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Distributed robotics takes many forms, for instance,
multirobots, modular robots, and self-reconbgurable
robots. The understanding and development of such
advanced robotic systems demand extensive knowl-
edge in engineering and computer science. In this pa-
per, we describe the concept of a distributed educa-
tional system as a valuable tool for introducing stu-
dents to interactive parallel and distributed process-
ing programming as the foundation for distributed
robotics and human-robot interaction development.
This is done by providing an educational tool that en-
ables problem representation to be changed, related to
multirobot control and human-robot interaction con-
trol from virtual to physical representation. The pro-
posed system is valuable for bringing a vast number of
issues into education B such as parallel programming,
distribution, communication protocols, master depen-
dency, connectivity, topology, island modeling soft-
ware behavioral models, adaptive interactivity, feed-
back, and user interaction. We show how the proposed
system can be considered a tool for easy, fast, Rexi-
ble hands-on exploration of these distributed robotic
issues. Through examples, we show how to imple-
ment interactive parallel and distributed processing in
robotics with different software models such as open-
loop, randomness-based, rule-based, user-interaction-
based, Al- and ALife-based, and morphology-based
control.

Keywords: educationaltool, distributed robotics, parallel
processing, agent-based robotics, playware

1. Introduction

importance to robotics education. Such research devel-
opments include multirobotics, swarm robotics, modular
robotics, and self-reconbgurable robotics, and also related
developments within sensor networks, artibcial life, and
human-robot interaction witlnultirobot systems. Indeed,

it can be argued that even behavior-based robotics, in its
control of distributed parallel behavior, is an instance of
distributed robotics, as was exemplibed in explicit multi-
robot development based on behavior-based robotics [2].

In distributed robotics, coordination of the robotic sys-
tem is distributed to a number of robotic units. The de-
sired collective behavior of the distributed robotic system
emerges from interactions between robotic units and in-
teractions of robotic units with the environment B where
a dynamic environment may include human beings. In
contrast to centralized, single-robot systems, distributed
robotic systems explore the features given by parallel and
distributed systems thanks to the inherent Rexibility and
potential robustness that such systems provide for robotic
application in a dynamic environment.

Over the last decade, we developed a new tool that en-
ables building distributed platforms easy for physical in-
teraction. The system has shown itself to be an excellent
tool for educational purposes when introducing students
to such complex problems as interactive parallel and dis-
tributed programming for distributed robotics. The foun-
dation of parallel and distributed processing is indeed an
important subject within distributed robotics b and even a
major focal point in most computer science curricula and
theoretical educational textbooks. This is because numer-
ous other applications and systems are also based on the
principle of parallel and distributed processing, including
the Internet, cloud computing, parallel computers, multi-
agent systems, and swarm intelligence.

The proposed educational concept emphasizes enabling
students to explore the complex, abstract themes of dis-

The teaching of robotics requires that many subdis-tributed robotics in a simple, playful hands-on manner
ciplines be considered and covered, including mechaniwith simple interactive building blocks that can be eas-

cal engineering, electrical engineering, computer sciencely composed and manipulated by students. On purpose,
and artibcial intelligence. In this paper, we describe athese building blocks are stationary to facilitate studentsO
concept for the distributed robotics education with an in-cognitive entrance into and manipulation of the educa-
teractive hands-on approach that enables students to ea#snal system, thereby focusing their attention on the basic
ily understand and develop control components for dis-challenges of distributed, parallel processing underlying
tributed robotics. The many research developments in disdistributed robotics and physical interactivity underlying
tributed robotics make it evident that distributed roboticshuman-robot interaction. Note that the mechanical chal-
has become a major Peld of research and developmefgnges of multirobot systems are not addressed by this ed-
in robotics (see [1] for a review) and therefore of high ucational system.
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Approaching education with the proposed educationaguage education, and for IT education in Africa [9].
concept for distributed robotics has several advantagesSimilar systems include Smart-its, Cubelets, Roblocks,
First, it may make the learning of the above computer sci-and Blinky Bots. As an educational system, I-Blocks
ence themes more interesting to students. Second, sudhowed the possibilities of using inspiration from dis-
systems may be a foundation of distributed robotics ex-ributed robotics to create an educational tool with dis-
perience based on interaction, coordination, and/or matributed processing that, through its physical properties,
nipulation of physical, parallel building blocks. Acquir- gives students an easy hands-on way to manipulate and
ing this distributed robotics foundation easily and inspira- combine components of a distributed system.
tionally is crucial to enabling students to progress toward This modular approach atilitates contextualized
understanding and developing more advanced distributegroject-based education in a bottom-up approach focusing
robotics, e.g., using other resources. on individual competencies [10]. It emphasizes building

