
 

Design and evaluation of RaPIDO, a platform for rapid
prototyping of interactive outdoor games
Citation for published version (APA):
Soute, I., Vacaretu, T., de Wit, J., & Markopoulos, P. (2017). Design and evaluation of RaPIDO, a platform for
rapid prototyping of interactive outdoor games. ACM Transactions on Computer-Human Interaction, 24(4), [28].
https://doi.org/10.1145/3105704

Document license:
TAVERNE

DOI:
10.1145/3105704

Document status and date:
Published: 01/09/2017

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://doi.org/10.1145/3105704
https://doi.org/10.1145/3105704
https://research.tue.nl/en/publications/309097ad-029d-47e1-88c1-695bc698c54e


28

Design and Evaluation of RaPIDO, A Platform for Rapid
Prototyping of Interactive Outdoor Games

IRIS SOUTE, Eindhoven University of Technology and Fontys University of Applied Sciences

TUDOR VACARETU, JAN DE WIT, and PANOS MARKOPOULOS,

Eindhoven University of Technology

Outdoor, multi-player games involving social interaction and physical activity are an emerging class of ap-

plications particularly interesting for children, for whom the attraction and the health and developmental

benefits are clear cut. Implementing and prototyping such games present non-trivial technical challenges to

interaction and game designers; this hampers iterative prototyping and testing cycles that are core to user-

centred design and game development processes. This insight has motivated the development of RaPIDO

(Rapid prototyping of Physical Interaction Design for Outdoor games), a prototyping platform for physical

computing, targeting interaction designers with limited electronics or software skills. RaPIDO has been eval-

uated in a user test, evaluating RaPIDOs software library, and in a case study involving two designers who

used it to develop outdoor games for children. We illustrate how RaPIDO enabled broader exploration of the

design space and faster iterations than would otherwise be possible, allowing designers to focus on the core

game concepts rather than complex and low-level engineering issues.
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1 INTRODUCTION

The field of mobile and pervasive gaming has evolved dramatically in the last 10 years, with early
feasibility demonstrations giving way to numerous and advanced research prototypes or even
commercially available games that reach a wide audience, such as the Ingress game by Google
[21] and the Pokmon Go by Nintendo. This progression follows naturally from the increased
sophistication and availability of mobile and pervasive technology, which has enabled new forms
of games and play fitting urban contexts (e.g., the location-based game Feeding Yoshi [4]), or
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games that connect players over time and geographic locations distributed over the world, e.g.,
Geochaching (http://www.geocaching.com/). The research reported in this article concerns a
specific form of pervasive games, where groups play outdoors in a single location and where
physical and embodied interaction is an integral part of game play.

Research into ubiquitous computing and games has explored various types of games that share
one or more of these characteristics such as exertion games [34], interactive technologies for open-
ended play [3], interactive playgrounds [42], and Head Up Games (HUGs) [46].

Supporting open-ended play with technology has been proposed as a way to encourage physi-
cal and social activity amongst children, where play is shaped by player exploration and initiative
rather than adhering to a fixed narrative or set game goals and game rules. For example, the Flow-
Steps [49] are flexible, interactive mats that can detect when children step on them and which
interact with neighbouring mats in function of their relative distance; children can explore the in-
teractivity and invent their own games by assigning their own interpretation to the output modal-
ities of the FlowSteps and inventing games and rules on the fly to structure their play. Interactive
playgrounds are installations for playgrounds that use interactive game elements to encourage
full-body interaction; contrary to the games discussed here, they typically involve location-bound
infrastructures that may even be installed indoors; a very successful example of such a setup is the
Interactive slide [42].

HUGs [46] were envisioned as outdoor, interactive games that encourage physical activity and
social interaction among collocated players; they are designed to foster play patterns and be-
haviours traditionally associated with children’s outdoor games, such as tag, and hide-and-seek. By
their conception, HUGs emphasize non-display-based interaction favouring other types of interac-
tivity that do not interfere with the rich social interaction usually seen when children play outdoor
games. Save the Safe [46] and HeartBeat [32] are examples of such HUGs that utilize pervasive
technology to support interactivity, which adds a new dimension to play while also maintaining
familiar game elements and behaviours as seen in traditional children’s outdoor games such as
tag. For example, the key that opens the safe in Save the Safe is represented virtually with tactile
feedback (vibration), which is felt only by the player having the key at any moment. Transition of
the key from one player to another is based on player proximity. In HeartBeat, the game rules are
even contingent upon measurements of players’ heart rate.

The design of pervasive, multiplayer, and collocated games combines aspects of game design and
interaction design, both of which benefit from fast iterations of prototyping and play/user testing
[39]. For example, the design of Camelot [50], Save the Safe [46], and HeartBeat [32] commenced
with paper prototyping to test the game rules, followed by low-tech prototyping focusing on dif-
ferent aspects of interaction such as light and sound effects, until eventually a working prototype
sufficient for playing the game was developed and play-tested. In such design process, the tran-
sition from early non-functional prototypes to a working, interactive prototype while using stan-
dard physical computing technologies such as the Arduino or the Raspberry Pi presents substantial
technical challenges and can absorb a disproportionate amount of time. Especially when hardware
configurations are purpose-built for each game as in the examples discussed above, software is typ-
ically written from scratch to control anything from low-level hardware interrupts to game rules.

The situation outlined so far naturally leads to the question of how recurring hardware and
software design solutions can be re-used, and how higher level prototyping support can be pro-
vided to designers rather than generic prototyping platforms like the Arduino. In this paper, we
describe RaPIDO (Rapid prototyping of Physical Interaction Design for Outdoor games), a plat-
form developed to enable rapid development and iterative testing of mobile, collocated interactive
games. We focus on both hardware and software that are appropriate for interaction designers not
trained in computer science, with the aim to lower the threshold for prototyping interactive play
experiences.
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We start by reviewing existing platforms and toolkits that can support designers in the design
process. Next, we describe challenges a designer faces, and based on these we present require-
ments for supporting technology. RaPIDO is introduced discussing design considerations from a
hardware, software, and interaction design perspective. We then report a case study in which we
explored the value of RaPIDO as a prototyping tool in two game design projects, reviewing the
iterative design process and evaluations of the two games. Next, we describe a usability test of
RaPIDO’s software library. We conclude by reflecting on the process of creating RaPIDO, the plat-
form itself, and conclude with lessons that can be drawn for the design of technological platforms
that enable the rapid prototyping of pervasive multi-player collocated games.

2 BACKGROUND

Designers of pervasive games can manipulate the rules, goals, and interactions of games; however,
the emerging game experience is ultimately created by the players themselves, which makes it
virtually impossible to predict the player experience without actually playing the game. Ideally,
designers should design the games in short cycles, alternating game design and play-tests rapidly
to test effects of game interactions on the overall game experience, see [11, 39].

During early stages of the design process, it is common to create paper-based prototypes (or
other physical mock ups of game objects and interactive elements) and let play-testers experience
some aspects of game play using Wizard-of-Oz techniques [12]. Though these low-fidelity pro-
totyping techniques can be useful to obtain an early impression of the nature of game play and
player preferences, soon the need arises for more advanced, high-fidelity, prototypes, which are
better able to help players experience aspects such as the timing of interactions, the high pace of
outdoor games, and the concurrent activity of multiple collocated players. Without these elements,
the emerging game experience cannot be properly evaluated and design decisions based on play
testing may not be sound. Another advantage for creating early functional prototypes is that slight
changes to the game rules or the interaction can have a major impact on the experience and fun
factor of a game in unforeseen ways; as a consequence, the utility of iterating design decisions
with low fidelity prototypes diminishes very fast. Another motivation for building functioning
prototypes early stems from our own experience in designing outdoor games for children: we
have observed, e.g., see [45], that designers struggle in making the step from a paper-based design
to an interactive design because interactivity opens up a much broader design space in interactive
games than what is addressed by the paper-based prototypes. As a consequence, designing with
low-fi prototyping media that cannot implement game rules steers designers to solutions that may
be coherent, playable, and fun, but for which the technology becomes a post-hoc addition that is
not well integrated into the game play.

While the first examples of pervasive games might have been the product of technologically
sophisticated teams of computer scientists, the evolution of the field means that increasingly in-
teraction designers take on these technological challenges on their own. However, mapping of
design concepts to technological prototypes represents a non-negligible challenge for designers.
Choices for hardware components have a direct impact on the eventual design and user expe-
rience. Under time pressure, compromises may need to be made driven by what is feasible for
to implement and interesting design directions can remain unexplored. Also, re-designing hard-
ware from the ground up for each game exposes designers to recurring challenges, such as setting
up a wireless communication between player devices, measuring distance between players, etc.
Designers may be able to create better games if such recurring challenges are made transparent;
relieved from this burden, their exposure to technology early in the design process can help them
assimilate possibilities and limitations effectively.
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Fig. 1. Types of interaction that can be expected in Head Up Games. The evaluation of player–device interac-

tion could be achieved in isolation with existing prototyping tools for multimodal interaction. However, in the

case of Head Up Games many more interactions influence the overall game experience. Therefore, it is impor-

tant to evaluate the game designs in context and that the game devices support evaluation in such contexts.

