shifted that time heavily into device-based story play (2,838s).
Zombie Apocalypse showed the most social intensity, with over 1,600s coded as interaction with
others, coupled with roughly equal distribution of environment (924s) and technology (1,070s). By
contrast, Speed Test was shortest and most utilitarian, with limited people interaction (921s) and
environment engagement (529s) compared to its sustained measurement use of technology (391s).

Key Takeaways. Video coding highlights how each game’s mechanics distinctly shaped patterns
of attention and interaction. Scavenger Hunt emphasized environmental exploration with light
device use and limited peer exchange. Soul Seeker was device-centered, dominated by reading and
narrative choices, with minimal social engagement. Zombie Apocalypse uniquely blended embodied
searching with frequent social awareness and collaboration, balancing device cues with active
pursuit. Speed Test was the most utilitarian, characterized by repetitive device-based measurement
and little sustained connection to others or the environment. Aggregate durations confirm these
contrasts: Soul Seeker maximized technology engagement, Zombie Apocalypse foregrounded social
play, Scavenger Hunt emphasized environment, and Speed Test minimized all three.

6.2.2 Connection to Other Players.

Omnibus Analysis and Descriptive Statistics. Participants’ self-reported feelings of social connec-
tion varied widely across the four games, as shown in Figure 23. Most responses to the Speed Test
control clustered at the lowest categories (“not connected at all”), yielding an average score of 1.4.
Soul Seeker also trended toward weak social connection, with an average of 1.8 and many partici-
pants selecting low values despite some neutral or connected ratings. Scavenger Hunt occupied a
more intermediate position, with responses spread across the scale and an average of 2.7, reflecting
occasional collaboration but mostly individual searching. Zombie Apocalypse stood apart: nearly
all participants reported feeling connected or very connected to others, producing an average of 4.7.
These contrasting distributions set the stage for formal ranking analysis and underscore how game
mechanics directly shaped whether players experienced the session as a shared social activity or as
a largely solitary task.

Because all four games’ ranking data deviated from normality, as indicated by Shapiro-Wilk
tests (Zombie Apocalypse W = .327, p < .001; Speed Test W = .465, p < .001; Scavenger Hunt
W =.754, p = .003; Soul Seeker W = .828, p = .020), and the discrete, ordinal nature of preference
rankings, the Plackett-Luce model was selected. The Plackett-Luce analysis revealed substantial
differences in game preferences for social connection. Table 20 presents the overall worth estimates,
which sum to 1.0 and represent relative preference strengths. Zombie Apocalypse demonstrated
overwhelming preference, accounting for 89.5% of total preference weight. The remaining games
received substantially lower preferences: Speed Test (7.8%), Scavenger Hunt (2.1%), and Soul Seeker
(0.6%). Worth estimates by location are presented in Table 21, but location did not have a significant
impact or interaction on ranking.

Correlational Analysis and Qualitative Reflections. Correlational analyses show that social connec-
tion was supported differently across the games. In Scavenger Hunt, connection to others increased
with more time spent engaging the environment (p = .940, p < .001). In Speed Test, reported
social connection was associated with total time (p = .661, p = .027). Zombie Apocalypse showed
connection to others was positively linked to time coded as environmental searching (p = .825,
p = .006). In Soul Seeker, connection to others tracked with uncorrelated entropy (p = .651,
p = .041). Participant interviews revealed many insights related to the degree of connection to
others afforded by each game. For Scavenger Hunt, there were mixed reactions based on whether
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[ Not connected at all [] Not connected [] Neutral ["] Connected [ Very connected
Avg. Score #
1 2 3 4 5

Speed Test (Control): 1 1
Scavenger Hunt: - 2 <2.7 > 3 1 .
Soul Seeker: 1 2 1

100%  80% 60% 40% 20% 0% 20% 40% 60% 80%  100%

Proportion of Responses #

Fig. 23. Likert survey responses to “How connected did this game make you feel to other players?”. Graph
uses dual axis where proportions of responses are shown centered at neutral with raw counts within each
proportion and average score in gray circles. Not all participants answered all questions (e.g., Speed Test had
11/12 participants respond).
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Scavenger Hunt - 8 | 3 |

Speed Test (Control)
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Fig. 24. Player rankings for each game across social dimension, sorted by overall ranking.

or not participants viewed the game as a solo challenge or a competition, which is left intentionally
ambiguous:

“There was no connection at all...it was individual playing kind of thing. They were
working on their [phone] and I was playing on my own [phone].”(E4A).

“I'was trying to be hyper alert where they were at all times.  wanted so bad to win.”(E1A).

For Soul Seeker, there was unanimous agreement that it was not a very socially connected game
beyond looking to where others are finding the soul fragments or comparing the endings everyone
got:

“I didn’t really see any interaction. I was more invested into my own story. The only
interaction I would say we have is finding out each other’s endings.”(E3A).

“"The first two times, I was on my own, but by the third time I already had it in my
mind that maybe I need to go in that particular direction because I could see the other
players going in that direction, so I just felt like I know where I should go even before
the played the game" (E3C).
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Overall Game Worth Estimates

Game Worth

ZA 0.895

ST 0.078

SH 0.021

SS 0.006

Plackett-Luce Model Comparisons

Model Comparison LR df dfres P
Game x Location vs Overall  0.000 0 - 1.000
Stratified vs Pooled 7.918 9 - 0.542

Overall Pairwise Comparisons (Holm-adjusted)

Contrast Log-Worth Diff SE z Dadj
ZA - SS 5.08 1.09 4.66 <.001
ZA - SH 3.74 0995 376 <.001
SS - ST -2.64 0.786 -3.37 .003
ZA - ST 2.44 1.04 234 .057
SS - SH -1.34 0.726  -1.84 .086
ST - SH 1.31 0.646  2.02 .086

Table 20. Game worth estimates, model comparisons, and Holm-adjusted pairwise contrasts for social
connection rankings.

