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ABSTRACT

• Social and professional topics → Computing education;
Computational thinking, Informal education
• Applied
computing~Interactive learning environments • Humancentered computing → Mixed / augmented reality

As mobile technologies become more ubiquitous, design
work at the intersection of mixed reality and embodied
learning is growing. While much of this work focuses on
designing technologies and environments for children,
we contribute a unique perspective of children as
designers of these technologies. In this paper, we explore
how children embody and debug computational
algorithms through designing their own mixed reality
games. We conducted two afterschool workshops with
19 middle school aged children (3 girls, 16 boys, ages 1013) during which participants designed mobile, locationbased games with mixed reality technologies about local
plants and animals. Findings reveal how participants
across workshops embody a key game mechanic
(digitally spawning characters in the real world) by
engaging in an iterative digital-to-physical-to-digital
debugging process that led to their understanding of the
underlying computational algorithm. We further present
design considerations for authoring platforms that allow
children to design with mixed reality, place-based
technologies.
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INTRODUCTION
The emerging ubiquity of mobile technologies not only
broadens access to the devices themselves, but also
expands our understanding of designing for children’s
learning with these technologies. This is especially true
with these new technologies, especially their affordances
to support embodied learning through mixed reality
capabilities, comes a new genre of learning [12], which
enables children new ways of perceiving and
understanding the world around them.
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In particular, location-based, mixed reality technologies
[15], which overlay or integrate digital objects or
interactions on particular places in the real world, afford
unique contexts to examine how children embody their
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learning. Scholars [10] not only recognize the potentially
transformative impact of how these technologies afford
embodied learning, but also encourage research and
design considerations for such activities. At present,
though, most of these efforts are thinking about how to
design for children, but from a constructionist
perspective [16], we also see the value of investigating
how to equip children as designers of mixed reality
technologies. Specific to the Interaction Design and
Children community, we expand current notions from
the recent design framework [14] of augmented and
mixed reality technologies with children, to include the
perspective of children as designers.

on children engaging with location-based mixed reality
technologies [4,19,3], there is minimal research on how
children engage as designers with these complex
conceptual spaces that intersect reality, time, and place.
Children as Designers
Designers in education are exceptionally concerned with
designing tools and activities that equip children to
engage with technologies as producers not just
consumers [7]. When children become participants as
designers they are able to provide insights on limitations
and hindrances to existing technologies and to
contribute to the creation of new applications and
technologies [9].

In this study, we explore how children embody and
debug computational algorithms through designing their
own mixed reality games. Our query was guided by the
following research question: how do children engage in
outdoor debugging when designing their own mixed
reality, location-based game? We present data from two
workshops in which participants designed mixed-reality,
location-based games about local plants and animals.
Findings reveal how participants across workshops
embody a key game mechanic (digitally spawning
characters in the real world) by engaging in an iterative
digital-to-physical-to-digital debugging process that led
to their understanding of the underlying computational
algorithm.

This shift in perspective situates children as designers
invites them to participate in the iterative design process
of constructing and reconstructing called “debugging,”
which Papert [16] argues functions as the “essence of
intellectual activity.” Considering children as designers,
requires them to debug in multimodal, interdisciplinary
problem spaces. Due to the complexity of these problem
spaces, much of their learning as designers takes place
through debugging. For example, scholars who have
examined children as designers with technologies that
cross physical and digital worlds, such as electronic
textiles, have not only demonstrated children’s learning,
but also argue for using kits designed specifically to
support learning through debugging [6,13]. Building on
this work, we focus our investigation in this paper
specifically on the process of debugging within the
context of designing with mixed reality technologies.

LITERATURE REVIEW
Mixed Reality and Embodied Learning
Embodied cognition [21] suggests that humans often
work out their thinking by interaction with the world
through bodily or physical interactions. This
understanding of cognition lays the foundation for
embodied learning, which examines how people can
learn through embodiment [10], and is of particular
relevance when designing with location-based mixed
reality technologies that bridge digital and physical
worlds in particular places [15]. Thus far, much of the
research at the intersection of embodied learning and
mixed reality focuses on technologies designed for
children such as augmented reality games [5] or
wearable health technologies [1]. In this scope, scholars
have found that mixed reality support body-based
metaphors that enable an embodied learning that allows
children to understand deeper conceptual structures of
a scientific domain [11]. While there is growing research

METHODS
Workshop
In partnership with a local makerspace, we conducted
two afterschool workshops with 19 middle school aged
children (3 girls, 16 boys, ages 10-13) in a rural city in
the Western United States. Over the course of 12 hours
(six 2-hour sessions), participants designed mobile,
location-based games with mixed reality technology
about local plants and animals. Participants engaged in a
design process of research (session 1), storyboarding
(session 2), digital construction (sessions 3-6), and
playtesting and debugging (sessions 3-6), including
several iterations of outdoor debugging playtests. Figure
1 illustrates one of our workshops participant’s
(Gracie’s) design process. The structured outdoor
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debugging playtests allowed participants to playtest
each other’s games in the real world and exchanging
feedback. Participants also requested additional
unstructured outdoor debugging playtests during which
they played their own games.

