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ABSTRACT
Active Learning Environments with Robotic Tangibles
(ALERT) are mixed reality video gaming systems that use
sensors, vision systems, and robots to provide an engaging
experience that may motivate hitherto underrepresented kinds
of learners to become interested in game design, programming,
and careers in science, technology, engineering, and
mathematics.  Through the use of fiducials (i.e., meaningful
markers) recognized by robots through computer vision as
just-in-time instructions, users engage in spatially-based
programming without the encumbrances of traditional
procedural programsÕ syntax and structure. Since humans,
robots, and video environments share many inherently spatial
qualities, this natural style of physical programming is
particularly well suited to fostering playful interactions with
mobile robots in dynamic video environments.  As these
systems broaden the capabilities of video game technology
and human-robot interaction (HRI) they are lowering many
existing barriers to integrated video-robot game development
and programming. Diverse ALERT video game scenarios and
applications are enabling a broad range of gamers, learners,
and developers to generate and engage in their own physically
interactive games. 

Categories and Subject Descriptors
H.1.2 Human Factors, H.5.2 Interaction styles, H.5.5 Interactive
systems, J.1 Education, K.3.1 Collaborative learning

General Terms
Human Factors

Keywords
Robotics, Education, Collaborative learning, Tangible
interfaces

1. INTRODUCTION
1.1 Robots and Video Games
This paper presents a new interaction and development
paradigm for video-robot game development and play. Video
games are becoming more and more physically interactive

through the use of low-cost sensors (e.g., accelerometers) and
computer vision systems.  Robots, which have always been
physical, are becoming affordable and ubiquitous.  Likewise,
robots are incorporating a greater variety of sensors and
advanced computer vision systems.  Most importantly, robots
and mixed reality robot systems are becoming more playful!
These concurrent advances are creating new synergies for the
advancement of video games and novel human-robot
interactions (HRI) through play and learning experiences.

Advances in the technological medium of video games have
recently included the deployment of physical activity-based
controller technologies, such as the Wii [Shirai et al. 2007],
and vision-based controller systems, such as IntelÕs Me2Cam
[Intel Corporation]. The rapid deployment of millions of
iRobot Roomba home robots [iRobot Corp.] and the great
popularity of robotic play systems, such as LEGO Mindstorms
and NXT [LEGO Group] now presents an opportunity to extend
the realm of video game advances even further, into physical
environments, through the direct integration of human-robot
interaction techniques and architectures with video game
experiences.

Over the past thirty to forty years, a synergistic evolution of
robotic and video game-like programming environments, such
as Turtle Logo [Papert 1980], has occurred. At the MIT Media
Lab, these platforms have been advanced through the
constructionist pedagogies, research, and collaborations of
Seymour Papert, Marvin Minsky, Mitch Resnick, and their
colleagues, leading to Logo [Logo Foundation], Star Logo
[Resnick 1991], programmable Crickets and Scratch [Lifelong
Kindergarten] and Lego MindStorms [Resnick 1991]. In 2000,
Kids Room [Bobick et al. 2000] demonstrated that an
immersive educational gaming environment with projected
objects and characters in physical spaces (e.g., on the floor or
walls), could involve children in highly interactive games,
such as hide-and-seek. In 2004, RoBallet [Cavallo et al. 2004]
advanced these constructionist activities further, blending
elements of projected virtual environments with sensor
systems that reacted to children dancing in a mediated
physical environment.  The realm of toys and robotic pets has
also seen the development of a wide array of interactive
technologies (e.g., Furby, Aibo, Tamagotchi) and more recently
MicrosoftÕs Barney [Microsoft Corporation 1997], which has
been integrated with TV-based video content. Interactive
robotic environments for education are now being extended to
on-line environments, such as CMUÕs educational Mars rover
[The Robotics Institute at CMU], and becoming popular
through robotics challenges such as FIRST Robotics
Competition [Center for Youth and Communities, Brandeis
University, 2005], BattleBots [BattleBots], and Robot World
Cup soccer tournaments [Robocup].



Video game technologies are also extending their range of
impact in education through game development
environments) in which children get to create their own games.
In the LifeLong Learning and Design research group at the
University of Colorado at Boulder [The Center for LifeLong
Learning and Design], the constructionist activities have
integrated technology with traditional crafts such as sewing
and weaving. An exciting quality of these new gaming and
programming environments, which engage users in self-
motivated and collaborative gaming activities, is that girls
and underserved minorities are readily adopting them
[Buechley et al. 2008].

1.2 Architecture
The Create (produced by iRobot, which makes the popular
Roomba autonomous vacuuming robot) is the foundation of
that architecture. It is designed to be a relatively low-cost,
user-friendly platform, programmable and physically
expandable by users who are interested in robotics but may
not have the time, tools, or expertise to build their own
mechanical robotics foundation.  Using the Create lets our
research focus on programming and interactions, while also
making our results highly accessible to schools, museums,
and individuals who can thus apply the same technologies in
their own environments.