While many rapid prototyping tools are available for the standard platforms like personal com-
puters and smartphones, tools for rapid prototyping of physical interaction, especially mobile in-
teraction, are less common. We argue for the need to develop tools that can help designers of
interactive outdoor games, to rapidly prototype related interactions (see also Figure 1), to design
and test complex interactions iteratively, thereby improving the overall interaction design and the
emerging game experience.

Arguably, the current de facto standard for the broader area of tangible and embodied interac-
tion, including wearables and information appliances, is the Arduino processor and related com-
ponents [20]. Arduinos and related platforms (such as the .NET Gadgeteer [52]) allow interac-
tion designers with minimal electrical engineering and computing skills to tinker together simple,
interactive artefacts with custom hardware and embedded software. It is this emerging type of
interaction designer rather than the skilled computer engineer that we primarily address with
this work. Of course, layering and reuse of solutions can benefit more sophisticated developers as
well, but the measure of success of this platform is the extent to which it can support the type of
designers described.

3 RELATED WORK

Pervasive game researchers have developed a wide variety of outdoor, interactive games (see
Magerkurth et al. [30] for an overview), but a few attempts have been made to create generic
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and reusable hardware and software to support an iterative design process. Here, we review a set
of relevant tools and platforms for prototyping physical interaction. Roughly, these tools can be
split in two categories:

(1) tools that support ‘sketching’ [8] interactive behaviour making a partial and ‘throw away’
prototype that communicates efficiently specific aspects of the design concept, and

(2) tools that support constructing integrated interactive prototypes that can implement the
intended user experience with a high degree of realism.

3.1 Sketching Interactivity

An influential early tool that merged sketching and interactivity was SILK [27], which can be used
for quickly generating graphical user interfaces (GUIs) to allow designers to specify dynamic be-
haviour through storyboarding. This work has spawned a multitude of related tools for different
target platforms and with different approaches to prototyping, a review of which is outside the
scope of this paper. Suffice it to mention that numerous tools are currently widely available and
embedded in modern interaction design practices, e.g., AXURE (http://www.axure.com), Balsamiq
(http://balsamiq.com). SILK and tools of its ilk have emphasized the importance of sketching in-
teractivity, an approach eloquently advocated in [8]. This approach has been elaborated with tools
such as idAnimate [37], a multi-touch application for sketching animations that runs on iOS de-
vices where designers use gestures to create animations in a minimal amount of time. Tools for
early prototyping of interactive applications have also been created with a special focus on per-
vasive computing applications. For example, Topiary [29] is a desktop tool for creating early pro-
totypes of location-enhanced applications. It allows designers to model locations, independent of
sensing technology. Next, designers can sketch interface mock-ups, which can be run on a mobile
device, in a Wizard-of-Oz-type study setup.

3.2 Toolkits for Building Physical Interaction

Several toolkits and platforms have been created to facilitate prototyping physical interaction [20].
Switcharoo [1] is a tool that lets designers rapidly explore the form and interactivity of new prod-
ucts. The Calder toolkit [28] is a set of reusable input and output components that can be linked
(both wired as well as wireless) to create interactive physical interfaces. Phidgets [17] are com-
mercially available building blocks for easy composition of sensing and controlling technologies.
A variety of components are available. Further, Phidgets can be programmed using several soft-
ware languages. A physical computing platform that does not require connection to a computer is
the Arduino, an open-source electronics prototyping platform popular with artists, designers, and
hobbyists, that helps create interactive objects or installations. Arduinos have a microprocessor
on board and multiple input and output channels to attach sensors or actuators.

Specifically targeted at gaming is the VoodooIO Gaming Kit [51]. VoodooIO offers gamers a way
to appropriate their game controller towards a particular computer game. Attention has been paid
to both the flexibility of form and the adaptability of the configuration of the game controller.

Sketchify [36] is a tool that supports ‘sketching’ (in the sense discussed above) of multi-modal
interaction. It provides a library of interaction techniques and a spread-sheet model for the easy
programming of logical relations between input and output. Sketchify is a desktop program that
supports a wide range of input and output devices (e.g., Arduino and Phidgets) and also links to
external development environments (Flash and Max/MSP).

Switcharoo, the Calder toolkit, Phidgets, Sketchify, and the VoodooIO Gaming kit have in com-
mon that they all require tethering to a computer for control of the interactivity. This makes them
unsuitable for use in an outdoor environment. They can help prototyping aspects of the game
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interface but cannot support pervasive games as such and play testing with multiple mobile play-
ers. Arduinos can be used without a connection to a computer, as they have their own micropro-
cessor to execute code. Designers, with limited electrical engineering and/or software skills, can
relatively quickly put together a hardware and software combination to prototype simple, inter-
active behaviour.

In the field of pervasive and ubiquitous computing, several systems have been designed to de-
velop applications: Magerkurth et al. present the Pegasus system architecture [31], a component-
based software architecture that enables designers to develop pervasive games while abstracting
the actual interactions. This way, physical interactions and virtual interactions become easily in-
terchangeable, allowing the designer to experiment with different configurations.

Furthermore, iStuff [2] offers lightweight wireless input and output devices to prototype user
interfaces in ubiquitous computing environments. A graphical tool is provided so a designer can
easily create event-mappings, i.e., linking input components (e.g., a light-switch) to output com-
ponents (e.g., a light-bulb). The iStuff components require a connection to a server to connect to
the smart environment.

In contrast to tools that focus on support for easy configuration of physical interactive pro-
totypes (Switcheroo, Phidgets, etc.), the latter tools (Pegasus and iStuff) focus primarily on ad-
dressing software challenges in ambient environments, such as event-handling, management and
coordination of multiple devices, autonomous detection of requirements, automatic service dis-
covery and provisioning [38]. Consequently, there is much emphasis on the (software) system
architecture and the supporting infrastructure and less on embodied interaction.

Note that while sketching tools like Sketchify are designed to be used during early stages of
the design process, they can only be used to prototype the user–device interaction in a stationery
setting and do not lend themselves to play testing sketches in an outdoor context (see Figure 1).
Despite the fact that the barrier to entry has been lowered, the toolkits that support construction
of interactive, physical devices (e.g., the Arduino) still require some skills and effort in electrical
and software engineering when prototyping exceeds simple input/output behaviours. If complex
interaction mechanisms are required and several technologies have to be combined (e.g., radio,
audio, and RFID), the designer will soon enough face challenges pertaining to engineering of em-
bedded systems, e.g., electronically integrating and interfacing to hardware components, resource
management, parallelism and interrupt handling. Furthermore, it takes extra effort to create ro-
bust prototypes that can be taken outdoors; typically, existing toolkits rely on a physical link to
a computer or an external power source and can be fragile constructions as components tend to
be loosely wired together. The .Net Gadgeteer platform [19] supports designers to create custom
hardware configurations with ease, using a plug-and-play model to combine a set of available com-
ponents. Well suited for prototyping mobile appliances, the platform does not provide specialized
support for gaming interactions and multi-player settings.

Our platform, which we present in a later section, is positioned between the sketching tools and
the construction tools in terms of ease of use and offered functionality; similar to the sketching
tools, it is usable very early in the design process, as it does not require time and effort to physically
build the prototype. Similar to the creation toolkits, it offers an integrated set of working, interac-
tion technologies. In contrast to the creation toolkits discussed above, this platform is targeted for
outdoor use, it features an integrated power source and is designed with attention to robustness.

4 PROTOTYPING CHALLENGES FOR OUTDOOR GAMES

In this section, we will review three games that exemplify the typical design space and context
we are addressing and the challenges we face with regard to prototyping. For each example, we
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Fig. 2. Technology in Head Up Games. Camelot zone (left), Camelot device (middle), Save the Safe belt

(right) [43, 50].

shortly describe the aim of the game, the game play, what part was implemented in technology,
and how this was done.

4.1 Camelot

Camelot [50] was designed by a group of three designers in 3 months. The goal of this game is
to build a castle, which is done in four phases. Each phase requires different resources that are
spread in zones of a play area; players gather the resources by taking the appropriate device to the
corresponding zone and remaining there for 10 seconds.