up individual competencies through a problem-based ap-

proach in which individuals solve identibed problems and
2. Background challenges by gaining competency when needed to solve

the problems at hand. This demands access to resources

The distributed robotics beld began in the late 1980sD not Opassive resourcesO as in the case of more tradi-
(Fukuda CEBOT [3], Arai [4], Asama [5]), and its tional curriculums but Oactive resourcesO used to create
rapid growth led to international conferences and sym-solutions for identibed problems. Resources come into
posium such as Distributed Autonomous Robotic Sys-active use in forming students while simultaneously com-
tems (DARS). In the 1990s, several universities startedng into direct use in society in the solutions created with
using the Khepera robot platform as a tool for distributedthese resources.
robotic systems education. The major educational fo- Educationally speaking, it is important to identify re-
cus on distributed robotic systems appeared, howevesources and tools enabling students to learn how to de-
with the emergence of robot soccer tournaments such agelop distributed robotics and create future applications
RoboCup and FIRA in the late 1990s. These robot socfor next-generation robotics, whose systems are based on
cer tournaments focused omultirobot systems compet- interactive physical distributed processing, for example b
ing in ball games against multirobot opponents. The com-a very interesting candidate because it provides a [Rexible
petitive nature of these tournaments quickly attracted rephysical system that can be set up and used by anybody
searchers to use the tournaments as one way to educa@ywhere within minutes [11, 12].
students within the robotics beld. A major challenge in Other resources and tools include the Player/Stage,
generally exploiting this in education is, however, that it which started as a project at the USC Robotics Research
is extremely time-consuming and expensive to create mulLab in 1999 to address interfacing and simulation for mul-
tirobot platforms able to compete in robot soccer tourna-tirobot systems [13]. Player supports a variety of robots
ments such as RoboCup. and provides a clean simple interface for robot sensors

In 1998, the authors of this paper invented RoboCupand actuators over a network. Stage provides a popula-
Junior with LEGO Mindstorms robots initially as a mul- tion of simulated efpcient and conbgurable, rather than
tirobot demonstration during RoboCup098 in Paris irhighly accurate, robots and sensors operating in a two-
1998 [6] and later as an interactive tournament for chil-dimensional bit-mapped environment. Devices are ac-
dren and students during RoboCup99 in Stockholm isessed through Player as if they were real hardware. Stage
1999 and after [7]. With the development of user- simulates tens or hundreds of robots on a desktop PC
guided evolutionary robotics and behavior-based systemand has been used in teaching undergraduate and graduate
for LEGO Mindstorms robots [7], we enabled learners classes. With Player/Stage, the educational concept easily
from a very young age up to university develop control of becomes one afimulatingmultirobot systems because of
such robot soccer players and enabled scaffolding wheréhe obvious advantages of Player/Stage. Educationally, it
they could go step by step to more complex understandremains important, however, to provide educational tools
ing and programming. Even though such educational systhat enable manipulation with physical representation as
tems enable easy access to robot programming, e.g., fas detailed in Section 3.

RoboCup, because of the high-level abstraction needed to

enable nonexpert learners to access educational systems,

these systems often fail to go in depth with more basic3. Educational Purpose: Concepts and DepPni-
issues B for example, distribution, communication proto-  tjons for an Educational Course

cols, master dependency, and adaptive interactivity. Other

educational systems are needed to enable students to ap-For creating distributed multirobot systems, there are
proach these complex basic issues underlying distributedumerous basic issues related to parallel and distributed
robotics more easily. processing that a student must learn about, such as to what

