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In kindergartens and early-elementary class- 
rooms, manipulative materials (such as Cuise- 
naire Rods and Pattern Blocks) play an 
important role in childrens learning, enabling 
children to explore mathematical and scient~'c 
concepts (such as number, shape, and size) 
through direct manipulation of physical 
objects. But as children grow older, and learn 
more advanced concepts, the educational focus 
sh~s away from direct manipulation to more 
abstract formal methods. This paper discusses 
a new generation ofcomputationally enhanced 
manipulative materials, called digital manipu- 
latives, designed to radically change this tradi- 
tional progression. These new manipulatives 
(such as programmable building bricks and 
communicating beads) aim to enable children 
to continue to learn with a kindergarten 
approach even as they grow olderand also to 
enable young children to learn concepts (in 
particular, systems concepts such as feedback 
and emergence) that were previously consid- 
ered too advanced for them. 

[] In 1837 in Germany, Friedrich Froebel cre- 
ated the world's first kindergarten. Froebel's 
school was an important departure from previ- 
ous educational institutions not only in the age 
of its students, but in its educational approach. 
Froebel had been deeply influenced by Swiss 
educator Johann Heinrich Pestalozzi, who 
argued that children need to learn through their 
senses and through physical activity. In 
Pestalozzi's words: "things before words, con- 
crete before abstract" (Pestalozzi, 1803). In sharp 
contrast with previous schools, Froebel put 
physical objects and physical activity at the core 
of his kindergarten. He developed a set of 20 so- 
called "gifts"--objects such as balls, blocks, and 
sticks for children to use in the kindergarten. 
Froebel carefully designed these gifts to help 
children recognize and appreciate common pat- 
terns and forms found in nature. Froebel's gifts 
and ideas were eventually distributed through- 
out the world, deeply influencing the develop- 
ment of generations of young children. Some 
historians argue that Froebel's gifts deeply influ- 
enced the course of 20th century art; indeed, 
Frank Lloyd Wright credited his boyhood expe- 
riences with Froebel's gifts as the foundation of 
his architecture (Brosterman, 1997). 

Today's kindergartens are still full of physi- 
cal objects and physical activity. Walk into a kin- 
dergarten, and you are likely to see a diverse 
collection of manipulative materials such as Cui- 
senaire Rods and Pattern Blocks. As children 
build and experiment with these manipulative 
materials, they develop deeper understandings 
of mathematical concepts such as number, size, 
and shape. As children play with Cuisenaire 
Rods, for example, they discover that one brown 
rod is the same length as two purple rods (or 
four red ones)and, in the process, they begin to 
develop a framework for thinking about frac- 
tions and proportions. 
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But as children move on through elementary 
school and into secondary school, they have 
fewer interactions with manipulative materials. 
One reason: many important concepts are very 
difficult (if not impossible) to explore with tradi- 
tional manipulative materials. For example, tra- 
ditional manipulatives generally do not help 
children learn about the behavior of dynamic 
systems--how patterns arise through dynamic 
interactions among component parts. Such sys- 
tems-related concepts are typically taught 
through more formal methods, involving 
abstract mathematical formalisms. Unfortu- 
nately, many students have difficulty with this 
approach, and thus never develop deep under- 
standings of these concepts (Resnick, 1994; Ster- 
man, 1994). 

This paper discusses how the successful kin- 
dergarten strategy of learning-through-manipu- 
lation can be extended to a broader set of 
concepts. Specifically, it describes a new genera- 
tion of manipulative materials that we have 
developed at the MIT Media Lab, in an explicit 
effort to expand the range of concepts that chil- 
dren (and adults) can explore through direct 
manipulation of physical objects. These new 
manipulatives, which we call digital manipula- 
tives, embed computational capabilities inside 
traditional children's toys--such as blocks, 
beads, and balls. These new technologies are in 
varying stages of development. Some of our 
new manipulatives have already been used 
extensively by children, in both school and after- 
school settings; others are still in the early proto- 
type stage. 

The overarching goal of this research is two- 
fold. First, we hope that these digital manipula- 
tives will enable children to continue to learn 
new concepts with a "kindergarten approach" 
as they progress through school--indeed, 
throughout their entire lives. At the same time, 
we hope that these new manipulatives will help 
young children learn concepts that were pre- 
viously considered too advanced for them. 