Camelot was prototyped using a custom configuration of microcontrollers, infrared sensors,
and LEDs. These components are embedded in ‘devices’ and ‘zones’ (see Figure 2) representing
a particular resource; to acquire a resource a player must take a device to a zone, aligning the
infrared (IR) sensor and receiver of both zone and device. Each zone emits a unique ID code that
is read by the device. If the required amount of time has elapsed, an LED on the device signals to
the player that a resource has been acquired.

Challenges: Resource and time constraints resulted in implementing only a subset of the game
elements for play tests.

4.2 Stop the Bomb and Save the Safe

Stop the Bomb [18] was designed by four design students during 3 months; subsequently another
designer modified the design to create Save the Safe [43], which is presented here. This game is
played in two teams: a team of cops and a team of robbers. Its main goal is to defend a safe (cops)
or alternatively break into the safe (robbers) within the game time. Players are randomly assigned
to teams at the start of the game.

Each player wears a belt (see Figure 2), containing a crossbow mote (http://en.wikipedia.org/
wiki/Crossbow_Technology), with LEDs and a vibration motor attached. At start up, the crossbow
motes form an ad-hoc network through which they communicate. Crossbow motes offer limited
processing capabilities, allowing us to run the game-code on the motes so the game can be played
without a connection to a computer or a network. Coloured LEDs show which team players belong
to. The key to the vault is represented virtually using haptic feedback. The key is passed along
to other players by proximity. The crossbow mote continuously measures the signal strength of
nearby motes. If another mote is close enough, the motes establish communication and the key is
transferred.

Challenges: The crossbow motes have been designed to support ubiquitous computing appli-
cations such as warehousing and are not well suited for implementing game logic and interac-
tivity. In the time available, a sufficiently robust and efficient distributed algorithm for randomly
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assigning players to teams could not be implemented. For play-testing, we eventually resorted to
using a laptop for sending team assignments to each player’s mote. Another challenge was that the
motes did not support a protocol for verifying that messages arrive at the receiving mote. A crude
handshake protocol was devised that entailed sending back and forth a few messages rapidly to
confirm arrival.

4.3 HeartBeat

HeartBeat [32] is a HUG designed by an industrial design Master student as a semester project.
Two teams compete for a virtual treasure that can be acquired by tagging opponents. Each player
carries a small game device and wears a heart rate monitor; if a player’s heartbeat rises above 100
beats per minute, a signal is transmitted to nearby opponents whose device then beeps, acting like
a detector or radar. The player defending the treasure can transfer it to a teammate by physically
connecting (docking) his/her device to that of the teammate. The HeartBeat devices contained a
microcontroller and an XBee module for communication between devices. An interface was built
to connect to an off-the-shelf heart rate monitor.

Challenges: Similar to the Save the Safe game, in this game, the random assignment of players
to a team posed problems. Also, integrating the heart rate monitor with the rest of the hardware
required from the designer to delve into low-level hardware control.

4.4 Common Characteristics and Challenges in Outdoor Interactive Games

In all these games, several devices are used: one for each player or as shared game element. These
devices are small and portable to be easily carried and moved during game-play.

On an abstract level, commonly needed functionality can be identified, like the need to identify
or send message to other game objects. However, what the cases above and similar efforts illus-
trate, e.g., by Bekker et al. [3], is that very disparate approaches for implementation in hardware
and software are adopted, with designers each time investing effort to select, learn, and appropri-
ate the specific hardware and software. In all cases reviewed above, designers experienced time
pressure, had too little time for implementation, and the design process was slowed down by typi-
cal embedded systems engineering challenges that designers have not been trained to tackle. This
resulted in fewer than desired prototype-test iterations.

It thus becomes essential to lower the cost of prototyping, not in the least because when a
prototype takes a lot of effort to build, its creators become reluctant to take on board user feedback
during evaluations and make necessary changes [53].

5 PLATFORM REQUIREMENTS

To address the above challenges, we present requirements for technologies supporting the rapid
prototyping of outdoor, collocated, and interactive games.

5.1 Transparent Peer-to-Peer Connectivity

Connectivity between game devices is essential. For the type of games we are creating, peer-to-
peer connections are sufficient; pervasive applications requiring connection to, e.g., a wireless
network, are outside the scope of the present platform, and are better supported by prototyping
platforms such as [2, 31] described above. Further, as argued by Soute et al. [46], outdoor collocated
play should put minimal requirements on location bound infrastructure (like GPS coverage or
availability of a Wi-Fi network) or services so that children can pick up the game devices and
play with them anywhere similar to traditional toys like balls or hoops. So, the platform needs to
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support distributed applications with each game device operating independently of any centralized
control or power supply.

5.2 Robustness and Portability

Even though we want to support early stages in the game design process, prototypes still need
to endure a ‘harsh’ environment. Prototypes are taken outdoors and are handled quite roughly as
players are physically active. Further, they need to be lightweight and small enough for players
(especially for children) to run around with, without interfering with the physical activity that is
common in outdoor games.

5.3 Embodied Interaction and Extensibility

Interactions that are best suited in outdoor games include audio and visual feedback. Children also
enjoy haptic feedback, as was shown in Save the Safe. Not all types of interactions can be foreseen
beforehand and included in the design of the platform. Therefore, it is necessary that the platform
is extensible so that additional sensors and/or actuators can be connected (e.g., as in the case of
HeartBeat discussed above).

5.4 Ease of Programming

Interaction designers are generally not educated in designing and implementing software. Most
are, though, technically inclined and often have some experience in programming, e.g., JavaScript.
Thus, the software of the platform should match such a skill level and make transparent the re-
curring engineering issues discussed above.

5.5 Transparency of Hardware Control

Low-level coding of the hardware components can take up a significant amount of time, or is
beyond the skills of the designers. Therefore, the platform should offer a higher level API for
easily controlling hardware.

5.6 Reusability of Interaction Styles Across Games

Though the actual game play can vary greatly in different games, common elements can be iden-
tified that return frequently, e.g., assigning players to teams and detecting players nearby. Such
functionalities that appear to be core for outdoor collocated play are not easy to build without
programming expertise. The platform should therefore also offer a set of functions that package
common game features.

6 PLATFORM ARCHITECTURE

Here, we describe the platform RaPIDO we have created to address the requirements described in
the previous section. Throughout the text, we refer to ‘the platform’ (or RaPIDO) and ‘devices’ or
‘prototypes’. To clarify, with ‘the platform’, we mean the general architecture of hardware imple-
mentation and software libraries to control the hardware; one instance of the platform is called a
device or prototype. To prototype a game, designers can use one or multiple of these devices to
build interactive game objects.

6.1 Interaction Architecture

A set of common interactions in HUGs are: detecting objects, measuring the distance to other
players, receiving direct input (e.g., detecting a shake), communicating with other devices, and
giving auditory, visual, and tactile feedback. Table 1 lists the main components that support these
interactions.
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Table 1. Main Components of RaPIDO

Technology Interactions
4 RGB LEDs Provide visual cues, e.g., by blinking, or changing colour
Sound chip+speaker
(SD card)

Provide auditory cues, can read and playback .wav files from SD card

RFID Module Detect objects tagged with RFID-tags
XBEE Module Provides (1) inter-device communication and (2) distance measurement

between devices
Vibration motor Provides tactile feedback
Accelerometer Measures movements

Fig. 3. Impression of the hardware, showing the dedicated printed circuit board.

6.2 Hardware Architecture

Not directly linked to supporting interactions, though equally important are the general hardware
choices for the battery and processor, as they affect the mobility and portability of the devices. Each
device must be able to function stand-alone, so it needs its own power supply and its own stand-
alone controlling mechanism, without needing a remote computer. We selected the Arduino Mega
microprocessor (http://www.arduino.cc/) to achieve stand-alone operation: designers can write
code on a computer first and upload this to the device after which the device can execute the code
independently.

As the standard Arduino Mega board was too big for our needs, we designed a dedicated printed
circuit board (PCB) for our prototypes (see Figure 3). Not only did this result in a smaller design,
but also improved the robustness of our devices: normally, components are separately wired to the
Arduino board. Because we needed to integrate many different components, this would have led
to a complex and time-consuming assembly process and a less robust prototype.

Some design decisions follow from the requirements identified in the previous section. For ex-
ample, a GPS chip was not integrated; for the games we have designed so far, an absolute measure
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Fig. 4. iPhone 5s and RaPIDO device.

of the location of a device was never required. Measuring distance between devices is often needed,
but for that a GPS is neither necessary nor accurate, reliable, and responsive enough. We simply
use the signal strength of the radio signal to calculate relative distances (as was the case with Save
the Safe, and Stop the Bomb). This solution proved to be reliable and fast enough for HUGs.