Location 1 ‘ Location 2
Contrast Log-Worth Diff ~ SE z P Padj ‘ Contrast Log-Worth Diff ~ SE z P Padj
ZA - SS 3.75 1.84 2.04 0.041 0.247 | ZA-SS 394 186 2.12  0.034 0.170
ZA - ST 0.99 1.23 0.80 0.424 0.849 | ZA-ST 1.96 2.06 0.95 0.341 0.683
ZA - SH 1.58 1.23 1.29 0.198 0.790 | ZA-SH 446 1.92 232 0.020 0.121
SS - ST -2.76 176 -1.57 0.116 0.581 | SS-ST -1.98 139 -142 0.154 0.463
SS - SH -2.17 176 -1.23 0218 0.790 | SS-SH 052 1.17 045 0.656 0.683
ST - SH 0.60 1.11 0.54 0.590 0.849 | ST - SH 2.50 1.47 1.70  0.090 0.358

Location 3 ‘ Location 4
Contrast Log-Worth Diff ~ SE z P Dadj ‘ Contrast Log-Worth Diff ~ SE z P Dadj
ZA - SS 496 221 225 0.025 0.148 | ZA-SS 481 2.14 2.24  0.025 0.149
ZA - ST 233 177 132 0.187 0.562 | ZA-ST 2.62  2.00 1.31 0.190 0.569
ZA - SH 279 176 1.59 0.112 0.561 | ZA-SH 338 1.96 1.73 0.084 0.421
SS - ST -2.63 172 -1.53 0.127 0.561 | SS-ST -2.18 145 -1.50 0.133 0.531
SS - SH -2.17 171 -1.26 0.206 0.562 | SS-SH -1.43 140 -1.02 0.307 0.614
ST - SH 046 109 043 0.670 0.670 | ST - SH 076 117  0.65 0515 0.614

Table 21. Game preference contrasts within each location (Holm-adjusted pairwise comparisons on log-worth
scale).

For Zombie Apocalypse, multiplayer affordances were explicitly included in the instructions,
and the mechanics forced players to be aware of each other and interact as well as make strategic
choices about when to use different power-ups:

“It was very connecting because I have to see whoever is near or the way the scientist is
going and all. And that was actually a very good connection with them.”(E4A).

“I also like looked for the other people...Like if he’s there and I'm there I can probably like
hit the scientist, so I make sure I have the strength power instead of like the speed.”(E4B).
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For Speed Test, participants did not interact with each other:
“I feel like most of the time you’re spent looking at your phone trying to press the button
to collect the data. If we could have a clicker, that way it’ll work wirelessly for the phone.
So we don’t have to continue to look at our phone. We can just click a button.”(E3A).

Key Takaways. Zombie Apocalypse was the only game that consistently fostered strong feelings
of social connection, with players reporting high awareness, collaboration, and strategic interaction.
Scavenger Hunt produced mixed experiences—some players treated it as an individual challenge
while others engaged competitively. Soul Seeker emphasized personal storytelling and thus offered
minimal social connection beyond comparing outcomes. Speed Test elicited the lowest connection,
as participants were largely absorbed in individual data collection. Overall, social connection
outcomes aligned directly with whether multiplayer affordances were intentionally built into the
game design. In contrast with utilitarian outcomes related to RQ1 (Section 6.1), there was not a
significant interaction between Session and Game, which is interesting because it suggests that both
context and game affordances matter for utilitarian outcomes, but only game affordances matter
for fostering connection to others.

6.2.3 Connection to Space.

Omnibus Analysis and Descriptive Statistics. Participants’ reported sense of connection to the
physical environment also varied across games, as shown in Figure 25. Speed Test again scored
lowest, with most responses falling in the “not connected at all” or “not connected” categories
and an average of 2.5. Soul Seeker produced slightly higher ratings (average = 3.0), with many
participants neutral and a few noting moments of attentiveness despite the story-heavy design.
In contrast, both Scavenger Hunt and Zombie Apocalypse were rated highly for environmental
connection, each averaging 4.3.

[ Not connected at all [”] Not connected [] Neutral ["] Connected [ Very connected
Avg. Score #
1 2 3 4 5

Speed Test (Control) 5 < 25 > 3 2 1
Scavenger Hunt 6 < 4.3 > 3
Soul Seeker 2 7 < 3.0 > 1

Zombie Apocalypse 1 4 < 43 > 4

100% 80% 60% 40% 20% 0% 20% 40% 60% 80% 100%
Proportion of Responses A

Fig. 25. Likert survey responses to “How connected did this game make you feel to the spatial environment?”.
Graph uses dual axis where proportions of responses are shown centered at neutral with raw counts within
each proportion and average score in gray circles. Not all participants answered all questions (e.g., Speed Test
had 11/12 participants respond).

Because all four games’ ranking data deviated from normality, as indicated by Shapiro-Wilk tests
(Zombie Apocalypse W = .809, p < .012; Speed Test W = .731, p < .002; Scavenger Hunt W = .552,
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Score [ Best [ second O Third @ worst
Scavenger Hunt: 9 | 3 ‘
Zombie Apocalypse: 2 | 7 | 3 ‘
Soul Seeker: 1 [ 6 5 ‘
Speed Test (Control): 1 I 1 | 3 7 ‘
1

0 2 3 4 5 6 7 8 9 10 1" 12

Count of Ranking Score »#
Fig. 26. Player rankings for each game across environmental dimension, sorted by overall ranking.

p < .001; Soul Seeker W = .784, p = .006), and the discrete, ordinal nature of preference rankings,
the Plackett-Luce model was selected. The Plackett-Luce analysis revealed substantial differences
in game preferences for environmental connection. Table 22 presents the overall worth estimates,
which sum to 1.0 and represent relative preference strengths. Scavenger Hunt demonstrated
overwhelming preference, accounting for 75.0% of total preference weight. The remaining games
received substantially lower preferences: Zombie Apocalypse (18.9%), Speed Test (3.5%), and Soul
Seeker (2.6%). Worth estimates by location are presented in Table 23, but location did not have a
significant impact or interaction on ranking.