For education in distributed physical processing sys-extend parallelism can improve efbciency and robustness
tems, we also developed intelligent blocks B I-Blocks Pand what algorithms can exploit parallelism. This leads,

focusing on the Oprogramming by buildingO concept [8lfor instance, to the need to know about hierarchical and
Students used I-Blocks for mathematics education, lanfunctional decomposition of problems. An educational
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tool for this algorithmics learning should enable students To facilitate distributed representational space in dis-
to learn about when to use shared variables, e.g., in th&ibuted robotics education, we suggest usimgractive
master robot, and distributed variables in robots, when tgarallel and distributed processing enabling students to
use a scheduler in the master robot, how to use semaphosasily and physically represent, interact with, and create
for critical sections, and, for instance, enable studentgheir own parallel and distritiad processing systems. De-
to confront a mutually exclusive problem [14]. Low- signinginteractive parallel and distributed roboticsoft-
level issues related to topology, communication, eventware leaving behind conventional routes and Pnding an-
based control, prevention of deadlocks, data transfer, etmther way of developing algorithms. This OotherO pro-
(e.g., [15]) should be confronted together with high-level gramming paradigm demands that the programmer enter
issues about distributed systems for understanding artiba new Ostate of mind,O which is among the most difbcult
cial neural network control, evolutionary robotics, multi- things to do. It is thus important to clearly understand the
agent systems, swarm intelligence, artibcial life, etc., as @oncepts and debnitions underlying this interactive par-
basis fordistributed, multirobot systems allel and distributed processing paradigm, summarized in
Many of these themes may appear quite abstract tahe sections that follow.
engineering and computer science students interested in
understanding and_ creating distributgd robotic systemsg 1 Interactivity
A need clearly exists for an educational tool enabling . ) . Lo
students to confront these themes very concretely. We Interactivity here intends a physical and tangible inter-

hold that the best way to learn about these abstract is‘:"Ction' The physical parallel and distributed system en-

sues is through dire¢tands-on problem solvingollow- ables physica_lly manipulating objects_ and material repre-
ing the pedagogical principles of Piaget [16], known asSentations of mformatlon to be experienced. Technolpgy
constructionism [17D19], and in computer science an mbe_ds physical, congeptual, and cultural constraints.
robotics literature as guided constructionism [20]. We 'apping between physlcal affordances of objects with
combine this with an approach contextualizing training digital components B different types of output anc_i feed-
for students by enabling them to work with technolog- back b is a design and technological challenge, since the

ical building biocks [10]. Numerous experiments have physical properties of the objects serve both as represen-

shown that a hands-on problem-solving constructionis@tion and as control for their digital counterparts [27].

approach enables learners to confront abstract cognitiv e make digital mfor_matlon directly manipulatable, per-
problem solved more simply through physical represen-cept'ble'_ and acchS|bIe t_hrough the senses by physically
tation. For a mathematics education, for instance, Lakoﬂembo_dylng SF'Ch m_formatlon.

While playing with the system, users take advantage

& Nunez [21] show how we project embodied or sensory ¢ distinct tual svst lies t ke int i
motor reasoning onto abstract (mathematical) concepts t§' 9!SUNCt perceptual system quaities to make interaction

understand them. Researchers have shown the role (Sg'ngible, Iig.htweight, natural,' ar_1d engaging. Interacting
bodily activity in learning mathematics, e.g., [22]. One with a physical parallel and distributed system may mean

example is how the manipulative properties of interfacesjugnping ovder, pushing, gssemglin%,. olr tOUCh‘T‘ﬁ phhysical
may affect childrenOs numerical strategies [23]. When ge2bjects and experimenting with a dialogue with the sys-
em in a very direct, nonmediated way. It is thus viewed

signing objects to facilitate learning, we must consider the' hiahl bl f d . Undeniabl

opportunities for action prodied by the designed object as highly suitable, e.g., for student training. Undeniably,

or environment [24]. this enaples direct hands-on experience and learning to-
The fact that different representations, e.g., physical,geth(:"rW'th a funny and playful experience.

may cause dramatically different cognitive behavior is o

termed Orepresentational determinismO [25]. Zhang ari2. Parallel and Distributed

Norman [26] propose a theoretical framework in which A computational process is called distributed [28] when
internal and external representation form Odistributed repg single computational atom is on one side autonomous
resentational spaceO representing abstract structures asglj on the other insufbcient to determine the desired out-
properties of a task in Oabstract task spaceO (p. 90). Theyme. A computational process is thus called distributed
developed this framework to support the rigorous for- here when more than one computer (or robot) ® commu-
mal analysis of distributed cognitive tasks and to assishjcating through any possible network B contributes to ac-
their study of Orepresentational effects [in which] differ- complishing the very same task by sharing different roles
entisomorphic representations of a common formal strucjp g computational problem or process.