In the process of implementing the devices inevitably, tradeoffs were made to address pragmatic
constraints: each component was carefully selected considering cost, size, functionality, and bat-
tery consumption. Furthermore, for child players, a small device and thus a small PCB would be
preferable. However, costs of manufacturing a PCB are dependent on its size and the size of its
components. Also, post-production changes are harder for smaller PCBs. Thus, for this first ver-
sion of RaPIDO, we settled for devices that are slightly larger than is feasible and desirable, but
which in return are more affordable and easier to maintain. To give an indication of the size of
a RaPIDO device, Figure 4 shows a side-by-side image of a RaPIDO device and an iPhone 5s. We
estimate that by using smaller components, the size of the device could be reduced at least 30%.

6.3 Software Architecture

For RaPIDO, we decided to adopt one of the most widespread and supported programming lan-
guage available, i.e., C. This way, we are able to serve our target user group best, because it is
possible to adapt the complexity of the software depending on the skill level of the designer. First,
a designer is not forced to use a special-purpose programming environment: for C, many program-
ming environments are available. Novice programmers might choose the native Arduino environ-
ment (http://www.arduino.cc/). The Arduino environment is easy to set up and run, but limited
in functionality. Alternatively, more skilled programmers might choose an advanced environment
like Eclipse [14]. Second, the software for the platform is designed so that novice programmers
can use a simple interface, and advanced users, who might need more control over the platform,
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Fig. 5. Overview of the layered software architecture.

can dig deeper in the software to suit their needs. Finally, by providing designers with a software
library of common functionality, development time is shortened and reuse is encouraged.

Figure 5 shows the general architecture of the software. First, a layer of dedicated software
libraries was built. Each library addresses a particular component of the hardware and contains
low-level details of the particular hardware used. These libraries are strictly separated and are not
dependent on each other. This way, if ever one of the hardware components needs to be replaced
by another brand or make, only the corresponding software library needs to be adapted, without
affecting the rest of the software.

The component libraries are managed by the hardware abstraction layer (HAL). Furthermore,
the HAL offers general functionality, e.g., a scheduler, and battery management functionality. Like
the component libraries, the HAL is not accessed directly by the end-users.

Finally, the application programming interface (API) is built on top of the HAL. These are the li-
braries that are used by designers building software for their games. In contrast to the component
libraries, these libraries offer task-specific functionality, i.e., game related instead of technology
centered. Engebretson and Wiedenbeck [13] argue that this simplifies coding for novice program-
mers. An example of this is measuring the distance between two devices. The API could offer a
function called readSignalStrength(). An advanced designer might figure out that reading the
signal strength from the radio will give a measure of the distance between two devices; however,
this is not so straight forward for novice users. Ko et al. [25] argue that for novice users to suc-
cessfully use an API, it should focus on support for achieving the user’s domain-specific goal. This
can be achieved by choosing the right abstractions for the specific problem domain. In previous
designs of HUGs, we saw that sending a message to a nearby device is often what designers want
to achieve. So, instead the API offers a function sendMessageToClosestDevice(), i.e., a domain-
specific function in which the API manages the detection of the closest device and subsequently
sends the message.
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7 EVALUATION OF RAPIDO: A LONGITUDINAL STUDY

In this section, we report two cases of using RaPIDO that aimed at evaluating how it supports the
design of outdoor games for children.

7.1 Aim of the Study

The aim of this study is to answer the following questions:

(a) Concerning the design process: Does the platform support designers to rapidly prototype
game concepts? Does it affect their design process and, if so, how?

(b) Concerning the functionality of the platform: Does the platform offer suitable hardware
and software functionality to create mobile interactive games/applications? Identify areas
for improvement of the platform (e.g., usability issues)

(c) Concerning the games created with RaPIDO: Are they fun and fitting the HUGs design
vision?

To answer questions (a) and (b), we decided to conduct a longitudinal, informative case study
[23], following two designers for several weeks. To answer question (c), we discuss the evaluation
of the games developed with the participation of children who played the game outdoors in real-
life conditions.

7.2 Methods

7.2.1 Data Collection. To establish that RaPIDO can support the design of playable and fun
games (fitness for purpose), we first set out to establish that designers can implement their game
concepts using RaPIDO, so that the intended game can be played in its intended context.

To gather insight in how the participants perceived the platform and how their perception
changed over time, we chose to adopt the concept maps method as proposed by [15]. Gerken
et al. have developed this method to ‘elicit the mental model of a programmer when using an API
and thereby identify usability issues and learning barriers and their development over time’. The
main idea is to let participants create a concept map that reflects their understanding of the API
in relation to the participants’ own software. Furthermore, participants are asked to attach a set of
adjectives to the concepts on the map – the adjectives, but even more the changes over time in the
placement of the adjectives, can indicate usability issues with the API. Each session, the partici-
pants are asked to modify and extend the concept map (including adjectives), allowing researchers
to study the changes in the concept map over time and thereby identify issues with the API. In
contrast to Gerken’s study, we are dealing with non-professional programmers, who are not only
using an API, but are also working with the corresponding embedded hardware. That aside, we
expect that using the concept maps method is an appropriate way to identify usability and learning
issues and track changes in the design process over time. To track the evolution of the designs, we
asked the participants to create a pitch of their intended design; a (max) A4 written description of
the game. Similar to the creation of the concept map, we planned to ask the participants to revisit
the pitch every session, updating areas that were (re-)designed and/or adding more details as these
became known.

7.2.2 Participants. We followed two participants: Sofia and Ron. Their background and skills
correspond to the target user group of our platform: interaction designers who want to design and
rapidly create games for their studies. They are educated in industrial and/or interaction design,
they have not received formal training in software or embedded systems engineering, but are able
to write simple code. Sofia and Ron were both master students working on their final projects to
obtain the Master’s degree at the Industrial Design department of our university.
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Sofia. In a previous project, Sofia has designed several games for children, though in that project
she did not progress past the conceptual phase. Sofia has limited software skills; in other projects,
she has used JAVA, mainly to create mock-ups of web-based applications. Typically, these projects
lasted 1 to 2 weeks, with various degrees of user involvement. She has no experience with em-
bedded technology. Sofia used the platform to rapidly create several outdoor games for children.
For the purpose of this study, we will only be tracking the design process of one of these games,
called Follow the Light. Her aim was to develop and test the games in an iterative design process,
involving children as soon as possible.

Ron. Though Ron has followed no formal software training, he has experience in writing simple
software, e.g., for Arduino and Processing. In his previous projects, he designed interactive technol-
ogy for users, and has created working prototypes. However, he has conducted limited evaluations
with end users during the process of designing, be it as informants [41] before designing a concept,
or to obtain feedback on one of his design concepts. Typically, because the implementation of the
technology would take him a considerable amount of time, he would not get around to evaluating
the final prototype with end users. Ron used the platform to implement an interactive application
for children, called Manitou.

7.2.3 Procedure. All meetings with participants were held individually. At the start of the study,
we interviewed the participants to gather insight in how they normally engage in a design pro-
cess. We specifically asked to reflect on previous projects, rather than describe an idealized design
process, in order to discern how using the platform has affected their design process. Then, par-
ticipants created the pitch for their design as discussed above.

We met participants every few days; the time between meetings depended on how much time
they had spent with the RaPIDO platform. For example, twice in a week where they worked full
time with RaPIDO and once otherwise. During the initial and follow-up meetings, we followed the
same protocol:

(1) Creation/adaptation of the concept map. We asked the participants to think aloud, fol-
lowing the more interactive protocol advocated by [5], and we asked for details or posed
questions that arose [26].
(a) At the first follow-up meeting, we asked participants to create a concept map of their

current understanding of the platform by sticking post-its on paper and drawing re-
lationships between their own concepts and the platform concepts. We provided par-
ticipants with platform concepts (green post-its) and with concepts from their own
pitches (yellow post-its). Participants were allowed to add concepts as they saw fit. In
contrast to Gerken et al., who let participants extend and modify the existing concept
map, we asked participants in subsequent meetings to create a new concept map. For
the participants to be able to reflect on changes since the last meeting, we showed
them their previous concept map

(b) Similar to Gerken et al., we asked the participants to rate (some of) the concepts using
a set of adjectives: good, bad, beautiful, ugly, difficult, easy, clumsy, and elegant. A
concept could be rated with only one adjective at a time, and we did not require the use
of all adjectives; we asked the participants to only apply the adjectives they thought
relevant at that time.

(c) We asked the participant to identify problem areas by drawing, with a red pen, a line
around that particular area of the concept map.