Correlational Analysis and Qualitative Reflections. Correlational analyses linking reported con-
nection to the environment with behavioral measures showed meaningful differences across games.
In Scavenger Hunt, players who spent longer in the session also reported stronger environmental
connection (p =.730, p = .025), suggesting that extended clue-following translated into greater
place-based attentiveness. In Zombie Apocalypse, higher entropy in players’ spatial paths was
positively associated with environmental connection (p =.721, p = .028), and self-reported social
connection also tracked with environmental connection (p = .700, p = .036), highlighting how
scanning and movement were intertwined with both spatial and social awareness. In Speed Test,
environmental connection was driven by number of broadband measures (p = .818, p =.002) and
real entropy (p = .830, p = 002). Soul Seeker did not have any statistically significant correlations.
Participant interviews revealed many insights related to the degree of connection to environment
afforded by each game. Scavenger Hunt’s clue finding mechanic forced players to look closely at
the environment and learn about their surroundings:

“This one actually kind of a significant amount because you're actually looking in the
environment so you're actually observing it you have to actually observe it and actually
learn about other facts i didn’t know about so i would say a little bit more.”(E3A).

“I noticed things I wouldnt, like, have cared about the area. Like, over there, it talks
about how, like, Flagstaff was trying to, like, help the butterflies. I wouldn’t know that
if I didn’t play the game.”(E4B).

For Soul Seeker, the mechanics largely mediated attention through the device rather than the
setting, which limited how strongly players felt tied to their surroundings. Participants noted both
the constrained physical footprint of the game and how sustained text reading kept their focus on
the phone rather than on the park. As one explained:

“I just wish the space was a little bigger. Just because it would have been nice to be
walking around through the park area and feeling like you are going on your own
adventure. And it would be nice to also find some spots where there is seating, because
I know you have to read a lot of text while you’re standing up and there’s sunlight so
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Overall Game Worth Estimates

Game Worth
SH 0.750
ZA 0.189
ST 0.035
SS 0.026

Plackett-Luce Model Comparisons

Model Comparison LR df dfres P
Game x Location vs Overall  0.000 0 - 1.000
Stratified vs Pooled 7.911 9 - 0.543
Overall Pairwise Comparisons (Holm-adjusted)

Contrast Log-Worth Diff SE z Dadj
SS - SH -3.36 0.772 -435 <.001
SH - ST 3.07 0.740 4.15 <.001
ZA - SS 1.98 0.658 3.01 .010
ZA - ST 1.69 0.620 2.73 .019
ZA - SH -1.38 0.755 -1.82 .137
SS - ST -0.29 0.641 -0.45 .654
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Table 22. Game worth estimates, model comparisons, and Holm-adjusted pairwise contrasts for environmental
connection rankings.

Location 1 ‘ Location 2
Contrast Log-Worth Diff ~ SE z P Padj ‘ Contrast Log-Worth Diff ~ SE z P Padj
ST - SH 254 132 1.93 0.054 0.325 | ST -SH 323 150 2.15 0.031 0.188
ZA - SS 0.04 1.09 0.04 0.971 1.000 | ZA - SH 272 143 1.90 0.058 0.288
ZA - ST -144 119 -1.21 0225 1.000 | SS-ST -271 144 -1.89 0.059 0.288
ZA - SH 1.10 1.11 1.00 0.320 1.000 | ZA - SS 219 136 1.61 0.107 0.321
SS - ST -148 130 -1.14 0.256 1.000 | ZA - ST -0.52  1.52 -0.34 0.733 1.000
SS - SH 1.06 1.23 0.86 0.388 1.000 | SS-SH 052 1.35 0.39 0.698 1.000

Location 3 ‘ Location 4
Contrast Log-Worth Diff ~ SE z P Dadj ‘ Contrast Log-Worth Diff ~ SE z P Dadj
SS - ST -3.75 1.84 -2.04 0.041 0.247 | SS-ST -4.46 192 -232 0.020 0.121
ZA - SS 276 176 1.57 0.116 0.581 | ST - SH 394 186 2.12  0.034 0.170
SS - SH -2.17 176 -1.23 0218 0.790 | ZA -SS 2.50 1.47 1.70  0.090 0.358
ST - SH 1.58 1.23 1.29 0.198 0.790 | ZA-SH 1.98 1.39 142 0.154 0.463
ZA - ST -0.99 123 -0.80 0424 0.849 | ZA-ST -1.96  2.06 -0.95 0.341 0.683
ZA - SH 0.60 1.11 0.54 0.590 0.849 | SS-SH -0.52 117 -045 0.656 0.683

Table 23. Game preference contrasts within each location (Holm-adjusted pairwise comparisons on log-worth

scale).

you have to kind of like move your body in the way of the phone just so you can view
the text. Overall I just wish it was a much bigger playspace, I wish it was optimized so

we could have seating arrangements.” (E3A).

Others were even more direct in emphasizing how vibration cues, rather than place features,
oriented their attention:“I wasn’t really connected to the environment. I was more looking for the

vibration of a soul fragment.” (E4B).
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For Zombie Apocalypse, the mechanics of chasing and hiding fostered connection to the envi-
ronment via heightened spatial awareness as they navigated paths, obstacles, and designated play
zones. For example, one player noted, “I feel like it was still interactive, where I felt like every place
I went, I'm almost like visualizing in my head that I am a scientist like maybe digging up samples
or something wherever I am.” (E1A). Others emphasized how the physical constraints of the space
shaped their awareness: ‘I would say it made me aware of my surroundings. I didn’t like wanna go
into the rock falls ... could only go in one direction. So I would just wanna try to stay on the path.”
(E1Q).

For Speed Test, the mechanics encouraged device-centered measurement rather than environ-
mental engagement, though participants varied in how much this constrained their awareness of
place. Some described the repetitive task of tapping the phone as distracting, reducing opportunities
to notice surroundings:

“I feel like most of the time you’re spent looking at your phone trying to press the button
to collect the data. If we could have a clicker, that way it’ll work wirelessly for the
phone. So we don’t have to continue to look at our phone. We can just click a button.”
(E3A).
Others, however, experienced the simplicity of the task as freeing, allowing them to look up and
scan their environment:

“I kind of feel the opposite because it was more of a cookie clicker.  wasn’t really paying
attention to much on my phone. I'm not sure if  was supposed to. But because it was so
simple to do and there wasn’t really much instruction and I didn’t feel like I had to pay
attention to the phone as much, I really got to look around and actually understand
where I'm going and what’s going on.” (E3C).
Yet others emphasized that the minimal feedback kept them disengaged from the setting, with
one player concluding, “If T knew how to read like [what in there], I would probably be like 'Oh, the
WiFi is good or bad’. But I was just clicking. Yeah, that’s all!” (E4B).