ture can cause dramatically different cognitive behaviorO \whenever considering distributed (computational)

(p. 88). OExternal representation are dePned as the knowdrocessit is necessary to debne the level of parallel vs.
edge of the structure in the environment, as physical symserial computational Row that the system should perform
bols, objects, or dimensions (e.g., written symbols, beadgnd to debne Ocomputational groupO characteristics. Par-
of abacuses, dimensions of a graph, etc.), and as extegjlel computing is a form of computation in which many
nal rules, constraints, or relations embedded in physicaga|culations are done simultaneously, operating on the
conbgurations (e.g., spatial relations of written digits, Vi- principle that large problems can often be divided into
sual and spatial layout of diagrams, physical constraintsmaller ones that are then solved concurrently (Oin par-
in abacuses, etc.)O (p. 180) [25]. allel®). Parallel computing comes in different forms B bit-
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level, instruction level, data, and task parallelism. For dis-tion Bow; and run-time adaptation b i.e., adapting system
tributed robotics education, we may be interested in thg(re)actions on the Ry.
task parallelism problem, so an educational tool should In addition to all of the above OclassicalO subproblems
be able to run distributed processes in at least three difef computer science, educational material must force the
ferent ways Bully-distributed, semi-distributeéndcen-  educational session to face other aspects that distributed
tralized robotic designers must deal with when learning parallel
and distributed processing. Such subtasks include local
and global connectivity, nitifaceted hardware topolo-
gies, interactivity and adaptive interactivity, and multi-
modal feedback.

As the foundation for distributed robotics, interactive

arallel and distributed system programming demands -
'?hat student programmersyshapepspgcibc abﬁities. Afteft-1.2. Connectivity
years of direct teaching experience, we believe that cer- To realize a suitable interactive parallel and distributed
tain educational materials can simplify this learning pro- platform, the educational tool must implement botlo-a
cess. The development of such educational material isal connectionsystem B through which hardware cells
guided by certain design policies. communicate with the neighbourhood and propagate such
information both sides B andgiobal connectiordevice
through which to connect with neighbour platforms and
any external tools.

4. Educational Material

4.1. Design Policies

We will present a number of interactive parallel and dis-
tributed subproblems that students must learn about. Thi
leads to design policies outlined below for developing an

open tool for dealing with all aspects of understanding Since educational tool modularity implies the use of
and both IOW‘ and h|gh_|eve| programming and front- and run-time de/attaChab|e mOdules, hardWare/SOﬂWare t0p0|-

back-end representation. ogy is strongly emphasized and demands great effort to
understand programming and deal with such structures.
In our model, we identibed three specibc topology sub-

types:

1. Regular i.e., a one-block platform b i.e., any given
group of hardware cells attached contiguously and
sharing a single master cell B with modules attached
in a square or rectangle.

2.1.3. Multifaceted Hardware Topologies

4.1.1. Classical Parallel and Distributed Process
Subtasks

Coding parallel and distributed processes stress pro-
gramming and the understanding of different levels such
as physical b i.e., bit transmission; data link b i.e., pack-
ages, transmission error, and recovery; network b i.e., ad-

sage exchange between clients and master(s); session b
i.e., debning and implementing sessions in priority and
process-to-process communication; representation b i.e.,
working on data-format differences; application b i.e.,
end-user interaction and feedback; and understanding and

implementing solutions for robustness b i.e., error diag- 3.

nosis and recovery; reconbguration b i.e., module assem-
bly; unreliable communication b i.e., data loss, duplica-
tion, and corruption; parallelism and concurrency b i.e.,
language nondeterministic side-effects; and bxed and ex-

shape but nevertheless in which hardware cells must
be continuous, meaning that assembly does not show
any discontinuity and no cell or group of cells is iso-
lated.