GUIDING PRINCIPLES FOR DIGITAL 
MANIPULATIVES 

Our research on digital manipulatives is guided 
by three underlying principles: 

1. Encourage design projects 

2. Leverage new media 

3. Facilitate personal connections 

Encourage Design Projects 

In recent years, there has been a growing recog- 
nition of the educational value of design projects, 
in which students design and create external 
artifacts that they can share and discuss with 
others (e.g., Harel, 1991; Kafai, 1995; Lehrer, 
1993; Papert, 1993; Resnick & Rusk, 1996; 
Soloway, Guzdial, & Hay, 1994). In some cases, 
students might create their own video games or 
animated stories; in other cases, their own 
kinetic sculptures; in still others, their own mod- 
els and simulations. There are many reasons 
why design projects can provide rich opportuni- 
ties for learning: 

• Design activities engage children as active 
participants, giving them a greater sense of 
control over (and personal involvement in) 
the learning process, in contrast to traditional 
school activities in which teachers aim to 
transmit new information to the students. 

• Design activities are often interdisciplinary, 
bringing together concepts from the arts, 
mathematics, and sciences. 

• Design activities encourage pluralistic think- 
ing, avoiding the right/wrong dichotomy 
prevalent in most school math and science 
activities, suggesting instead that multiple 
strategies and solutions are possible. 

• Design activities provide a context for reflec- 
tion. A child's constructions serve as external 
shadows of the child's internal mental mod- 
els-providing an opportunity for children to 
reflect on (and then revise and extend) their 
internal models of the world. 

• Design activities encourage children to put 
themselves in the minds of others, since they 
need to think through how other people will 
understand and use their constructions. 

This emphasis on design activities is part of a 
broader educational philosophy known as con- 
structionism (Papert, 1993). Constructionism is 
based on two types of construction. Drawing on 
the constructivist theories of Jean Piaget (e.g., 
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Piaget, 1972), it argues that learning is an active 
process, in which people actively construct 
knowledge from their experiences in the world. 
People don ' t  get ideas; they make them. To this 
idea, constructionism adds the idea that people 
construct new knowledge with particular effec- 
tiveness when they are engaged in constructing 
personally meaningful products. They might be 
constructing sand castles, LEGO machines, or 
computer programs. What is important is that 
they are engaged in creating something that is 
meaningful to themselves or to others around 
them. 

Our research on digital manipulatives is part 
of a broader effort to develop new technological 
tools that help children work on design projects 
(and learn through their work on design pro- 
jects). The traditional field of instructional 
design is of little help: it focuses on strategies 
and materials to help teachers instruct. Instead, 
we are interested in developing strategies and 
materials to help children construct. We call this 
effort constructional design (Resnick, 1996b; 
Resnick, Bruckman, & Martin, 1996). Construc- 
tional design is a type of meta-design: it involves 
the design of new tools and activities to support 
children in their own design activities. In short, 
constructional design involves designing for 
designers. 

Leverage New Media 

How we make sense of the world is deeply influ- 
enced by the tools and media at our disposal. If 
we are given new tools and media, not only can 
we accomplish new tasks, but we can begin to 
view the world in new ways. All too often, how- 
ever, people cling to the representations and 
ideas of the past, even in the presence of new 
media. Most applications of computers in edu- 
cation, for example, use computers in rather 
superficial ways. They take traditional class- 
room activities and simply reimplement them 
on the computer. The activities might be some- 
what more engaging, and the computer might 
provide some additional feedback, but the activ- 
ities themselves are not changed in fundamental 
ways. 

Our research group aims to fundamentally 
rethink what  children can and should learn, 

given the availability of new computational 
media. Many of the representations and activi- 
ties used in today's  schools were developed in 
the context of (and are most appropriate for) 
pencil-and-paper technology. We attempt to use 
computational media to create new representa- 
tions and formulations of scientific knowl- 
e d g e - i n  order to make that knowledge 
accessible to more people (and at younger  ages) 
than previously possible. 

We have focused especially on helping chil- 
dren understand how systems behave and 
change--for  example, the formation of a traffic 
jam on the highway, the coordinated move- 
ments of a bird flock, the fluctuations in a mar- 
ket economy. Why this domain? We believe that 
new computational media can provide signifi- 
cant leverage in rethinking the s tudy of systems. 
For several centuries now, mathematicians and 
scientists have modeled system behaviors in 
terms of differential equations. Is that because 
differential equations are the best way  to repre- 
sent and describe these systems? Or is it because 
the common media of the past several centuries 
(paper and pencil) are well suited to manipula- 
tions of differential equations? 