Key Takeaways. Scavenger Hunt and Zombie Apocalypse most strongly fostered connection to
place, with Scavenger Hunt overwhelmingly preferred in rankings. These preferences were stable
across locations (no Game X Location effect), indicating that environmental connection is driven by
game design rather than context. Correlational patterns align with this: in Scavenger Hunt, longer
sessions predicted stronger place connection; in Zombie Apocalypse, higher path entropy and social
connection tracked with environmental connection; Speed Test’s place connection rose mainly with
more measurements and movement entropy, and Soul Seeker showed no significant behavioral ties.
Overall, mechanics that require clue-following, scanning, and spatial strategy amplify place-based
attentiveness, whereas device-centric play dampens it.

6.3 Players’ Perspectives on Game Experience

In this section, we foreground players’ own accounts of the games. First, we summarize the three
adjectives participants used to describe each game and contextualize these with representative
quotes that highlight how mechanics shaped emotion, attention, and sociality (Section 6.3.1).
Then, we assess whether participating in the session shifted interest in broadband measurement
using a pre—post design (Section 6.3.2), providing a quantitative complement to participants’ game
reflections. We discuss implications in Section 7.

6.3.1 Participant Game Reflections and Descriptions. At the end of each game in each session,
we asked each player to provide three adjectives to describe their experience playing a particular
game. We created a treemap of the adjectives most frequently used by participants in Figure 27.



NetGauge Games Platform: Connecting People and Place while Crowdsourcing Broadband Measurements 45

Game

Active Simple Competitive five
3 3 2
Scavenger Hunt
Fun Interesting I ctive Immersive Slow
7 4 2 2
Soul Seeker
Fun Stre: Active Competitive Interactive Quick
8 3 2 2 2 2
Zombie
Simple Easy Boring Analytical Informational | Informative Interesting
6 4 3 2 2 2 2
Speed Test

Fig. 27. Participant-Adjective Frequency by Game. This treemap visualization displays the most common
adjectives participants used to describe each game. The size of each block represents the number of participants
who used that adjective.

For Scavenger Hunt, Soul Seeker, and Zombie Apocalypse, the most frequently used adjective
was “fun”—mentioned by 6, 7, and 8 participants respectively. In contrast, the most frequently
used adjective to describe Speed Test was “simple,” cited by 6 participants. Other commonly
used adjectives included “engaging” (4) for Scavenger Hunt, “interesting” (4) for Soul Seeker, and
“stressful” (3) for Zombie Apocalypse, reflecting both the enjoyment and cognitive demands of
each game. Speed Test was also described as “easy” (4) and “boring” (3), supporting the benefits of
using games for broadband measurement. Participant interviews revealed a range of experiences
across the four games, with players highlighting different emotional, spatial, and technological
aspects that shaped their engagement. Below, we present quotes grouped by game to illustrate the
diversity of player responses.

Scavenger Hunt. Scavenger Hunt’s clue-finding mechanics encouraged players to look closely at
their surroundings, uncovering details they might have otherwise overlooked. Many participants
emphasized how the game helped them see the area with fresh eyes:

“I was learning the area a little bit better” (E1A).

“I also have been to this area several times, so I knew some of them, but a lot of them I
didn’t. And it helped me feel more connected.” (E4C).

Soul Seeker. Soul Seeker evoked comparisons to fantasy games and popular location-based
experiences:

“it was interesting and the story at the start was a lot of information I was bombarded
with that could be figured out along the way and the game was simple enough to
understand, the story at the start was a little bit boring but the ending was interesting
and I felt it was the best part” (E3A).

“It reminds me of Pokemon Go. And that’s what I like about it. That’s why I was like, I
want to, I want to skip through it so I can like go find all my Pokemon.” (E3C).

Zombie Apocalypse. Zombie Apocalypse was experienced as energetic and immersive, blending
physical activity with moments of tension and competition. Several players noted that the game
could support stronger social connection, especially with familiar teammates:

“I feel like in the future we could communicate better but ultimately I love the attention
to really like connect you with the people you are playing with in general.” (E2A).
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“Competitive - that’s probably just a me thing. [ am already a pretty competitive person.
I like the competitive aspect of it. Almost like nerve wrecking....because don’t wanna be
dead” (E1A).

“One thing, if I knew the players in the zombie game, it probably would have been fun,

because you’re probably interacting, yelling at your friend, being like, don’t get me,

don’t get me. Like, since I don’t know them, I'm just like, oh, I've got to win.” (E4B).
Players also commented on specific mechanics they enjoyed or wished to improve:

“I liked the competitive aspect of it” (E2C).

“I do like the buzz mechanic” (E1A).

“I also kind of wish that instead of like telling me how many steps I need to take it was
like a timer like I wouldn’t have to like keep looking down instead like the timer would
go off and it would like vibrate and tell me like you can’t walk anymore.” (E3C).

Speed Test. Speed Test elicited notably different reactions, with many describing it as task-focused,
solitary, and less engaging than the other games. While some appreciated its clarity and simplicity,
others commented on the lack of meaningful social interaction:

“We just walked by each other. We didn’t really acknowledge each other” (E3A).

network stuff but definitely interesting...informative.” (E1B).

“So the complexity has to do with a lot of me not knowing the terms of this. Like, what
is latency? What does upload mean in this situation like around here?” (E3A).

6.3.2 Interest in Broadband Measurement (Pre vs. Post). To evaluate whether participation in the
broadband measurement games affected participants’ interest in the topic of internet measurement,
we collected interest ratings both before and after the game session. Participants were asked to
rate their interest in broadband measurement on a 5-point Likert scale (1 = Not at all interested, 5 =
Extremely interested) during the pre-test and again at the end of the session.