Island conbgurations.e., a platform consisting of
more than one block B i.e., as debned in 1, and 2. It
makes no difference whether master cells mutually
communicate, communicate through an external de-
vice, or do not communicate at all.

panding parallelism B i.e., modifying the number of pro-
cessors involved. o

It is also essential when teaching information distribu- 4-1-4- Interactivity
tion to include problems such as system connection P i.e., Implementing software in a modular interactive educa-
total vs. partial connection; token-passing b i.e., how taional tool implies designing  or at least dealing with b
share and act on critical information; deadlock preventiona relevant dynamic and interactive scenario, since in most
b i.e., wait-die, wound-wait, etc.; memory sharing b i.e.cases, software use itself relies on physical and continu-
how to locate physical distributed system memory; topol-ous user action. Students/designers must deal with com-
ogy b i.e., ordinary and complex topology algorithms, ini- pletely different requirements based on whether single-
tial vs. run-time topology building, etc.; process transfer or multi-user software is targeted. Students also must hy-
b i.e., distributing the work load, speeding up calculation,pothesize a wide variety of behavioral situations, even in-
using hardware and software specialization among syseluding those B in our personal experience b in which a
tem modules; centralized vs. hierarchy vs. distributedsingle-user platform will have many users or multiuser
approaches D i.e., centralized and decentralized informaoftware will be run by a single user.
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4.1.5. Adaptive Interactivity derstanding parallel and distributed processing underlying

The way we approach interaction in such a modular and}listr@buteo_l robotiq s_ystemshfue stressing the user and/or
distributed model leads beyond the classic idea of Humanultiuser interactivity corponent. The Modular Interac-
Machine Interaction (HMI) and is of fundamental impor- tive Tiles System (MITS) may provide educators and stu-
tance because it promotes and applies B under both phy&lents with such a tool and approach, since the system is
cal and cognitive circumstances D user adaptation and usBased on OroboticO modules with certain properties. Each
adaptivity. First, with our model being architecturally re- fobotic module has a physical expression and processes
conbgurable D eventually run-time-reconbgurable B rend communicates with its environment. Communication
resents of itself the essence of adaptation. Being focuse¥ith the environment is through communication to neigh-
on physical user action, such a system is easily tailored®©ring robotic modules and/or sensing or actuation. A
to user activity either in real time or over the long term. Modular robot consists of many robotic modules.

To achieve such a goal, the educational tool must be pro- [N the MITS, the term Orobotic moduleO is used in the
grammable using many different strategies that also deProad sense. The module is not mobile but physical out-
pend on the quality and quantity of feedback that stu-Put possillities consist of olored light and sound. MITS
dents/designers are willing to exchange with users. Feedn0dules are purposefully simple, with no mobile actu-
back and multirodal feedback are introduced below. We ation to focus studentsO attention on the basic issues of
have shown in more then one case [29,30] that usingnteractive parallel and distributed processing as a basis
modular interactive tiles eed us to detect user char- Tor developing interactive distributed robotics. Mechani-
acteristics and adapt software execution to those. In furcal issues  e.g., related to mobile actuation of modules
ther tests, we found that by capturing a user®s condition& &re therefore excluded from this approach and tool, to
attitude and adapting software execution to this that, inenable students to brst learn about the other basic issues

some cases, we could eventually modify user behavior itP€fore moving on to mechanical issues, which inevitably

self [30]. involve one more level of complexity.
The MITS approach inherits the behavior-based
4.1.6. Multimodal Feedback robotics method [32] and uses it assuming that behavior-

, i ) ) based systems can include both the coordination of primi-
When discussing HMI, we commit ourselves to the ideayjye hehavior in terms of control units and include the co-

that Gowyou give is more important thamhatyou give.,O  ordination of primitive behavior in terms of physical con-
and focus on software and tools that can both give and gefo| ynits. We assume a physical module being a prim-

feedback from users. _ _itive behavior, so the physical organization of primitive
When developing software for a modular interactive penayior is, together with interaction with the environ-
tool, we constantly try to provide the user withmedi-  nent, what decides overall system behavior. Similar to

ate feedbacke.g., LED, score, andelayedor long-term  controlling robotbehavior by coordinating primitive be-
feedbacke.g., adaptivity, documentation software, since 4yior, we imagine the overall behavior of a robotic arti-
we believe that both components are essential to moderfyct 1o emerge from the coordination of a number of phys-
robotics design. For immediate feedback from modularicq) ropotic modules each representing a primitive behav-
interactive tiles, we use a light (LED) conbguration or jo eventually opened to single/multiuser interaction.
colors. Any time a need exists for a stronger, more com-  \joqular interactive tiles attach themselves to each
plex, or long-run Osignal,O we interface with external degiher o form the overall system. Tiles are designed to
vices in a layered mode in which each feedback layer camye pexible and motivational in providing immediate feed-

be added/removed freely on top of each other B someyack pased on physical user interaction following design
thing we call layered multimodal feedback [31]. Exter- principles for modular playware [33].