(2) We asked the participants the participant to read out loud their game pitch, reflecting on
changes that had occurred since the last meeting.
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(3) We conducted a semi-structured interview, asking about their progress with their design.
The participants could ask detailed questions about the platform

In Between Contact. We instructed the participants that, if they encountered difficulties, they
could contact us at any time in between meetings. Though the participants could of course report
issues at the regular meetings, we need to acknowledge here that both participants were working
on their final projects, and time was an issue for them. Also, these issues could be resulting from the
platform either not working or participants misinterpreting the use of the platform and therefore
are important data for us to capture.

At the End of the Study. It is considered good practice in an informative case study setup to
discuss the findings with the participants [23]. Therefore, we provided the participants with the
final report of the study and asked them for their comments.

The Role of the Researcher. The platform is meant to rapidly develop mobile, interactive games.
We ourselves are knowledgeable in the area of game design, more specifically with children. How-
ever, to not influence the process that we are studying here (i.e., the design process and how the
platform supports this), we decided that we would refrain from commenting or giving advice on
the game designs. Thus, we restricted ourselves to answer any technical questions that would
help the participants implement their game on the platform. This included explanations on how
the hardware worked; explanations on software functions, referring them to functions they had
not identified as useful; and so on.

Furthermore, in our dealings with the participants, we made a conscious effort to create an open
atmosphere, in which the participants would feel confident to voice their negative findings of the
platform too, instead of feeling obliged to give pleasing comments only.

7.2.4 Materials. Both participants received two devices to start developing their games with.
In total, we had 10 devices available, which they could obtain on request after agreeing with each
other, so as not to interfere with each other’s development and evaluation plans.

Furthermore, they received a manual of the platform, describing the hardware and software,
including examples on basic uses of each of the components. The software contained elab-
orate comments in all header files, and we provided a Wiki style website for reference. We
helped them set up their computers for developing the software in their preferred development
environment.

7.2.5 Expectations. We had several expectations regarding the adoption of the platform in
the design process; we present them here to be able to reflect on them later: we expected that,
during the process of adopting the RaPIDO platform, the participants would need to adapt
their initial concept. This could be for two reasons: (1) they find out that something (in hard-
ware or software) is possible, which they did not anticipate, and decide to integrate that into
their design. (2) They find out that something is not possible, and either remove that from
their design, or redesign that particular feature by switching to another hardware/software
strategy.

Industrial design students are not trained in computer science. Often, they are quite capable
of creating short pieces of code; however, when the complexity of the interaction is increased,
we expect that they will have trouble managing the complexity of their code. We expected the
students to be able to create a first, functional prototype that is ready for testing within 2 weeks
(full time work), i.e., at least one modality (e.g., the sound system) is fully implemented in the
game.
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7.3 Results

Sofia developed several HUGs in an iterative process; for the purpose of this study, we followed
the development of the game Follow the Light. It took Sofia 2.5 weeks to go from the concept to
working prototype; in total, we held four meetings with her.

In total, we held six meetings with Ron, over the course of 2 months. Within 3 weeks, he had
implemented working test-code for each of the components he was planning to use for his game.
After that his use of the platform itself remained quite stable; his focus was totally on writing the
game-logic.

During the evaluation period, we made some changes to the software of the platform. Most
notable is the software for the radio component. While testing, Ron uncovered a so far undetected
technical problem, which we needed to fix.

No changes were made to the hardware.

7.4 Answering the Research Questions

From each session, we gathered data in the form of maps (with the adjectives and ‘red lines’),
pitches, and interview transcriptions. Furthermore, we kept logs of any questions posed in between
meetings.

We analysed the data by looking in detail at each session, in particular, at changes that were
made with regard to the previous session. These changes could indicate many things: a change in
the design process, a new step in the learning process, a changed perception on how the platform
works, and a usability issue. From the interview data, we were mostly able to attribute changes
in the maps to any of these reasons. Furthermore, we looked at the maps and pitches in isolation,
to identify possible trends over time. Also, we regarded the design process of the participant as a
whole and compared it to their previous design processes. Finally, we discussed all our observations
with the participants at the end of the study. Below, we attempt to answer the research questions
listed earlier on the basis of the evidence collected.

7.4.1 Does the Platform Support Designers to Rapidly Prototype their Concepts? Does Using the

Platform Affect the Design Process and, if so, How? Both Sofia and Ron were able to generate work-
ing, interactive prototypes, within 2 to 3 weeks, which is in line with our expectations. Sofia indi-
cated that by herself she would never have succeeded creating the hardware; Ron thought he would
have been able to do so, but it would have cost him much more time to select the right hardware
components and assemble them. With the platform, they both seemed to be able to better focus on
the actual design of their applications, and less on the details of the embedded hardware. Further-
more, we observed that the platform allowed them to explore the technology, which influenced
the design process positively, allowing them to quickly and effectively incorporate technology
affordances in their design concepts.

In both Ron’s and Sofia’s cases, we observed that the readily available technology helped them
focus on the game interactions. For example, Figure 6 shows Ron’s final concept map: green post-
its represent platform concepts and yellow post-its represent Ron’s own game concepts; clearly,
the latter are more present and have more complex connections with each other. This indicates
a clear focus on his own game software. Furthermore, when asked if he thought whether or not
the platform supported him, Ron answered: ‘Yes, it definitely helped me. For the application that I
am building [the platform] essentially provides the backbone, the part of the hardware I normally
create first. That has been done for me now. The more complex implementation of my game, that
is something that can be based on [the platform]. Now I have access to [the platform], [...] I can
focus on my own design’.
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Fig. 6. Ron’s final concept map, showing that the focus of his work is on his game software and less on the

API.

In Sofia’s case. we saw that the readily available technology helped her to focus on game inter-
actions. For example, when she was making her first concept map, she pondered on the several
concepts of the platform, rejecting the concepts ‘battery’ and ‘arduino (processor)’. She argued that
she did not need them. Of course, the devices would never work without battery and processor,
but the fact that she perceived these components as unnecessary indicates that she has a focus on
the game design and that the platform relieves the designer of dealing with lower level embedded
components.

We observed that the platform allowed the participants to truly and freely explore the technol-
ogy, i.e., try out several different interactions quickly and immediately, see the effect on the game
play. Also, by openly engaging with the technology, they formed a better mental map of how it
worked and thus could better judge how to implement their concepts. Finally, having the tech-
nology available meant that the game design and the technology implementation were developed
concurrently, each affecting the other. This is in contrast to previous design processes (e.g., [50]),
where the application design was first elaborately detailed on paper before proceeding to a tech-
nology implementation. For example, in her game, Sofia needed the devices to express a particular
value to the players. In her first concept, she made the LEDs flash a number of times, indicating
the value. However, while she was trying this out, it occurred to her that this would not work in
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the real game; it was not certain that players would be looking at the devices as it was flashing,
and after the flashing stopped, the ‘information’ was gone. Subsequently, she redesigned that par-
ticular part of the interaction to a more persistent way of showing the information. She reflected
on this that it was easy to find out, as the platform allowed her to quickly try things; would it have
cost a considerable amount of time, she would have probably not done this and would have found
out during a user evaluation.

7.4.2 Does the Platform Offer Suitable Hardware and Software Functionality to Create Mobile

Interactive Games (Applications)? How can the Platform be Improved?

The hardware. Both Sofia and Ron indicated that the hardware was sufficient for their needs.
The radio was very often used in the game designs, to transfer game-related messages between
devices and also to measure distances between players. Furthermore, both audio and the RGB LEDs
were used in most games to give the players feedback. Finally, Sofia made heavy use of the radio-
frequency identification (RFID) reader, sometimes for game-related interactions, but often to set
up a game. For example, she would load three games simultaneously on the devices and program
three RFID tags, one for each game, to be able to select one of the games.

At one point, Ron indicated that he would like to have some way of detecting the location of the
devices. Because a GPS chip was not integrated on the RaPIDO platform, he initially had no idea
how to deal with this and requested our help. In discussion with him, we came to the conclusion
that in fact a distance measurement would be sufficient for his game, which is information that is
possible to retrieve from the hardware.

In his map, Ron indicated that he thought the form of the devices was ugly. He had already done
a few form studies of the look and feel of the end product, which did not resemble the current form
of the RaPIDO devices. Eventually, he would want to discard the current casing of the devices and
integrate the platform’s PCB in his own form design; however, he remarked that the size of the
PCB was still a bit too large for that. Still, it is noted that handcrafting electronics using the same
components would probably result in even larger-sized hardware.

The software. We observed that both participants had very little trouble implementing the more
direct interactions in their design, e.g. playing an audio file, reading a value from the rotation
encoder, or combining these interactions. They had no trouble identifying the correct functions to
enable these interactions.