Tests of normality indicated that pre- and post-interest scores were not normally distributed
(Shapiro-Wilk: Pre W = 0.753, p = .003; Post W = 0.809, p = .012), with both distributions
showing deviations from normality despite relatively symmetric skewness values. Because the data
were paired and ordinal-level with violated assumptions of normality, a nonparametric Wilcoxon
Signed-Rank test was applied to assess changes in interest from pre- to post-intervention. The
Wilcoxon test showed that post-interest scores (Median = 4.0, IQR = 1) were not significantly higher
than pre-interest scores (Median = 4.0, IQR = 1), Z = 1.73, p = .083. The associated effect size was
medium-to-large (r = .50), suggesting a trend toward increased interest after the intervention,
though not statistically significant at the o = .05 level. All SPSS computations, including normality
tests, variance checks, and stepwise outputs, are included in the supplementary files.

Key Takeaways. Players consistently described Scavenger Hunt, Soul Seeker, and Zombie Apoca-
lypse as “fun,” highlighting how narrative, exploration, and competition sustained engagement,
while Speed Test stood out as “simple” and often “boring.” Reflections showed that game mechanics
directly shaped emotional tone—Scavenger Hunt encouraged discovery, Soul Seeker emphasized
story, Zombie Apocalypse blended excitement with stress, and Speed Test reduced play to task
repetition. Despite these differences, overall interest in broadband measurement showed only
a non-significant upward trend from pre- to post-session, suggesting that while games shaped
players’ immediate experiences and perceptions, short-term participation did not reliably translate
into broader shifts in interest.
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7 DISCUSSION

This section examines the implications of our findings in relation to the two research questions, each
addressed through a consistent structure: broader field implications, design research implications,
methodological insights, future work, and limitations. We begin with RQ1, on crowdsourcing
broadband measurements across space (7.1). We then turn to RQ2, which explores how the platform
fosters community among players and with place (7.2).

7.1 RQ1: Crowdsourcing Internet Measurements over Space

7.1.1  Broadband Measurement (Broader Field Implications). NetGauge offers a novel contribution
to the networking research community by reimagining broadband measurement as a participa-
tory, gameplay-driven process. Traditional approaches—such as drive tests or passive background
logging—often result in spatially biased datasets, overrepresenting major roadways and affluent
urban centers while neglecting rural or underserved areas [67]. As scholars have argued, network
measurement must adapt to real-world, user-centered conditions to remain representative and
actionable [71]. NetGauge supports this shift by introducing a transparent and consent-driven
sensing model: rather than silently logging performance, it visibly ties measurements to meaningful
player actions—advancing ethical data practices [30]. Its modular design also allows for integration
with testbeds like M-Lab [30], or for deployment in underserved regions via community-driven
initiatives, aligning with broader goals of digital equity [67]. As networking researchers seek
scalable, ethical, and community-aligned sensing strategies, NetGauge demonstrates how play can
function as a vehicle for engagement and infrastructure—one that reshapes how, where, and by
whom broadband access is measured.

Measurement as Mechanic. While passive internet measurement via apps like navigation tools
can generate large-scale data, we argue that embedding measurement within game mechanics offers
distinct utilitarian and experiential advantages. In NetGauge, tests were triggered by intentional
in-game actions—such as narrative decisions in Soul Seeker, combat events in Zombie Apocalypse,
and spatial reach goals in Scavenger Hunt. These mechanics foregrounded player agency, framing
measurement as a meaningful, embodied contribution rather than as invisible background logging.
NetGauge responds to calls to examine whether games and play can deepen civic engagement
[74], and our results provide evidence that they can: all three games outperformed the Speed Test
control on key utilitarian outcomes, including significantly greater distance traveled and more
internet measurements collected. By aligning sensing with action, NetGauge sustained motivation
and can direct movement toward infrastructural blind spots. While passive approaches may yield
higher measurement volume, game-based systems can dynamically shape where and how that data
is collected—an important distinction in contexts where spatial equity and data granularity matter.
As broadband access remains a Wicked Problem [18], our findings contribute to a growing body of
literature that sees play not as a distraction from civic work, but as a design strategy for doing it
better [36, 38].

7.1.2  Ultimate Design Particulars and Platform Utility (Design Research Implications). Each Net-
Gauge game enacted a different rhythm of movement through space, revealing how subtle shifts in
play mechanics produce patterned differences in how utilitarian tasks (like broadband measurement)
are performed. Scavenger Hunt encouraged fast, goal-oriented traversal between known points,
maximizing spread and surface coverage. Soul Seeker fostered slower, meandering paths shaped by
introspective narrative cues, often leading players to peripheral or quiet zones. Zombie Apocalypse
generated urgency and looping through its predator-prey logic, creating spatial redundancy and
tight clustering. These differences were not incidental but designed: specific affordances—time
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pressure, ambiguity, spatial density—shaped movement tempos and coverage patterns. Framed
through the lens of ultimate design particulars [86], these cases show how even small changes in
pacing, goal structure, or narrative framing materialize as infrastructural labor in the world. For
designers working at the intersection of play and serious purposes, the implication is clear: spatial
outcomes must be designed as intentionally as mechanics or narrative arcs. Effective broadband
measurement is not just about collecting data, but about choreographing movement to align with
infrastructural blind spots, signal edge conditions, or social variability in connectivity.

Situated Play Design and Environmental Context. NetGauge made clear that game mechanics do
not operate independently of place; rather, they are modulated—and sometimes reinterpreted—by
the physical, infrastructural, and social textures of the environment. Across our deployments, the
same mechanics produced different spatial behaviors depending on context: in semi-urban campuses,
players in Soul Seeker wandered freely through open greens and quiet paths, supporting wide
dispersal and high entropy. In dense urban areas, Zombie Apocalypse produced tighter movement
loops, as players navigated pedestrian traffic and constrained pathways. In rural settings, Scavenger
Hunt revealed drop-offs in pace and engagement due to long gaps between landmarks and lack of
visual cues. These frictions and affordances were not failures of design, but expressions of what
Situated Play Design predicts: that play is always co-constructed with place and the magic circle
[2, 46]. For broadband sensing, this demands more than spatially neutral game logic. Designers
must tune interaction density, narrative pacing, and spatial layout to the specific conditions of
deployment—whether to motivate coverage across long rural stretches, avoid redundancy in urban
grids, or scaffold movement through ambiguous terrain. Effective measurement depends on what
mechanics are used, where they are situated, and what kinds of movement and meaning they afford
in context.