We developed StarLogo, a programmable 
modeling environment, to introduce a very dif- 
ferent approach to the study of systems 
(Resnick, 1994, 1996a). To use StarLogo, children 
do not need to master advanced mathematical 
formalisms. Rather, they write simple rules for 
individual objects, then observe the group pat- 
terns that arise from the interactions among the 
objects. Our studies have shown that children, 
by using this approach, can learn important sys- 
tems-related concepts (such as feedback and 
emergence) at much younger ages than pre- 
viously possible. Our hope is that digital manip- 
ulatives will make these ideas accessible to even 
younger children, enabling children to explore 
these ideas through direct manipulation of 
familiar physical objects. 

Facilitate Personal Connections 

New technologies and new media can support  
new representations--which, in turn, can make 
certain concepts and ideas more salient for 
learners. But new representations are not enough. 
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We must also consider relationships--that is, we 
need to consider how learners relate to the tools, 
activities, and representations in an educational 
setting. 

An important goal is to connect new tools, 
activities, and representations to learners' inter- 
ests, passions, and experiences. The point is not 
simply to make the activities more motivating-- 
though that is important, since learners will 
work longer and harder on projects they care 
about. Learners also make deeper cognitive con- 
nections when they follow their interests. When 
activities involve objects and actions that are 
familiar and relevant, learners can leverage their 
previous knowledge, connecting new ideas to 
previously constructed mental models (Resnick 
& Rusk, 1996; Schank, 1994). 

In recent years, a growing number of 
researchers (e.g., Gilligan, 1982; Lave & Wenger, 
1991) have argued that people form their strong- 
est relationships with knowledge through "con- 
crete" representations and activities--very 
different from the formal, abstract representa- 
tions and approaches favored in traditional 
school curricula. This view calls into question 
the classic reading of Piaget (e.g., Piaget, 1972) 
which describes cognitive development as a 
one-way progression from concrete to formal or 
abstract ways of thinking. Some researchers 
have called for a "revaluation of the concrete" in 
the study and practice of mathematics and sci- 
ence, suggesting that "abstract reasoning" 
should not be viewed as more advanced than (or 
superior to) concrete manipulations (Turkle & 
Papert, 1990; Wilensky, 1991). 

The computer can play an important role in 
this revaluation of the concrete; it "has the abil- 
ity to make the abstract concrete" (Turkle & 
Papert, 1990). For example, the Logo turtle offers 
a much more concrete approach to learning 
geometry than traditional Euclidean approaches 
(Papert, 1980). Children can imagine themselves 
as the turtle as it draws out geometric shapes 
and patterns--a much more concrete experience 
than plotting Cartesian coordinates on graph 
paper. 

Our research with digital manipulatives fol- 
lows this tradition. But rather than creating new 
virtual objects (like the screen-based Logo tur- 
tle), we are embedding computation in tradi- 

tional children's toys that children can manipu- 
late directly with their hands (such as blocks, 
balls, and beads). Many computer-interface 
researchers are now exploring ways to add com- 
putation to everyday objects ranging from 
notepads and desktops to eyeglasses and shoes 
(e.g., Ishii & Ullmer, 1997; Weiser, 1991; Wellner, 
Mackay, & Gold, 1993). We focus on toys 
because of their role in "kid culture"; we hope to 
take advantage of children's deep familiarity 
with (and deep passion for) traditional child- 
hood toys. Children grow up in constant interac- 
tion with toys and other physical objects; we 
want to leverage the intuitions and interests that 
children have developed from their lifelong 
interactions and experiences in the physical 
world. 

LEGO/LOGO 

Our research on digital manipulatives grows out 
of our previous work on LEGO/Logo (Resnick, 
1993; Resnick & Ocko, 1991). LEGO/Logo links 
the popular LEGO construction kit with the 
Logo programming language, integrating two 
different types of design activities. Children 
start by building machines out of LEGO pieces, 
using not only the traditional LEGO building 
bricks but newer pieces like gears, motors, and 
sensors. Then they connect their LEGO construc- 
tions to a computer and write computer pro- 
grams (using a modified version of Logo) to 
control the actions of their constructions. For 
example, a child might build a LEGO house with 
lights, and program the lights to turn on and off 
at particular times. Then, the child might build a 
garage, and program the garage door to open 
whenever a car approached. Whereas tradi- 
tional construction kits enable children to con- 
struct structures and mechanisms, LEGO/Logo 
goes further by enabling children to construct 
behaviors. 