In the beginning, Sofia experienced problems with the C syntax, e.g., creating a for-loop, but
these problems diminished after about a week. Ron had previous experience with C and initially
seemed to have no problems at all. However, we found out that both participants struggled with
more advanced programming concepts. For example, the library contained a scheduler that could
schedule the execution of a function at a later time; the function for setting up a task in the sched-
uler accepted a function pointer as an argument, and neither participant had previous knowledge
of this concept.

Both Sofia and Ron indicated that, of all information that they were provided with, they used
the example code in the manual most; Sofia indicated that she would typically start from the ex-
ample code, because then she was sure she had the syntax right, and would expand the code from
there. This behaviour is seen often in novice and professional programmers alike and is commonly
referred to as opportunistic programming [6, 22, 25].

We observed that the basic functionality offered in the software of each component of the plat-
form was sufficient for the participants to get started. However, we found that they would have
benefitted if the software library had offered more domain-specific game functions as well, e.g., to
automatically identify which devices are present at the start of a game. Though both participants
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found ways to deal with this, it cost them a considerable amount of implementation time. Ko et al.
[25] offer a similar insight: for novice users to successfully take up programming, an API should
focus on supporting users to achieve domain-specific goals.

Designing the game software and managing complexity. More complex interactions, e.g., using
the radio to set up a ‘dialog’ between two devices, took some tries to get right. Both Ron and Sofia
especially seemed to struggle getting the structure (the architecture) of their code right, as neither
has received formal training in designing the software architecture. As a consequence, they did not
consciously design the structure of their code beforehand, sometimes resulting in unnecessarily
complex code. Similar difficulties that novice programmers have with design of their software have
been observed by Myers et al. [35] and Ko et al. [25]. Both participants would start with a small
piece of code, expand it gradually eventually making it overly complex and unmanageable. For ex-
ample, we observed the code in Sofia’s game grew complex and hard to understand as more condi-
tionals were added. At that point, we introduced to Sofia the concept of a state machine (http://en.
wikipedia.org/w/index.php?title=Finite-state_machine&oldid=534663056), and we demonstrated
implementing a simple one in her code, by creating functions that each mapped to a state. This
immediately improved the structure of her code, and once shown how, she was able to extend the
state machine for new states. Of course, it is impossible to expect from non-trained programmers
to have knowledge of software design patterns or software behaviour abstractions like state ma-
chines. However, since both participants seemed to rely heavily on example code, it appears useful
to enrich the manual with relevant examples of simple implementations of design patterns. This
way, they could program these design patterns by example.

We have observed that though the participants had a clear idea of what they wanted to ac-
complish in their game, they sometimes had trouble finding a way to efficiently implement it. For
example, for his application, Ron wanted two devices to engage in a ‘dialog’. This meant that device
A would play a sound file, while device B would ‘listen’, and then vice versa. Ron’s approach was
to have A send a message to B indicating which sound file A was playing. So, B could look up the
length of the particular sound file, in a look-up table, to find out how long he should be listening
before answering. This approach however was possibly buggy, as mistakes were easily made, e.g.,
by forgetting to update the look-up table when new sound files are added to the system. We pro-
posed a simpler and robust solution: device A simply sends a message to device B at the end of his
‘talk’. This way, device B merely needs to wait for that signal before responding, eliminating the
need for a look-up table. We observed that issues, such as the one described, mostly arose when
participants were dealing with communications in their games. When two (or more) devices are
involved, the designer is forced to consider the result of his code from different ‘perspectives’ of
each device and to consider timing and turn taking issues. It would be an interesting development
for the platform to classify recurring patterns and provide ready-made solutions in the API, thus
reducing complexity for designers.

Supporting debugging and testing the prototype. One of the barriers for novice or end-user pro-
grammers that Ko et al. [24] identify is what they call the understanding barrier, or evaluating
the program’s behaviour, including compile and run-time errors. We observed similar difficulties
in our study: for Sofia, most of the compiler errors were insurmountable; she did not understand
the errors the compiler gave and was unable to fix the errors. More difficult were the compiler
warnings. Though the Eclipse Integrated Development Environment (IDE) did shows these, Sofia
mostly ignored them. The Arduino IDE does not display compiler warnings at all, resulting in
Ron’s code breaking down in run-time as the compiler had automatically cast a long in a normal
int, thus discarding information. The first solution that comes to mind to avoid such problems
is to have the IDE perform stricter type checking at compile time. Alternatively, for ease of use
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and a less steep learning curve for designers, a programming language could be considered that
is type-free, or one that dynamically infers types at run-time [48]. However, this approach is not
necessarily the ideal solution. Such languages are not yet very common for embedded systems and
can introduce erroneous programming behaviour when the programmer is not fully aware of the
type casting logic implemented by the compiler.

Even more complex for our participants were run-time issues, i.e., finding out why the devices
did not respond as they had thought they would. For novice programmers, in general, it is already a
challenge to debug their code in a dedicated environment; in our case, this was an insurmountable
challenge, as the code runs on embedded hardware without debugging support. Also, a compli-
cating factor was the fact that an error can originate from many sources: it could be a mistake
in the game logic (code never reaching a certain line), a programming error (e.g., the aforemen-
tioned long to int cast), or a failure in the hardware. We observed that Sofia did not follow a
systematic approach for tracking down errors; particularly, Sofia had trouble narrowing down the
lines of code that were generating the errors. Ron had less trouble; he mostly started with test-
ing small pieces of code, and once they had proven to work, he would add them to the rest of
the code. Though not directly related to the hardware or API of the platform itself, an obvious
improvement of the use of the platform would be a tool that better supports debugging run-time
information.

7.4.3 Are the Games Created With RaPIDO Fun and Fitting the HUGs Design Vision? To answer
the final research question, we describe the process of design and user testing the games designed
by Sofia and Ron.

Follow the Light. In a project earlier reported by Soute et al. [44], several games were iteratively
developed and tested. Here, we recap the process of Follow the Light and its successor Invade the
Castle.

In Follow the Light, the goal of the game is to be the first to reach the opposite side of the field.
At the start of each turn, each player’s device announces, using colour and sound, how many steps
a player can take.

The whole design process encompassed three iterations and in each iteration the same group of
children of a local scouting group (in total 16 children, between 7 and 10 years old) were involved
for user testing. After the first iteration, it became clear that children found Follow the Light too
slow paced, and children quickly found it boring. This led Sofia to abandon the development of
Follow the Light altogether, and replace it with a newly designed game, Invade the Castle. In
Invade the Castle, teams need to locate resources hidden in the woods. RaPIDO devices are used
to measure the distance to the hidden resources and this is communicated to the players using
colours: green for close by; red for far away. Also, the device registers the score once the resources
are found.

In the subsequent tests, Invade the Castle turned out to be a popular game, children thoroughly
enjoyed the navigational element.

Manitou. Manitou is a decentralized role-playing game. Each child holds an ‘amulet’ that rep-
resents an animal with unique personality traits and characteristics. When two or more amulets
enter one-another’s proximity, they start interacting socially by producing sounds, forming a nar-
rative soundscape based on each player’s traits. This way, Manitou gives children an opportunity
to explore diversity and perspective taking through a fun and explorative game, while providing
social and empathic development.

Manitou was evaluated using four scripted interactions between the following animals: bear
meets bear, bear meets monkey, monkey meets bear, monkey meets monkey. The study was carried
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out with 16 children aged 7–10 years. The children played the game in groups of five at a time and
each group was given a short introduction. Each child was given a RaPIDO device running the
script for either a monkey or a bear. The children were asked to spread out on the field, to walk
or run around in order to play the game. The test was rather open-ended and unstructured to let
the children find out what would happen if the devices would come near each other. After 10–15
minutes of playing, the children were shortly interviewed.

As Ron had intended, the children strongly utilized Manitou as a role-playing tool. Phrases such
as ‘I am angry’ (for children carrying an angry bear), ‘I am afraid of the bear’, or ‘I am mean, I stole
food from the bear’ were heard multiple times, suggesting that the children were role-playing
and were stimulated in perspective taking. However, the social interactions were not always as
intended by the designer as some children enjoyed that ‘their’ animal could scare away that of
other children.

The children were eager to explore their interactions with other animals. As a green light on
RaPIDO signified that the animal was open for communication with others, children looked for
others with green lights and went to them. Due to the oratory structure of the game, children were
not so much running around but instead forming ad-hoc couples and groups standing together,
creating a more static play than had originally been intended. This, however, was necessary for
the children to be able to hear and understand the narrative of the game. Still, some usability prob-
lems were experienced as the audio was not always intelligible for the children given the external
noise.

7.5 Conclusion

Unfortunately, Ron managed to run only one user test, and during the test many issues surfaced
that could easily be addressed in a next iteration; this strengthens our belief that indeed these types
of games should be iteratively created, tested, and improved.