Design Ambiguity for Space Exploration. Ambiguity in NetGauge was intentionally designed for as
a spatial design instrument—deployed to resist overdetermined movement and encourage emergent,
player-driven navigation. Zombie Apocalypse introduced tactical ambiguity: zombie start points
and cure locations were unknown, forcing improvisation, risk assessment, and looped traversal.
Scavenger Hunt presented a fixed objective (“find four hidden locations”) but withheld maps,
requiring players to infer structure through exploration. Across these designs, ambiguity disrupted
optimization and seeded divergent paths—producing broader spatial coverage without explicit
instruction. In HCI, ambiguity is often framed as a resource for interpretation and appropriation
[81]; here, it functioned as a mechanism for spatial decentralization, countering redundancy and
player convergence. For civic sensing applications, this suggests that ambiguity can be strategically
layered—not as confusion, but as a means of diffusing player trajectories across unmeasured or
under-engaged zones. Future designs might experiment with probabilistic rewards, ambiguous
affordances, or decoy signals to calibrate exploration while retaining interpretive flexibility. In this
view, ambiguity is play aesthetic and a tool for infrastructural tuning.

Dimensions of Play. Categorizing NetGauge Games across core play dimensions—such as syn-
chronous vs. asynchronous, competitive vs.collaborative, solo vs. social—revealed how structural
affordances shaped broadband measurement outcomes [24]. These dimensions encoded how move-
ment unfolded and where sensing occurred. Viewing games through this lens enables designers
to more precisely align play structures with sensing goals, or intentionally vary them to balance
coverage. Just as importantly, mapping across these dimensions reveals gaps—underutilized combi-
nations like cooperative, asynchronous, or high-chance play—that may offer new leverage points
for exploration. In this way, play dimensions function as both design parameters and analytic tools
for engineering more adaptive, context-sensitive civic sensing systems.
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7.1.3  Methodological Insights.

Mobility Analysis For Broadband Measurement Collection. To assess how well NetGauge Games
facilitated spatial broadband measurement, we analyzed mobility patterns using five core metrics:
straight-line distance, radius of gyration, random entropy, real entropy, and area coverage. Each
metric captured a distinct aspect of spatial behavior relevant to sensing goals. Straight-line distance
measured overall reach from the starting location; radius of gyration captured how concentrated or
dispersed movement was around a central point. Random entropy quantified the number of unique
locations visited, while real entropy accounted for both uniqueness and sequence, reflecting the
unpredictability of player paths. Area coverage estimated the total geographic surface traversed.
These metrics allowed us to compare spatial behaviors across game conditions. For instance, Soul
Seeker yielded significantly greater straight-line distances and higher entropy than the Speed Test
control, showing that open-ended, narrative-driven play led to more exploratory and spatially varied
measurement. Mobility metrics are both evaluative and generative: they provide actionable insights
into how different play structures produce different sensing outcomes. For broadband measurement,
this suggests that designers should align game mechanics with desired spatial patterns—maximizing
entropy to reach underrepresented zones or adjusting gyration to avoid oversampling specific
areas.

Mobility Analysis Usefulness in Play Design. While developed to evaluate broadband measurement
coverage, our mobility metrics also surfaced latent dynamics of spatial interaction across game
designs. Patterns of clustering, dispersion, and entropy revealed how mechanics scaffold or constrain
movement, often in ways invisible to direct observation. Zombie Apocalypse’s tight gyration and
low entropy highlighted how reactive mechanics reinforced spatial redundancy—effective for
repeated sampling, but limiting reach. Soul Seeker’s higher entropy and distance reflected how
narrative ambiguity encouraged emergent, self-directed exploration. These patterns were not
simply reflections of game goals, but diagnostics of how players made sense of space under design
constraints. Even when movement isn’t the core mechanic, mobility metrics can uncover friction
points, reveal affordance mismatches, or flag emergent inequities—such as clustering near start
points due to unclear cues or environmental discomfort. For situated play design, this makes
mobility analysis both evaluative and speculative: a tool for interrogating how spatial experience
unfolds across bodies, environments, and rule systems, and for anticipating how design decisions
might resonate differently across contexts.

RITE Piloting. RITE served both as a usability tool and as a systems-level tuning mechanism for
the entire research pipeline. Iterative testing with real players in diverse environments surfaced
failures we could not have anticipated in lab contexts—missing GPS logs in Zombie Apocalypse,
dead camera batteries during outdoor sessions, and low initial inter-rater reliability in video coding.
These breakdowns prompted immediate changes to both platform and protocol: refining how data
were buffered, ensuring equipment readiness, and restructuring coder training. RITE also exposed
analytic blind spots, leading us to revise coding schemas and add post-game surveys. This recursive
refinement loop where gameplay, sensing, and analysis co-evolved positions RITE as more than a
usability method. In situated civic technologies like NetGauge, it functions as a methodological
backbone: surfacing misalignments between design, infrastructure, and evaluation before they
scale, and enabling more robust deployment in the wild.

Mixed Methods. Beyond triangulation, our mixed-methods approach exposed tensions between
what players did and what designers intended. Telemetry and mobility metrics showed that Soul
Seeker achieved the broadest and most unpredictable movement, yet surveys revealed that players
did not always associate this with “doing well” in the game. Conversely, Zombie Apocalypse
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produced tightly clustered paths that looked inefficient from a measurement standpoint but felt
purposeful to players chasing cures or evading threats. These divergences surfaced design levers
invisible to any single method—e.g., how ambiguity sustains exploration without clear extrinsic
reward. For experts designing situated systems, this highlights the value of mixed methods not for
revealing misalignments between system behavior, user perception, and utilitarian outcomes.