nal devices may be OpassiveO as vision-oriented feedbackz5cn modular interactive pairethane tile is quadratic,

b e.g., screen, projector, etc.; sounq-origntgd feedback ﬁeasuring 308 300x 33 mm P seFig. 1andTable 1for

e.g., loudspeakers, buzzers, etc.; or OactiveO such as CQffacibcations. In the center is a quadratic dent of 200 mm
putational devices that run an analysis or link user actionyige with a raised circular platform of 63 mm in diameter
to specibc databases through external communication f§ the center. The dent can contain a Printed Circuit Board
e.g., radio and the Internet. (PCB) and electronic components on the PCB, including

In conclusion, to manage and teach the many featureg, ATmega 1280 as the maimgessor in each tile. At the
of parallel and distributed modular robotics programming, center of each of the four quadratic sides is a small tube

we require a system that is robust, reliable, ar}d easily re16 mm in diameter through which infrared (IR) signals
conbgurable, so we present such an educational systefe sent and received from neighboring tiles. On the back

based on these design policies to enable us to shift thg 5 tile are four small magnets. Those on the back enable
level of representation from very abstract to very empiri- 4 tjje to be mounted on a magnetic surface B e.g., a wall.

cal. Each side of a tile has a jigsaw puzzle pattern to provide
_ _ opportunities for tiles to attach themselves to each other.
4.2. Hardware Specibcations This jigsaw pattern ensures that when two tiles are put to-

From an educational view of what is needed and wouldgether, they will become aligned, which is important for
be of real value is a tool that enables studying and un£nsuring that tubes on two tiles for IR communication are
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Fig. 1. Modular tiles used for foot or hand interaction.

Table 1. Specibcation of a modular interactive tile.

selector box and initiates programs on the built platform.
Every platform must have at least one master tile if com-
munication is needed, e.g., to a game selector box or a
PC.

With these specibcations, a system consisting of mod-
ular interactive tiles is a fully distributed system, with
each tile containing processj (ATmega 1280), its own
energy source (Li-lo polymer battery), sensors (FSR sen-
sor and 2-axis accelerometer), effectors (8 color LEDSs),
and communication (IR transceivers, and possibly XBee
radio chip), as indicated in the specibcationJable 1.
Each tile is thus self-contagéd and runs autonomously.

Amount Type . L .

Processor 1 ATmegal280 T.ht_a over_all b_ehaV|or of the system consisting of such in-
Sensor 1 FSR dividual tiles is, however, the result of assembly and co-
Sensor 1 2-axis ordination by all of the tiles.

accelerometer Modular interactive tiles are easily set up on a 3oor or
Effector 8 RGB color LEDs wall within one minute by attaching them similar to a jig-
Communication| 4 IR transceivers saw puzzle. No wires are involved. Tiles register whether
Communication| 1 XBee radio chip they are horizontal or vertical and thus make software
Energy 1 Li-lo Polymer games behave accordingly.

battery Tiles may be grouped inttile OislandsO and groups
Switch 1 On/Off switch communicate mutually wirelessly (with radio communi-
Connector 4 Jigsaw puzzle cation). An application may, for example, be running dis-
Size 300 mmx 300 mm tributed in a group of tiles on the Boor and a group on the

: X 33 mm wall, requiring that users interact physically with both the

Weight 1kg Roor and wall.

5. Proposed Educational Course

aligned. On one side of the tile is a small hole for a charg-
ing p|ug used for Connecting a battery Charger’ inc|uding Based on the debnition of our educational intentions
an on/off switch. and educational material B hardware and software tools

A small groove on the top of the quadratic dent wall D we have built for bringing thgse educational intentions
enables a cover to be used on the dent. The cover consist@ life, we describe a pedagogical work-Bow for classes
of two transparent satin-ice plates on top of each otherPased on our experience. We have been us