Sofia managed more user tests, and here it became clear that small changes to the games could
have a big impact on how the children experienced the games. Because new game features could
rapidly be implemented, it was possible to quickly iterate over these small changes, resulting in
a better game experience. In contrast, in earlier game design processes where the hardware and
software implementation of the games took up a considerable amount of time, there never was
enough time to iterate over small game changes. Also, these prototypes typically would last only
one test session, not having been designed for robustness.

Features of the games were rapidly implemented, but just as easily tossed from the design once
it became clear from a test that it did not improve the game – Sofia even discarded a whole game
in favour of designing a new game. Because testing was done early and often, designers did not
have time to ‘fall in love’ with their own games and subsequently had no difficulty to part from
certain game features. If we look at Sofia’s and Ron’s games, but also at HUGs created in other
projects [44], the most commonly used technology was the radio communication and, next, the
RFID technology. For feedback to the players, audio, visual, and tactile cues were typically used
and found appropriate for use in the games. This confirms our belief that RaPIDO is providing an
appropriate set of interactive technologies for supporting outdoor play.

7.6 Participants’ Reaction to Our Findings

Sofia read the findings as they are reported in this work and she agreed to all of the conclusions
we drew. Ron had a few small remarks, concerning some of the conclusions we drew based on
our observations. After discussing with him, we agreed with his remarks and changed the text
accordingly.
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7.7 Reflecting on the Evaluation Setup

Using the concept maps method has proven a valuable way to obtain insight on many aspects of
the uptake of the platform by our participants. We did adapt the method slightly: Gerken et al.
[15] let their participants extend and modify the same map every session. We decided not to do
this; we tried it once, but the map became too unclear. Instead, we let participants create a new
map each time while having them consider their map from the previous session. We argue that
this gives a clearer picture on what the participants have focused on during the last few days of
implementation. For example, in Ron’s map, if viewed over time, we see platform components
‘disappear’ over time. They were still in his code, but not as important for him anymore since
that part of the code was working for him already; for us, this was an indication that the platform
was supporting Ron in his design process. Further, avoiding re-use of the earlier map avoids the
tendency of participants to attempt to be consistent with earlier responses or try to salvage the
earlier concept map.

Gerken et al. used graph analysis tools to digitize and analyse the concept maps, e.g., for visual-
izing changes over time. We did not employ such tools, mostly because in our case the amount of
data was much smaller than in the study of Gerken et al., and we were able to simply go over the
limited set of concept maps and spot differences over time. Furthermore, they observed that the
maps could also be used as a ‘helpful prompt’ during the interviews. Indeed, we found the com-
ments elicited while making the map are very useful for gathering detailed insight, and we argue
that we would not have obtained the same level of detail in an interview without these maps.

By asking the participants to create a concept map and revisit their pitches at our meetings, we
probably have influenced their design process. Gerken et al. have made a similar observation. Both
participants mentioned that the concept maps and pitches helped them take a step back and see
their current work in the bigger picture, something they would have been less inclined to do in
their usual design processes. We argue that its influence is limited upon the conclusions we draw,
which pertain mostly to the speed at which the participants are able to create working prototypes
and to explore the technology freely.

Finally, we identified the threat to this study that users might answer favourably only to please
us. We have made an effort to counteract this, e.g., by encouraging and discussing openly their
critical remarks, and we can conclude that we have not observed such instances. This might be
partly due to the fact that participants were working on their own projects, and were not working
on pre-set tasks. This way, it was in their best interest to also report negative experiences, as they
could use our help to advance past these issues to successfully finish their projects.

8 EVALUATION OF THE RAPIDO’S SOFTWARE LIBRARY

The evaluation described in the previous section shows how RaPIDO supports the design process,
but also revealed a few usability issues with the RaPIDO software library. For a more in depth
test of the usability of the software, we performed a new evaluation of the software only, to see
whether our target users of novice programmers/designers can easily start programming RaPIDO.

8.1 Method

In this evaluation, we provided each participant with a RaPIDO device connected to a laptop with
the Arduino IDE installed, a user manual, and an RFID tag. The user manual was implemented
as a website with an introduction section (with information on setting up and the general struc-
ture of a program) and one section for each of the device modules (audio, communication, and
LED lights). Each module section contained a code sample and a description of all the functions
that it exposes, along with the expected parameters and return values. During the experiments
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participants were recorded while they performed the tasks; their screens were captured using
Morae recording software. An observer was present in the room to facilitate the experiment, take
notes, and provide help at times, when a participant would get stuck or frustrated.

At the start of the evaluatio, the participants were introduced to the system and setup and
provided background information including age, gender, English language proficiency level (rated
on a seven-point scale from Beginner to Native speaker), and experience with programming and
Arduino (seven-point scale Beginner to Expert). Finally, participants filled in the Self-Efficacy
questionnaire [10] to self-assess their confidence in implementing a prototype for a HUG (see
Section 9.1). Then, participants were given a set of tasks to accomplish using RaPIDO.

We intended to run the evaluation for approximately 2 hours, and then stop the evaluation,
regardless of whether the participant was finished or not with the tasks. Pilot tests showed that
completing the full task list would not be feasible in the planned time. However, we decided to keep
the task list in order to see how far participants could go. Finally, participants filled in the Self-
Efficacy questionnaire for a second time, as well as the System Usability Scale (SUS) questionnaire
[7] to assess the perceived usability of the platform.

8.2 Participants

Eleven participants (eight females and three males) were recruited targeting industrial design stu-
dents: bachelor, master, and post-graduate levels excluding Arduino professionals or very experi-
enced Arduino developers. All participants received a 20-euro voucher as an incentive. One partic-
ipant was excluded from the analysis as she was visibly under stress due to an imminent deadline
for her studies and could not focus on the experimental tasks. Instead, the data of the pilot par-
ticipant was included in the analysis because the pilot was done in the same way as for all other
participants.

8.3 User Test Tasks

The user test was divided into four parts:

(1) Introductory task: a set of subtasks to help the participant understand how the RaPIDO
library works and to get accustomed with the device using its different components, e.g.,
playing sounds, starting the vibration engine, turning on and off LEDs, and so on.

(2) Understanding task: the participant receives an implemented game of hide-and-seek and
is asked to interpret the code.

(3) Modification task: the participant is asked to modify the existing code from the previous
task.

(4) Creation task: the participant is asked to create a RaPIDO game from scratch and im-
plement it, in two steps: by first describing the game in English language and then to
implement it on RaPIDO.

8.4 Results

Ten participants, seven females, three males with mean age 26.2 ± 3.08 (SD), successfully com-
pleted the experiment. The mean self-reported English proficiency level (1–7) is 5.4 ± 0.70 (SD),
mean programming experience (1–7) is 3.9 ± 0.99, and mean Arduino experience (1–7) is 2.4 ± 1.51
(SD).

Analysis of the SUS questionnaires shows that RaPIDO scored 74.25 points – it is noted that
the industry average according to Sauro and Lewis [40] is a score of 68, based on a sample of 446
studies.
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A Wilcoxon Signed-Ranks Test indicated that the post-experiment ratings of self-efficacy were
statistically significantly higher than the pre-test ranksZ = −2.40,p < 0.017, r = −0.76, indicating
a positive impact of the platform on the perceived confidence of test participants in their ability
to program pervasive games.

Finally, we included an open-ended question, asking for any comments about the library. One
participant loved ‘how easy it is to make Arduino do cool things’. Most of the feedback related to
the manual, indicating how interconnected manual and RaPIDO library indeed are. The manual
is found to be ‘pretty complete’ with useful examples, although it could be more clearly written –
especially in terms of function parameters – and would benefit from more examples.

The video recordings were analysed by two coders who focused on breakdowns that occurred,
utterances and non-verbal cues, interventions by experimenters, and task completion. Nine out
of ten participants completed all introductory tasks within the fixed experiment timeframe. Eight
succeeded in interpreting the hide-and-seek game, of which four participants correctly extended
it with the communication feature. The same four participants also came up with their own game,
and three of them managed to implement it in the form of a prototype. Several participants were
clearly enjoying themselves during the experiment and some were still talking about it with the
experimenter afterwards. Figure 7 shows the results per participant and whether they required
help in completing the tasks.

Common breakdowns that occurred during the experiment can be categorized as follows:

—Function definitions, e.g., copying entire function references from the manual including
parameter types and return values and mismatch between expected and actual parameter
types.

—Misunderstanding the code lifecycle: which code to put in the initialization function and
which to put in the update loop, when conditional statements are executed or when sched-
uled tasks are planned and executed.

—Basic programming errors unrelated to the library: semicolons, curly brackets, defining con-
stant values, and custom functions.

—Forgetting to enable RaPIDO modules before using them.
—Conceptual understanding of RFID tags and radio communication (identifiers and how to

retrieve them, sending, receiving, the content of messages).