We have equipped the iRobot Creates with cameras that enable
them to ÒseeÓ the physical environment.  In the physical
environment we use fiducials [Fig. 1] or Òmeaningful markersÓ
to provide just-in-time instructions to the robots.  The
fiducials can be placed physically or projected onto the floor
or attached to the robots [Fig. 5]. (We have also, at times,
presented fiducials on PDAÕs, mobile phone screens, and other
mobile devices that are easily carried by people and robots.)
The instructions associated with each fiducial allow the Create
to respond, in real time, to its dynamic environment. 

In developing this system architecture we first used a
MacBook laptop computer placed on the Create and used the
MacBookÕs Camera to acquire images of the environment and
fiducials.  Later, desiring a more stable camera and a lighter-
weight robot, we used a wireless camera to transmit the robotÕs
view of the world to a remote MacBook or MacBook Pro.  The
computers, running OSX, use reacTIVision computer vision
software [reacTIVision 1.3] to recognize the fiducials and their
angle and position in the robotÕs field of view. Java software
written in the Eclipse IDE then translates instructions
associated with the fiducials into RoombaCom library
commands [RoombaComm], which are wirelessly transmitted
via Bluetooth to the CreatesÕ Bluetooth Adapter Module
(BAM).  

Figure 1: ALERT robotic pets, a frog and bird, with
projected virtual fiducials; fiducials on the robot also

facilitate interaction.

The ALERT robotics architecture enables the use of fiducials
for direct control. The simplest way to use the fiducials is as
just-in-time instructions to the robot: users show the robot the
desired fiducial precisely when they want the robot to execute
the associated command.  A slightly more sophisticated way of
using fiducials is to place one or more in the physical
environment in a location that the user anticipates the robot
will traverse.  Another version of this scenario is to place a
series of fiducials in a sequence that instructs the robot to
move from one fiducial to the next (e.g., go forward, turn right,
go forward, turn left, go forward, youÕve encountered a
whirlpool so spin and make sounds, you see a danger zone so
do a u-turn, etc.).  If the user wants the robot to have more
autonomous behavior, fiducials may be placed in a less
sequential manner.  One of the most basic versions of this
scenario would be to place a large ring of fiducials around a
space, in effect creating a boundary, border, or fence that would
ÒbounceÓ the robot around within the space.   An extension of
this approach could be used to create a labyrinth.  A more
open-ended variant would be to place fiducials in the physical
environment more sparsely.  When encountered, the fiducials
might instruct the robot to veer away from one fiducial or set
of fiducials (obstacles) and toward others, or they might elicit
a behavior such as a dance or song from the robot.   The
placement of ambient fiducials raises the issue of perspective:
a robot orientation, in which a right-turn fiducial instructs the
robot to turn 90 degrees to the right, vs. a world orientation, in
which a fiducial might instruct the robot to go north.

Since fiducials simply serve as instructions they can be
extremely flexible: their use and meaning is ultimately
bounded only by the creativity of the user/programmer (see
section 4).  Fiducials can be variously employed -- as targets
for robots to follow and keep within their field of view, as
ÒsensorÓ events, as x-interrupts, as new individual commands,
or as sequences of procedural commands. They can be
variables or variable flags (you have a key and can now unlock
the treasure chest); they can elicit randomized events (go left,
right, straight, or beep) or augment existing sets of procedural
commands. They could even say, ÒWhen you are done with
your commands, Ôcelebrate,ÕÓ or ÓGo find another robot and
ignore other fiducials.Ó 

One of the most compelling scenarios thus far, for the diverse
users of the ALERT systems, has been robotic Òpet-building.Ó
This scenario adds a direct creative social component that
makes the integration of video games and robots more
engaging to those who may not otherwise be attracted to the
stereotypical aesthetic of these technologies (e.g., DOS
prompts and weapons).

Figure 2:  Close-up view of a frog-themed iRobot Create with
a ÒcamouflagedÓ wireless camera above the frog's eyes.

Through the combination of varied elements of the 3.1-3.4
scenarios, robotsÕ short- and long-term behaviors can be



developed.  Just as users have become engaged in the
appearance of their game characters and avatars, ALERT users
have become engaged in physically and virtually augmenting
the ÒcutenessÓ of the robots with wiggle eyes, colorful clay,
wagging tails, and projected elements in order to create pets
(e.g., birds and frogs).  This is also a scenario that allows for
further exploration of balancing levels of autonomy Ð pets do
not require constant direct interaction, and, likewise, they do
not always pay attention to their owners.  Pets can recognize
their owners through sequences of interactions with their
sensors, cameras, and/or through fiducials used as IDs.  The
tracked objects can be used as virtual leashes to ÒwalkÓ or
guide robotic pets through a virtual or physical environment
and train the pets to do tricks and accept and react to fiducials
as virtual rewards.  Interactions in this realm can lead to the
development of unique behavioral characteristics in the
robotic pets and to elements of Òsocial bondingÓ between the
humans and their robotic pets [Picard 1997; Bickmore and
Picard 2004]. In the near future we will be incorporating face
recognition and wearable physiological sensors into the pet-
building scenarios.