Logo itself was developed in the late 1960s as 
a programming language for children (Papert, 
1980). In the early years, the most popular use of 
Logo involved a "floor turtle," a simple mechan- 
ical robot connected to the computer by a long 
"umbilical cord." With the proliferation of per- 
sonal computers in the late 1970s, the Logo com- 
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munity shifted its focus to "screen turtles." 
Screen turtles are much faster and more accurate 
than floor turtles, and thus allow children to cre- 
ate and investigate more complex geometric 
effects. 

In some ways, LEGO/Logo might seem like a 
throwback to the past, since it brings the turtle 
off the screen and back into the world. But 
LEGO/Logo differs from the early Logo floor 
turtles in two important ways. First, 
LEGO/Logo users are not given ready-made 
mechanical objects; they build their own 
machines before programming them. Second, 
children are not restricted to turtles. Elementary- 
school students have used LEGO/Logo to build 
and program a wide assortment of creative 
machines, including a programmable pop-up 
toaster, a "chocolate-carob factory" (inspired by 
the Willy Wonka children's stories), an auto- 
mated amusement park, and a machine that 
sorts LEGO bricks according to their lengths. 
The LEGO company now sells a commercial 
version of LEGO/Logo. It is used in more than 
dozen countries, including more than 20,000 ele- 
mentary and middle schools in the United 
States. 

We developed LEGO/Logo with the goal of 
helping children learn both through and about 
design. We have found that children, through 
their design experiences with LEGO/Logo, can 
gain a richer understanding of certain mathe- 
matical and scientific concepts (Resnick, 1993). 
In some cases, they gain deeper understandings 
of concepts (such as friction and mechanical 
advantage) that are already in the elementary- 
school and middle-school curriculum. In other 
cases, they begin to develop understandings of 
concepts (such as feedback) that are traditionally 
not taught until the university level. Overall, we 
have found that children make deeper connec- 
tions with mathematical and scientific concepts 
when they encounter--and use--the concepts in 
the context of personally meaningful design pro- 
jects. 

At the same time, we have found that 
LEGO/Logo activities provide a rich opportu- 
nity for children to learn about the design pro- 
cess itself. As students work on LEGO/Logo 
projects, they learn important design heuristics 
and strategies (Resnick & Ocko, 1991). For exam- 

ple, they learn the value of modularity and itera- 
tion in the design process. Moreover, as students 
make use of the same design principles in two 
different media (for example, using modular 
design in both their LEGO machines and the 
Logo programs), they are more likely to recog- 
nize and appreciate that there are, in fact, deeper 
general principles involved. 

The original LEGO/Logo technology has 
some clear limitations. In particular, 
LEGO/Logo constructions must be connected to 
a desktop computer with wires. These wires are 
a nuisance, especially when children create 
robotic "creatures." Wires often get tangled with 
other objects in the environment, get twisted in 
knots as the creature rotates, and restrict the 
overall range of the creature. Even more import- 
ant, wires are a conceptual nuisance, limiting not 
only what children can build but also how they 
think about their constructions. It is difficult to 
think of a LEGO/Logo machine as an autono- 
mous creature as long as it is attached by umbil- 
ical cord to a computer. 

P r o g r a m m a b l e  Bricks 

We began our work on digital manipulatives by 
eliminating the wires of LEGO/Logo and 
embedding computation in LEGO bricks them- 
selves--creating Programmable Bricks (Martin, 
1994; Resnick, Martin, Sargent, & Silverman, 
1996). Children can build Programmable Bricks 
directly into their LEGO constructions. To use a 
Programmable Brick, a child writes a Logo pro- 
gram on a personal computer, then downloads 
the program to the Programmable Brick (typi- 
cally via infrared communication). After that, 
the child can take (or put) the Programmable 
Brick anywhere; the program remains stored in 
the Programmable Brick. 

