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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
testing and evaluation

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 97, with some obvious examples being playground activities like Tag, Red Rover,
water balloon ghts, and building a snowman but digital games connect us to our environment
too. This may be most evident in games like Pokemon &§,[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 resear@ipiGagmes
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 a ect 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 di cult to systematizgé][ 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, 5§. Of particular relevance to this research is Situated Play Design's recent
outdoor projects, including location-based gamés][that incentivize travel, six design probes that
promote re ections in nature ], joyful human-forest interactions §], and a playful one-month
backpacking adventure7]. 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 othed§. This is particularly true for multiplayer games, where games

like Halo can teach us leadership and collaborati®d][ Regardless of the implementation and
whether intentional or not, the design of games a ord Socio-pleasure derived from our natural
enjoyment from interacting with others§6 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 bene ts 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 citieslH. NetGauge Games takes inspiration from these citizen science
games and uses telemetrg 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 (e58.7[7, 84)) facilitate De-

sign through Use opportunities4(. During our Bodystorming p6 57, 87 design sessions and
development work, we regularly revisited our value of designing for Multiplicit3q using a
Value-Centered ApproactBp], so that players can navigate intentional ambiguitg]]. Allowing

players to reconcile play choices outside of the technology for unique appropriations is intended to

a ord a sense of ownership and connection to both other players and the play space itself, extend-
ing the Magic Circle44, 49 of the NetGauge Platform to include non-screen-centric interactions
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with the environment and unscripted social a ordances. 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

Fig. 1. An overview of the NetGauge platform. On the le , 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 e ectively
represented as deck-based gama4.[Several concepts were culturally and geographically embed-
ded within sovereign tribal communities, prompting us to envision a platform that could empower
grassroots e orts to create community-speci ¢ 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 e orts would look to porting a
version for iOS. The platform integrates games built in Twingq 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 implementatiingg, 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. Speci cally, 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- rst vs. game rs?4). 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.
Speci cally, 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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