Figure 1. Gracie’s design process

Figure 2. Gracie’s “PUPPY!” factory is set so that very five
seconds, the factory has a 1% chance of spawning a
“PUPPY!” item between 5-10 meters away from the player.

Mobile Game Development Platform
Participants designed their mobile, mixed reality games
using the Augmented Reality and Interactive Storytelling
(ARIS) platform [8], which consists of a web-based editor
for development, accessible on any web browser, and a
client-based app, accessible on iOS devices. ARIS
leverages a game-based narrative metaphor for coding;
thus, the fundamental objects are specific to game and
story design. These include objects such as characters
(people, animals, or things with which to interact),
quests (goals to move the story forward), and scenes
(tools to sequence the story). These objects are
instantiated within physical locations on a map or in a
room with GPS, iBeacons, AR markers, or QR codes.
While participants use principles of traditional computer
science such as Boolean logic, variables, and conditional
flow control, they do so through metaphors of
“characters,” “quests,” and “scene” transitions. In this
study, participants also used “items” (things that can be
picked up, moved, exchanged, etc.) and “factories” (tools
that spawn items in the game world according to an
algorithm) to create a location-based games. The factory
behind the computational algorithm controls where,
how often, how likely, and when digital items will appear
around a player based on their physical location in the
real world (see Figure 2 for example).

Data Collection and Analyses
We collected a range of data including in-process video
and audio recordings, design artifacts, photographs, field
notes from at least three researchers, and final reflective
interviews with learners. Our analysis was guided by our
research question: how do children engage in outdoor
debugging when designing their own mixed reality,
location-based game? Thus, we focus our analyses on the
outdoor debugging across all participants. We
constructed cases [20] from each session of outdoor
debugging for analysis. Each case was bound by initiation
of going outside to the reflection that followed, so cases
were constructed by triangulating a range of data
sources. The research team employed an iterative coding
process of first cycle coding (e.g., descriptive and in vivo
codes) and second cycle coding (e.g., pattern and
elaborative codes) methods to develop a codebook that
included definitions and examples [18]. We consolidated
and calibrated the codebook through weekly discussion
and deliberation. Research assistants applied the
codebook to the participant interviews and researcher
field notes in pairs and resolved all disagreements to
reach consensus on their code applications. We then
used audio recordings, in-process video, design artifacts,
and photographs when available to provide additional
depth to each outdoor debugging case. By comparing
across cases [20], we identified common themes of
strategies participants used to debug their games when
playtesting outside.
FINDINGS
In this section, we present how participants employed
two debugging strategies: collaborative debugging and
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embodying computational algorithms. We focus on these
two strategies, because participants perceived and we
observed that had the most significant impact on
participants design process across workshops.

their understanding of the computational algorithm
together. For instance, feedback such as “they could
appear closer, because it was impossible to catch them”
(Grant, 13-year-old boy) was meant to encourage Ash, a
12-year-old boy, to adjust the “locations on map
between” section of the algorithm.

Collaborative Debugging
During the initial structured playtests, participants
playtested each other’s games and provided feedback to
each other. When playtesting mixed-reality, locationbased games, participants most often took physical
action to trigger a digital effect. For example, Peter, a 12year-old boy, playtested Doug’s, a 12-year-old boy, game,
entitled “Wolf Quest.” Much like Pokemon Go, Wolf Quest
challenges a player to “catch squirrels, like the lowestranking animal... you can use them to capture higher
level class levels of animals” (Interview, 04/05/2017).
While playtesting, Peter stood still for several minutes
and exclaimed “I’m drowning in squirrels!” In reflection,
Peter explained to Doug that he should change the
game’s algorithm to reduce the number of squirrels
spawning at one time and make them spawn further
from the player, because it was “drowning” the player
making it too easy to level up. Participants across
workshops described games with this type of experience
as “too easy,” because they did not have to physically
move to collect digital items.

Embodying Computational Algorithms
In addition to the collaborative debugging playtests,
participants also engaged in rapid, iterative design cycles
of making digital adjustments and then immediately
playtesting their own game outside to experience the
physical output of those adjustments. In most cases,
participants initially input extreme digital figures to
build their understanding of the algorithm. For instance,
the screen recording data revealed that they would
insert zero or very large numbers in the factory
algorithm and go outside to see how it affected how
much the player had to move around. This embodiment
strategy was critical in fine-tuning participants’
understanding of the factory computational algorithm.
For example, Doug and Gracie developed such a deep
understanding of the factory that they leveraged it as a
game mechanic in their games.
As the title of Doug’s game (“Wolf Quest”) indicates, the
goal of his game is to find the wolf. The pathway of
leveling up and actually catching the wolf, however,
mirrors that of real life. Specifically, Doug manipulated
computational algorithm controlling his “wolf” factory to
give the player the experience of an elusive wolf. Inspired
by his own desire to see a wolf in the wild someday, Doug
made the wolf appear far away from the player for only
a short time. He wanted the player to know the wolf was
there, but also make it extremely difficult to catch. Figure
3 shows a glimpse of Doug trying to catch the wolf in his
game.