Each Programmable Brick has output ports 
for controlling motors and lights, and input 
ports for receiving information from sensors 
(e.g., light, touch, and temperature sensors). Pro- 
grammable Bricks can also communicate with 
one another (and with other electronic devices) 
via infrared signals. Our first Programmable 
Bricks were roughly the size of a child's juice 
box. Our most recent Programmable Bricks, 
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Figure 1 [ ]  A Cricket, with LEGO figure 
shown for scale 

Figure 2 [ ]  Fifth-grade students show off 
their LEGO dinosaurincluding a 

called Crickets, are smaller, lighter, and less 
cost ly--roughly the size of children's Matchbox 
cars and action figures (see Figure 1). 

As with LEGO/Logo,  Programmable Bricks 
are intended to help children learn through and 
about design. But Programmable Bricks, by 
enabling children to embed computation 
directly into their constructions, significantly 
expand the space of design possibilities--and 
the space of learning possibilities. We have used 
Programmable Bricks with children in a variety 
of settings, including after-school clubs, week- 
end museum classes, and as part of the school- 
day curriculum. Hundreds of children have 
worked on projects with Programmable Bricks, 
and the LEGO company recently announced 
plans for a commercial version of Programma- 
ble Bricks. 

Robotic Creatures 

Many Programmable Brick projects have 
revolved around the construction and program- 
ming of robotic creatures. In one elementary- 
school project (coordinated by Fred Martin), 
teachers and students decided on a theme of 
"Robotic Park." Each group of students selected 
an animal, researched the animal and its habitat, 
and then implemented LEGO models of the ani- 
mals, using sensors, motors, lights, and Pro- 
grammable Bricks. 

One group of fifth-grade students, inspired 
by the movie Jurassic Park, created a LEGO 
dinosaur (see Figure 2) that was attracted to 
flashes of light from the headlights of a motor- 

ized Jeep (built by the same team). To make the 
dinosaur move toward the light, the students 
needed to understand basic ideas about feed- 
back and control. The students wrote a program 
that caused the dinosaur to spin in a circle, look- 
ing for the Jeep's lights. When the reading from 
the dinosaur's light sensor crossed a certain 
threshold, the dinosaur started driving straight 
ahead. If the light sensor reading started to fall 
again, the dinosaur would start spinning again. 

This algorithm (designed by the students 
themselves) is an example of a classic feedback 
strategy, typically not taught until university- 
level courses. But with the right tools, fifth grad- 
ers were able to explore these ideas. The 
students also considered the similarities (and 
differences) between animals and machines. 
Were their LEGO creatures more like animals? 
Or more like machines? They compared their 
robots' sensors to animal senses, and they dis- 
cussed whether real animals have "programs" 
like the ones they wrote for their robotic crea- 
tures (Resnick, et al., 1996). This type of activity 
and discussion is very different from what 
occurs in traditional elementary-school biology 
lessons. Traditional lessons focus on terminol- 
ogy and categorization; there is rarely discus- 
sion of animal behavior and almost never 
discussion of the processes underlying animal 
behavior. 

Children have also used Programmable 
Bricks to create communities of robotic creatures 
that interact with one another. We have found 
that children, by teaching their creatures to com- 
municate with one another, can learn some gen- 
eral principles about communication. When a 
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child programs a creature to communicate with 
a second creature, the child must  have a good 
model  of wha t  the second creature already 
"knows." For example, a 12-year-old boy pro- 
g rammed  his LEGO creature to send a "dance" 
message to another creature (see Figure 3). But 
the second creature d idn ' t  know how to dance 
(i.e., it hadn ' t  been p rogrammed with a dance 
procedure),  so nothing happened.  The child saw 
two ways to fix this problem: (a) to write a dance 
procedure  for the second creature, or (b) to pro-  
gram his first creature to send more detailed 
instructions (e.g., turn on your left motor  for one 
second, then your right motor  for one second, 
etc.). The general  lesson: to communicate well, 
you must  develop a model  of your  audience. 
This idea might  seem obvious, but  it is often 
ignored in interactions among people.  

Build-It-Yourself Scientific Instruments 

Recently, we have begun to use Programmable 
Bricks (in particular,  the newer, smaller Crick- 
ets) in a new science-education initiative called 
Beyond Black Boxes (Resnick, Berg, Eisenberg, 
Turkle, & Martin, 1996). Many science-educa- 
tion researchers have argued that children 
should develop their own scientific investiga- 
tions, rather than carrying out prescripted 
experiments,  as is common in many classrooms 
(e.g., National  Research Council, 1996). We go a 
step further, encouraging students  to use Crick- 
ets to create their own scientific instruments to 
carry out their investigations. 