7.1.4  Future Work. Future work will expand NetGauge in three directions: measurement integra-
tion, platform scalability, and civic impact. First, we plan to incorporate actual network performance
metrics—such as download speed, upload speed, jitter, and packet loss—into gameplay outcomes.
This will allow game mechanics to respond dynamically to local network conditions, transforming
infrastructure quality into a core variable of player experience (e.g., slower speeds could affect char-
acter mobility, challenge intensity, or scoring). Second, we aim to support dynamic point generation,
enabling the platform to populate game objectives in real time based on network gaps—scaling
NetGauge across geographies and contexts. Extending authoring capabilities to non-experts, partic-
ularly through platforms like Twine, will facilitate crowdsourcing of both measurements and the
games themselves, fostering participatory design and local ownership. Lastly, by using telemetry
to generate high-resolution coverage maps and training undergraduates through the RITE process,
we aim to support both policy-aligned infrastructure planning and broader inclusion in civic tech
research.

7.1.5 Limitations. While our findings demonstrate the potential of game-based approaches to
broadband measurement, several limitations constrain generalizability and operational scalability.
First, the platform currently simulates measurement triggers without integrating real network
performance data (e.g., speed, latency), limiting our ability to evaluate sensing accuracy or variation
across connectivity conditions. Second, the spatial behavior observed reflects short-term play
sessions in specific geographic and environmental contexts; longer or repeated engagements may
yield different movement patterns. Third, our study did not assess battery drain, data usage, or
device variability—all of which could affect deployment feasibility at scale. Finally, our analysis
emphasized spatial coverage as a proxy for sensing utility, but did not yet evaluate data quality or
redundancy across repeated measurements. These constraints suggest opportunities for future iter-
ations to integrate real performance data, test across broader environmental conditions, and expand
evaluation frameworks to include sensing efficacy, user retention, and equity of representation.

7.2 RQ2: Community among Players and Environment

7.2.1  Community-Engaged Research Sustainability (Broader Field Implications). Sustained civic
sensing requires more than one-off participation—it requires systems that foster a sense of own-
ership, continuity, and local relevance. NetGauge offers a model for sustainable engagement by
making participants more than data sources—as co-performers in infrastructural inquiry. Unlike
traditional crowdsourcing models that extract data through passive participation, NetGauge embeds
sensing in playful, repeatable experiences that players can return to, share with their friends, adapt,
or create themselves. By supporting modifiable games through platforms like Twine, the system in-
vites communities to shape the narratives, mechanics, and spatial logics that structure participation.
This opens a pathway from user to author, from player to steward—anchoring participation in place,
identity, and iterative meaning-making. Sustainability then surpasses retention or reusability to be
reconfigured and reinterpreted by the communities they serve. For civic tech and community-based
research, this positions play not as an ephemeral hook, but as a scaffold for long-term engagement,
local accountability, and infrastructural literacy.
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Modular Platform. NetGauge’s modular architecture supports a wide range of game genres,
making it adaptable to the social dynamics, cultural preferences, and spatial constraints of different
communities. By decoupling sensing logic from narrative and mechanic layers, the platform enables
designers—or players themselves—to build experiences that resonate with local values and modes
of interaction. Some games emphasize competition (Zombie Apocalypse), others reflection (Soul
Seeker), or discovery (Scavenger Hunt), each fostering different forms of social connection—from
playful rivalry to quiet co-presence. This flexibility allows NetGauge to scaffold community through
a pluralistic ecosystem of play styles. For communities historically excluded from civic technology
initiatives, this opens new entry points: groups can select or co-design genres that reflect their
own aesthetics, rhythms, and relationships to infrastructure. In this way, modularity is not just
a technical feature but a social affordance—enabling civic platforms to be tailored, localized, and
made meaningful across diverse contexts.

Community Benefit. NetGauge demonstrates how “play for good” can extend societal benefit be-
yond data collection, fostering connection among people and between people and place. In contrast
to extractive sensing models that instrumentalize participation, NetGauge embeds measurement
within shared narratives, physical co-presence, and localized exploration. Players reported moments
of recognition—passing familiar landmarks in unfamiliar ways, encountering others mid-game,
or reflecting on the quality of their digital infrastructure in relation to their lived environment.
These experiences reframe broadband sensing as a relational and situated act. This aligns with
broader HCI work on playful civic engagement, which shows that games can make invisible systems
legible and meaningful through embodied interaction [57]. NetGauge has the potential to foster
awareness, conversation, and shared stakes in infrastructure beyond crowdsourcing measurements.
The platform offers community benefit by supporting better measurement and by creating moments
of civic intimacy, infrastructural literacy, and place-based solidarity.

7.2.2  Ultimate Design Particulars Fostering Community (Design Research Implications). Outdoor
play facilitates community to environments—cultivating both spatial awareness and a sense of
belonging. In NetGauge, players’ interactions with physical landscapes were shaped by local
knowledge, environmental affordances, and personal interpretations of place. As Situated Play
Design argues, physical and cultural contexts are not passive backdrops but active co-constructors
of experience [2]. Open spaces encouraged relaxed, exploratory movement; denser areas imposed
constraints that invited strategic adaptation. These interactions made infrastructure legible while
embedding play in everyday geographies. Critically, when players move with intent through
familiar environments, they reaffirm presence and stake in that place. Outdoor civic play thus
becomes a scaffold for local ownership: a means of turning infrastructural participation into a felt
connection to the spaces players inhabit and the systems that serve them.

Intentional Design Ambiguity. Intentional ambiguity in NetGauge functioned as a spatial, social,
and relational design tool. By leaving goals open to interpretation—such as emotional prompts in
Soul Seeker or the unstated logic of zombie behavior in Zombie Apocalypse—the games invited
players to project meaning, negotiate strategy, and reflect individually within a shared structure.
This aligns with HCI’s framing of ambiguity as a resource for dialogue, reflection, and situated
appropriation [81]. In NetGauge, ambiguity supported “design through use” as much as “design
through design”—creating space for players to make the game their own through how they moved,
reacted, or narrated their experience. It also enabled multiplicity: players could engage competi-
tively or contemplatively, treat objectives as puzzles or metaphors, and still contribute to shared
sensing goals. This pluralism is critical for fostering community, as it supports diverse forms of
participation without enforcing uniformity. In civic contexts, ambiguity offers creative play and it



52 Duval et al.

becomes a mechanism for inclusivity, allowing people with different motivations, backgrounds,
and relationships to place to engage meaningfully on their own terms.