As shown in Figure 7, we found that participants asked help from the experimenter mostly
during tasks related to RFID and scheduling (code lifecycle) functionalities.

These common breakdowns suggest several improvements that could be made to the RaPIDO
framework to increase its usability:

—Revisions to the manual to increase accessibility: more examples, simplified function refer-
ence without return values and parameter types.

—Renaming of variables, increasing the consistency of parameter types and functions.
—Visualizing the code lifecycle, adding easily accessible run-time data, or at least an expla-

nation in the manual about how to log data, especially with a physical device it can be
challenging to see what is happening internally.

—Hiding code that is always required to be there from the user: e.g., initialize and update
functions, and making sure that required modules are enabled automatically.

General feedback from participants regarding the physical device indicated that it was not in-
tuitively clear how to stop a program from running and that the physical location where the RFID
tags should be placed is not marked. Uploading a new program to the device takes too long, slowing
down rapid iterative testing of code changes.
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Fig. 7. Overview of all 10 participants, the tasks they completed, and whether they needed help from an

experimenter.

Four participants managed to come up with a new game during the experiment:

—Teams collect items (toys, clothes) and bring them to the game leader, who determines the
colour and amount of items required. When items are brought in by the teams, RFID tags
can be used to keep score for each team.

—Capture the flag with two teams. Each team has one device and each player has an RFID tag.
The teams each hide their own device, with a flag on top. The teams look for each other’s
flags and scan the RFID tag at the device. To win the game, players then need to scan the
same RFID tag at their teams own flag.

—The device randomly blinks in different colours and/or is making different sounds. Players
have to respond to this by placing the right RFID tag at the right time.

—Musical chairs: all the devices play music together and at a random moment in time they
all stop at once. One of the devices will light up, indicating that this one is out of the game.
Players use the RFID tag on any of the devices that did not light up, to claim their spot. The
game repeats until only one player is left.

8.5 Conclusion

The usability test has shown that novice users are indeed able to create simple code quite easily for
RaPIDO and that they feel confident to do so. This is in line with the results from our longitudinal
study reported earlier.

Still, improvements can be made: both studies show that novice programmers have initial diffi-
culties with the basic programming syntax and the IDE – this is unrelated to the RaPIDO software
library, but as it is impossible to use the library as a standalone component, it is inevitable that
usability problems of the IDE surface. An IDE that better informs the user of syntax errors would
be helpful. Novice users seem to be most helped with a manual with many code examples.

ACM Transactions on Computer-Human Interaction, Vol. 24, No. 4, Article 28. Publication date: August 2017.



28:26 I. Soute et al.

Additionally, we could identify complex, recurring game patterns and provide pre-packaged
code for these patterns. Finally, both evaluations show that tracking how the code is performing
at run-time is quite difficult for our target group and that uploading the code to the devices hampers
rapid iterative coding. To simplify this a RaPIDO simulator of run-time behaviour would be helpful
for testing and debugging code.

9 CONCLUSION

In this article, we have presented RaPIDO, a rapid prototyping tool for creating multi-player single
location outdoor games encouraging physical activity and social interaction. RaPIDO was designed
to address a set of requirements from prototyping technology that hinder the iterative design of
outdoor games for children.

To evaluate whether RaPIDO can support designers in their design process, we executed an
interpretive case study in which we followed two designers as they iteratively developed game
concepts and realized fully functional prototypes using RaPIDO. Furthermore, we ran a usability
study on the RaPIDO’s software with 10 designers who are not fluent in programming. The evalu-
ations confirmed that designers can benefit greatly from prototyping tools like RaPIDO that help
quickly create interactive prototypes, shielding them from putting together hardware and dealing
with low-level hardware control issues, and providing pre-programmed common functionality for
this class of games.

A longitudinal analysis of two design cases showed how RaPIDO allowed designers to explore
how technology can enhance outdoor game play, designing the game concept, and creating its
technological realization concurrently, which we argue is beneficial for the resulting game experi-
ence. This is confirmed by the evaluations of the games. Furthermore, the technology provided by
the platform was found sufficient to support the games the designers aimed to create. Especially,
the supplied domain-specific API was useful for them, as it did allow them to write relatively
simple code. We observed that coming up with complex software patterns is beyond the skills of
our target group; however, with guidance and code-examples, they are able to implement them.
RaPIDO’s software could be extended to facilitate such patterns more easily.

The games created using RaPIDO were appreciated by players and lead to physically active and
social play, though Manitou would benefit from more iteration in order to achieve the intended
educational benefit for the children players. Requiring further iterations only adds weight to the
arguments in favour of specialized prototyping tool support.

As the HCI field is broadening its scope from a largely desktop-centered context to also in-
clude tangible, embodied, and ubiquitous contexts, there is a need for tools like RaPIDO. Portable
technology and embedded hardware are becoming more main stream, and tools that can support
designers to rapidly prototype (embedded) interactions are therefore becoming increasingly im-
portant. To draw a parallel: in the field of desktop interaction currently many tools are available
for interaction designers to quickly sketch interactive screen applications (e.g., [2]), allowing in-
teraction designers to focus on designing the interaction while not getting distracted by technical
implementation details. Tools like Arduino offer designers a means to create interactive physical
prototypes; however, to take full advantage of what embedded technology can offer nowadays is
often beyond the skills of interaction designers. As such, the creation of RaPIDO is an added asset
to the tools that designers can use to create fully functioning prototypes easily.

Though our initial motivation to develop RaPIDO was to support rapid development of outdoor
games for children, we anticipate that the platform has a wider scope: it can also be used to pro-
totype and experience physical interactions early in the design process and explore the relevant
design space, without the need to construct technology first.
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We have argued that the design of HUGs benefits from a platform that can support the creation
of robust, functioning prototypes very early in the design process. Regarding the more general field
of pervasive and ubiquitous computing, Tang et al. [47] arrive at a similar conclusion: In pervasive

computing, many complicated and unpredictable interactions exist between system components and

users, it would be, thus, best to start with something richly interactive.
However, Carter et al. [9] conclude from a literature survey and interviews with developers that

rarely any iterations in the design process are performed and that this is a threat to the ecological
validity of evaluations done with Ubicomp systems. One of the main challenges they identify is the
creation of robust and reliable prototypes. Though high-functioning prototypes have been created
during those projects, these are often fragile and can only be evaluated in a safe laboratory envi-
ronment. Apparently, the current offering of prototyping platforms does not yet enable developers
and designers to create sufficiently robust prototypes.

Therefore, if designers want to rapidly explore new interaction possibilities and at the same
time be able to evaluate them with users in a real context, new, integrated, prototyping tools like
RaPIDO should be developed, creating ready to use platforms for interaction designers to pick up
and deploy.

9.1 Future Work

We concluded from our evaluations that designers indeed were able to appropriate the software
libraries and effectively use the platform. However, as they had not followed formal training in
software engineering, it is not a surprise that many of the issues we found related to creating
more complex programs. For example, conceiving a state-machine was beyond the abilities of our
participants. To address this, effort should be spent to close the gap between the level of abstraction
offered by the software and the level of complexity that designers can be expected to handle. First,
the current API could be further extended to offer more gaming components. Though some game-
generic functionality is already offered, in the study, we observed that parts of the code written by
the participants were generic for HUGs (e.g., detecting what devices are present at the start of a
game). Including such game-generic functionality in the API could very well reduce the complexity
for the designers. Furthermore, the HUGs designed so far seem to be well suited to be represented
as state-machines. The current API could be extended to offer a basic structure of a state-machine
to facilitate this.

For the type of designers we were aiming at, we argue that a textual language offers the most
flexibility for creating their games [16]. However, to further accelerate the creation of prototypes
by designers, or alternatively, if we look beyond designers, and consider, e.g., parents, schoolteach-
ers, or even children themselves as game creators, a ‘sketch’-like, visual interface could be explored
to support the creation process. An interesting example of a visual programming environment for
Arduinos, though still in development, is ModKit. ModKit is a spin-off of Scratch [33], a visual
programming language especially designed for children between 8 and 16 years. ModKit offers a
drag-and-drop interface to assemble a program quickly, which considerably reduces the chances
of syntax errors. However, ModKit is targeted at users who also create the electronics of their
projects and it offers generic building blocks to create software structures. In our case, the hard-
ware is rather fixed and we aim to offer dedicated functions that support rapid creation of (gaming)
interactions. Still, it would be interesting to see if a tool such as ModKit can be extended to offer
dedicated game-related building blocks and whether or not that would better support designers to
create their interactive prototypes.

SUPPLEMENTARY MATERIALS

See the supplementary materials in the online version.
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