Over time, rather than playing each other’s games
simultaneously, participants began taking turns to
observe their peers play their game. This allowed them
to watch the player’s experience and determine if it
aligned with their design goals. For instance, after a
structured outdoor debugging playtest, Gracie, a 10year-old girl, reflected on what she noticed when
observing others play her game. The players of her game
had to sprint around to try to play her game: “It’s not
working very well, it makes James (13-year-old boy) go
way waaay over there!... I made it too far” (Audio
Recording, 03/16/2017). Participants across workshops
described these games as “too hard,” because they
exerted a lot of physical effort to get to a location only for
the digital item to disappear before they arrived.
These initial outdoor debugging playtests began to build
participants’ understanding of how the underlying
computational algorithm works. An ARIS “factory”
spawns digital items in the game world, but the
computational algorithm that controls the factory was
initially difficult for participants to grasp. Through
exchanging feedback, participants were able to work out

Figure 3. Doug trying to catch the wolf in his game.
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Similarly, Gracie also leveraged her embodied
understanding of the computational algorithm as a game
mechanic to increase difficulty in her game over time.
She explains, “For the like three levels it's gonna be
pretty easy, but then the items are gonna be harder to
catch: it's gonna be further away from you, you're gonna
have less time” (Interview, 03/30/17). Through
observing James early in the design process, Gracie saw
that, as a designer, she could manipulate the
computational algorithm to control the player’s
experience. She did not intend for James to work so hard
to catch animals early in the game, but as she deepened
her understanding of the algorithm she was able to use it
to achieve with her design goals.

digital and physical worlds that led to their
understanding of the underlying computational
algorithm. To deepen their understanding of their own
abilities as designers, participants embodied the
computational algorithm by playtesting their own games
and instantiating this understanding through
sophisticated use of it as a game mechanic. As such,
participants mapped game content and mechanics onto
physical location through both observed and
experienced embodiment.
Design Considerations for Future Mixed Reality Platforms
Our findings indicate how participants struggled to
understand the complex nature of designing with
location-based, mixed reality technologies. In particular,
they mapping distance and time (i.e. how long it would
take a player to move from one point to another). Given
the difficulty participants have in connecting the physical
and digital worlds, especially in understanding how
computational algorithms mediate this relationship, we
propose two design considerations for designers of
mixed reality development platforms for children,
especially in location-based, outdoor contexts. First, the
platform we used adopts the metric system, which is not
a common measurement system to the participants in
our workshop. Instead, we suggest using a measurement
system that is more accessible to children or even
allowing students to map out their own game space and
produce their own system to use as designers.

Doug’s and Gracie’s embodied understanding of the
factory allowed them to manipulate it as a game
mechanic, which in turn, provides a evidence that
participants grasped the underlying algorithms in the
game through embodied debugging.
DISCUSSION
Findings provide insights for how children make sense of
designing with mixed reality technologies through
creating location-based, mobile games. Further, we draw
on these insights to provide design considerations for
design mixed reality authoring platforms for children.
Children as Designers of Mixed Reality
Scholars [17] have previously outlined a conceptual
framework for how younger children engage with mixed
reality. Namely, the designers argue that physical actions
that have digital effects and digital actions that have
physical effects are two unfamiliar conceptual spaces for
children to understand. In our study, we found that these
specific translations were challenging for older children
when designing their own location-based, mixed reality
games. The location-based aspect of mixed reality design
adds a level of complexity to translating that code that is
not present in the same way with digital-to-digital
programming. We highlighted two debugging strategies
participants employed to build their own understanding
of this complex relationship between physical and digital
worlds. In collaborative debugging sessions, participants
were able to observe how others embody their games,
receive feedback on their peers’ experiences, and debug
and modify their game according to their own design
goals. Moreover, across both workshops participants
engaged in a rapid, iterative debugging process between

Second, providing a visual simulation, similar to
Microsoft’s MakeCode simulator [2], as part of a platform
that illustrates how fast or slow a player would have to
move in the physical world to arrive at the desired
location to collect a digital item could make the algorithm
more concrete to children designers. The purpose of
these simulations could mirror the learning and
assessment purpose of the debugging kits designed for
electronic textiles [6,13], which function as tools to
support learners’ thinking in these multimodal design
spaces, especially when translating across spaces,
modes, and domains. Furthermore, the simulation would
not replace the need to conduct outdoor playtesting, but
it would allow children to translate abstract
computational algorithm onto space, which is a critical
design feature of mixed reality technologies.
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CONCLUSION
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