Dimensions of Play. Play structures scaffold interaction—they shape who feels invited, how
relationships form, and what kinds of community take hold. Across NetGauge Games, core di-
mensions such as synchrony, cooperation, and structural framing acted as subtle social architec-
tures. In Zombie Apocalypse, real-time threats generated a shared sense of urgency—even among
strangers—through indirect coordination and spatial awareness of others. Soul Seeker and Scav-
enger Hunt emphasized asynchronous and solitary play, yet players described a quiet sense of
togetherness through parallel movement, shared goals, or awareness of being part of a larger civic
effort. These affective traces of community—fleeting or sustained—emerged through the tempo,
rhythm, and openness of the game structures themselves. For designers of civic technologies, this
highlights the role of play dimensions as levers for cultivating belonging: tuning for engagement,
efficiency, and the social texture of participation. Play becomes a way to do sensing work and to
feel part of something shared.

7.2.3  Methodological Insight.

Situated Play Design. NetGauge applied the three steps of Situated Play Design—uncovering
play potentials, augmenting them with technology, and deploying to understand—to explore how
civic play might foster community in context [2]. We grounded our designs in our prior work’s
bodystorming catalog and layered them with mobile technology to support location-aware triggers
and broadband measurement. Through deployment in diverse environments, we observed how
community surfaced in varied ways—via shared spatial rhythms, ambient awareness of others,
and a collective goal of making broadband measurement fun. These findings extend Situated Play
Design by showing how community can be catalyzed through the relational dynamics of co-present
play in public space. Moreover, our use of mobility analysis offers a novel method for Situated Play
Design: by quantifying movement patterns across contexts, it becomes possible to evaluate how
players engage with space and how play structures facilitate—or inhibit—emergent forms of social
and place attachment.

RITE. Beyond iterative refinement of gameplay and sensing protocols, the RITE process proved
valuable as a pedagogical scaffold for designing community-centered, situated play. By embedding
undergraduate researchers directly into rapid cycles of field testing, NetGauge created opportuni-
ties for students to engage deeply with how design decisions affect social dynamics and spatial
experience. RITE provided a structure through which participants could iteratively learn about how
usability, technical performance, intentional ambiguity, pacing, and environmental context shape
players’ sense of connection—to one another and to place. This hands-on exposure to breakdowns,
redesign, and real-world feedback encouraged reflexive thinking about community as something
that is designed through situated conditions, not just interaction mechanics. As a result, RITE
became more than a method for prototyping—it served as an on-ramp for cultivating civic-minded
designers capable of thinking relationally about infrastructure, play, and social belonging.

Mixed Methods. Our mixed-methods approach was a way of making community visible across
different registers of interaction, space, and perception. Telemetry and mobility data surfaced
patterned proximity and overlapping trajectories that would otherwise go unnoticed in individually
played games. Video coding revealed how players responded to one another’s movement without
formal social mechanics—through peripheral vision, synchronized pauses, or subtle route mirroring.
Surveys captured emotional and cognitive traces of collective experience, such as feeling “part of
something bigger” despite minimal interaction in some games. Community is not a fixed output,
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but an emergent property of shared spatial rhythms, narrative alignment, and environmental
co-presence. This methodological layering points to a broader implication: understanding how
civic technologies foster belonging requires tools that operate across behavioral, environmental,
and affective dimensions. Platforms like NetGauge won'’t generate community by design alone—but
mixed-method analysis can help identify the conditions under which community becomes possible,
felt, and durable. For researchers and designers, this means using instrumentation not just to log
actions, but to detect traces of alignment, attunement, and shared civic orientation in the wild.

7.2.4  Future Work. Future work will extend NetGauge’s capacity to foster community through
civic play by scaling both its reach and its co-creative potential. First, we plan to formalize the RITE
process as a pedagogical tool—training students to design for community by iteratively observing
how social dynamics emerge through space, interaction, and narrative framing. Second, we aim to
support game creation workshops with community members, educators, and designers to expand the
platform’s catalog and diversify the types of communal experiences it can support. As the platform
scales, we will explore how persistent gameplay across neighborhoods or regions can surface new
forms of local cohesion or infrastructural awareness. Finally, we are beginning to investigate whether
Al-generated or Al-co-created games—based on prompts, place data, or community-authored
themes—can support relational, meaningful play without sacrificing situatedness or inclusivity.
These directions aim to move beyond platform engagement toward community authorship and
infrastructural stewardship through play.

7.2.5 Limitations. While NetGauge was designed to support community engagement through
situated play, several limitations constrain how these outcomes can be interpreted. First, community
connection in our study was primarily inferred from behavioral patterns, self-report data, and
observational cues—none of which provide direct evidence of sustained social bonds. Second, the
short duration and episodic nature of gameplay limited our ability to assess long-term or repeated
engagement with others or place. Finally, the diversity of player backgrounds and contexts was
limited, raising questions about how these dynamics might vary across cultures, geographies, or
levels of digital literacy. Future work will need to develop more robust instruments for capturing
relational outcomes, and explore how game structure, community authorship, and longer-term
engagement influence the depth and durability of civic connection.

8 CONCLUSION

NetGauge demonstrates how broadband measurement can be reimagined as a situated, participatory,
and socially meaningful activity through game-based design. Across two research questions, we
examined how games shape crowdsourced spatial sensing outcomes (RQI) and how they foster
community among players and environments (RQ2). Our empirical results show that game-based
approaches outperformed a Speed Test control in several key areas: our games produced significantly
greater movement distance, number of broadband measurements, time exploring, and sense of
connection to players and space. These outcomes were driven by game mechanics that embedded
measurement into intentional design affordances. These findings extend Situated Play Design and
civic technology literature by showing how intentional ambiguity, environmental affordances,
and game structure co-produce both data and connection. Methodologically, our use of mobility
analysis, RITE, and mixed methods provided actionable insight across spatial, technical, and
relational dimensions of play. As debates around digital equity, infrastructure accountability, and
participatory sensing evolve, NetGauge offers a model for rethinking who gets to generate data, how
that process unfolds, and what kinds of civic relationships it can support. Future work will scale
the platform, explore co-authored and Al-assisted game creation, and continue to treat play not as
an add-on, but as an engine for civic design, community-building, and infrastructural imagination.
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