We see several reasons to encourage children 
to design and bui ld  their own scientific instru- 
ments: (a) Students are more likely to feel a sense 

Figure 3 [ ]  Dancing creatures, with 
communicating Crickets 

Figure 4 [ ]  Jenny's drawing of her bird 
feeder 

of personal  investment in a scientific investiga- 

tion if they design the scientific instruments  
themselves. (b) When students design their own 
scientific investigations, they will quite l ikely 
find that s tandard  scientific instruments  are not  
always well-suited to the tasks; by creating their 
own instruments,  students are less constrained 
in their investigations. (c) Too often, s tudents  
accept the readings  of scientific instruments 
without  question. When students design their 
own instruments (and thus unders tand the 
inner workings  of the instruments),  they should 

as a result develop a heal thy skepticism about 
the readings.  (d) To design their own scientific 
instruments,  students need to figure out  wha t  
things to measure and how to measure  them. In 
the process (and in contrast to s tudents  s imply 
performing "black box" measurements),  they 
develop a deeper  unders tanding  of the scientific 
concepts under lying the investigation. 

For example,  Jenny, 11 years old, decided to 
use Crickets to bui ld  a new type of bird feeder. 

Jenny al ready had a conventional bird feeder in 
her backyard.  But there was a problem: often, 

the birds would  come while Jenny was away  at 
school, so she did  not  get to see the birds. Work-  
ing at an after-school center (in a project organ- 
ized by John Galinato and Claudia Urrea), Jenny 
decided to bui ld a new bird feeder that takes a 
photograph  of each bird that lands. She used a 
touch sensor, a Cricket, and a camera, and she 
buil t  a special LEGO mechanism to depress  the 

shutter of the camera (see Figure 4). She wrote  a 
program that wai ted  for a signal from the touch 

sensor ( indicating that a bird had arrived) and 
then turned on a motor  in the LEGO mechanism 

to depress  the shutter of the camera. At  the end 
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Figure 5 [ ]  A BitBall 

of the day,  the camera would  have pictures of all 
of the birds  that had  visited the bi rd  feeder. 
Jenny then ran an experiment to see if different 
types of bird food attracted different types of 
birds  to the bird feeder. Children might  have 
thought  about these types of experiments in the 
past,  but  (before Programmable Bricks) they 
never had  the appropr ia te  materials to bui ld the 
necessary instruments.  

BitBalls 

Programmable  Bricks are our most fully devel- 
oped digital manipulatives.  But we have 
recently been exploring ways  of adding  compu- 
tation to other chi ldhood toys. In each case, our 
goal is to engage children in new ways  of think- 
ing, while also connecting to children's  interests 
and passions. 

The ball  was the first of Froebel's kindergar- 
ten gifts, and remains one of the most  popular  of 
all chi ldren 's  toys. In our BitBall project (organ- 
ized by  Kwin Kramer and Robbie Berg), we are 
embedd ing  a Cricket inside of a transparent,  
rubbery ball  (about the size of a baseball). The 
Cricket inside the BitBall includes an accelerom- 
eter and a set of colored light-emitting diodes 
(LEDs), so that the BitBall can "know" some- 
thing about  its motion and display some infor- 
mat ion (see Figure 5). 

As with the Programmable  Bricks, a child can 
write a p rogram for the BitBall on a desktop 
computer ,  then download  the program to the 
BitBall via infrared communication.  The pri- 

mary  activity involves p rogramming  the 

BitBalls to turn on its LEDs based on its motion, 
as detected by the accelerometer. One student,  

for example,  p rog rammed  a BitBall to flash its 
red light whenever  it experiences a sharp accel- 
eration or deceleration (i.e., whenever  it is 
thrown or caught). Another  s tudent  created a 
ball  that "wants"  to be p layed with: If the ball 
does not experience any sharp accelerations for 
a certain per iod of time, it begins flashing its 
lights in an effort to attract someone to play with 
it. We have found that children are quick to attri- 
bute intentionality to the BitBall (thinking that 

the BitBall wants  to communicate a message), 
even when the BitBall is running the simplest  of 

programs.  When children p rogram the BitBall 
themselves, they develop a better unders tand-  

ing of how seemingly intentional behaviors can 
arise from just a few simple rules. 