2. ACTIVE LEARNING IN MEDIATED
ENVIRONMENTS
Most of the ALERT scenarios and applications were tested
within ASUÕs Active Learning in Mediated Environments
course, a project-based design course within which much of
the ALERT system was developed.  Eight to ten students and
teachers ranging in age from 19 to ~50 used the system during
these sessions.  They were initially a little more hesitant than
the children in our user studies to interact with the system.
However, after the first few tries they became very enthusiastic
and engaged fully in all of the diverse scenarios and
applications that the system affords.  In one interaction,
robotic sounds were added to the scenario: the robot was
babbling to itself as it moved through the maze.  This
experience led to some thrilled interpretations like, ÒOh, itÕs
talking!Ó

2.1 Active, Engaged, and Alert Learners
Engaging subject matter promotes learning.  Gaining and
holding the attention of students in todayÕs classrooms can be
difficult.  For students lacking experience with, or doubting
their capacity in, a given subject, this problem is amplified.
One way to make a subject inviting for these students is to
provide a Òlow floorÓ (a point of entry that is simple and
intuitive) [Resnick 1991].  Our system provides this low floor
through the natural just-in-time programming enabled by the
fiducials (as described in sections 2.1 and 3.1-3.7).  The
storylines and themes established by the participants and
appealing scenarios and applications serve to maintain
interest in the learning experiences offered by the ALERT
system.  The multimodal interactions and feedback provided
by this system create a dynamic user experience with multiple
channels for information transmission, serving diverse
thinking and learning styles [Gardner 1983]. These channels
include audio and video feedback, kinesthetic experiences
through the use of tangible interfaces, and verbal
communications between users.

Our system is intended to engage students on multiple levels.
At its basic level (the Òlow floorÓ), it provides problem
solving and competitive games that require logical thinking
and spatial reasoning skills.  At a medium level, it offers the

opportunity for students to create their own games and
challenges, using the system as it already exists.  This requires
more creative thinking and a deeper understanding of the tools
weÕve created.  At a still higher level, revealing the high
ceiling of the project, students can delve into the design and
programming of the individual technology components that
make up the system, altering and expanding on what weÕve
provided.  Students enter the system enjoying the seemingly
magical control over the robotsÕ actions through
communicating commands by showing the robots printed
images (the fiducial markers), but eventually want to
understand how to perform the magic trick Ð how to do the
programming that makes the system work.

Just as games can start off being easy (so as not to
immediately frustrate players) but gradually become more
challenging (so as to remain engaging as the playersÕ skills
improve), a learning system should be dynamic and adaptable
in order to maintain its effectiveness as a teaching tool. One of
the strengths of our system is its flexibility.  It functions as an
open-ended learning environment in which students can freely
play, explore, invent, and evolve understandings of space,
timing, logic, interrelations, and dependencies.  In certain
scenarios ALERT systems can also aid learning of specific
directed lessons, such as a geometry problem illustrating the
Pythagorean theorem.  Students show an enthusiastic
willingness to combine multiple scenarios and approaches
when working with and designing robots and robot-robot or
video-robot interactions. WeÕve observed these self-motivated
and largely self-directed creative activities to be a promising
way to generate diverse hybrid video-robotic games. 

Throughout this participatory design and development
process, emergent behaviors frequently occur in the system,
suggesting new games and learning activities, including
puzzles, hide-and-seek (and other robotic implementations of
traditional childrenÕs games), and artistic applications (such
as dancing).  To date we are capturing these ideas and using
them to develop and refine additional scenarios and
applications.

3. CONCLUSIONS
The ALERT system and the iterative participatory design,
development, and evaluation described in this paper represent
the evolution of, and contributions to, a new spatial paradigm
for advancing video game technologies, human-robot
interactions, and embodied educational experiences, in
physical environments. The diverse systems, scenarios, and
applications presented here show the significant potential
afforded by integrating robots and video games through the
use of tangible fiducial interactions. Within the ALERT
system, human-robot interactions and programming
experiences can be made accessible to users with no traditional
programming experience by simply leveraging their
preexisting logical thinking abilities and experience with
everyday programming examples such as street signs (stop,
go, speed limit, right turn).  Since humans, robots, and video
environments share many inherently spatial qualities, this
natural style of physical programming is particularly well
suited to fostering playful interactions with mobile robots in
dynamic video environments. The low floor of this system
makes experiences with technology easy and exciting and
opens up STEM learning experiences to those individuals who



are typically not drawn to these subjects. The ALERT scenarios
and applications are enabling a very broad range of gamers,
learners, and developers to generate and engage in their own
physically interactive games.  The attractive qualities of video
games, including interesting characters, storylines, and multi-
sensory feedback mechanisms, combined with the physically
active involvement promoted by robotic elements and
tangible fiducials, are resulting in systems that broaden the
capabilities of video game technology and human-robot
interaction.
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