Since the BitBall (via its Cricket) can send and 
receive infrared signals, children can also pro-  
gram BitBalls to communicate with other elec- 
tronic devices. For example,  students have 
p rog rammed  the BitBall to send its acceleration 
data to a music synthesizer  in real time, in an 
effort to "hear the motion" of the ball (with, for 
example,  acceleration m a p p e d  onto pitch). 

BitBalls can also be used in scientific investi- 
gations. A BitBall can store its acceleration data 
and later upload the data to a desktop computer  
for analysis. For example, students have 
d ropped  a BitBall from the top of a building, 
then used the acceleration data to figure out  the 
height of the building. Such investigations can 
lead to a deeper  unders tanding of kinematics. 
One group of students (in this case, university 

students) threw a BitBall in the air and graphed 
the acceleration data in an effort to find the top 
of the trajectory. The students had the common 
misconception that the acceleration of a thrown 
object must  change when the object is at its peak. 
In fact, they discovered that there was no change 
in acceleration while the ball is in flight, so it was 
impossible to determine the top of the trajectory 
from acceleration data alone. The students had 

previously  s tudied gravity and acceleration in 
physics class, but  they were not able to apply  

their classroom knowledge  to this real-world 
context. We believe that experience with the Bit- 

Ball will  help students develop an unders tand-  
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ing of acceleration that they can more easily 
transfer to new contexts. 

It is important to note that the BitBall is sig- 
nificantly different from existing commercial 
toys with embedded electronics. Some compa- 
nies, for example, sell yo-yos that turn on a light 
while they are moving. We believe that such 
toys are different from the BitBall along an 
important dimension. The light-up yo-yo is pre- 
programmed to do exactly one thing. It is a one- 
trick toy. The BitBall gives much greater 
flexibility and creative power to children. With 
the BitBall, children themselves decide how the 
toy should behave. 

Digital Beads 

In recent years, beads have become increasingly 
popular among children, especially young girls. 
There are entire stores with nothing but bins of 
beads of varying colors and sizes. Children 
string beads together to create colorful necklaces 
and bracelets. 

With traditional beads, children create color- 
ful but  static patterns. Our Digital Beads 
(designed primarily by Kwin Kramer and Rick 
Borovoy) are intended to engage children in cre- 
ating dynamic patterns. Each Digital Bead has a 
built-in microprocessor and LED, and it commu- 
nicates with its neighboring beads by simple 
inductive coupling (see Figure 6). String beads 
together in different ways and you get different 

Figure 6 [ ]  A neck lace of Digital Beads 

dynamic patterns of light. Some beads pass the 
light to the next bead along the string, other 
beads reflect the light back, still others "swal- 
low" the light. Some beads pass the light with a 
particular probability. A slight change in the 
behavior or placement of one of the beads can 
lead to an entirely different pattern of activity in 
the overall collection. 

Children can work with the beads at two dif- 
ferent levels. For starters, they can string 
together preprogrammed beads (each with a 
fixed behavior), and observe the dynamic light- 
ing patterns that arise from the interactions. 
More advanced users can write new programs 
and download them into the beads. 

A string of Digital Beads can be viewed as a 
physical instantiation of a one-dimensional cel- 
lular automata (Toffoli & Margolus, 1987). In cel- 
lular automata, each cell changes its state based 
on the states of its neighboring cells. Cellular 
automata have proved to be a rich framework 
for exploring emergent phenomena; simple 
rules for each cell can lead to complex and unex- 
pected large-scale structures. But cellular 
automata seem best suited as a tool for mathe- 
maticians and computer aficionados, not for 
children. The idea of writing transition rules for 
cells is not an idea that most  children can relate 
to. Digital Beads allow children to explore ideas 
of decentralized systems and emergent phenom- 
ena in a more natural way, through the manipu- 
lation of physical objects. 

We believe that Digital Beads can also pro- 
vide a meaningful and motivating context for 
children to begin thinking about probabilistic 
behaviors. Imagine a bead that passes the light 
to the next bead half of the time but reflects the 
light back to the previous bead the other half of 
the time. By stringing a set of these beads 
together, children can explore random-walk 
behaviors. What if you then add a bead that 
passes the light three-quarters of the time and 
reflects it just one-quarter of the time? How will 
that change the overall dynamic pattern? Most 
children (indeed, most people) have poor intu- 
itions about such systems (Wilensky, 1993). Our 
hypothesis is that children who grow up playing 
with Digital Beads will develop much richer 
intuitions about probabilistic behaviors. 

Digital Beads also provide a context for chil- 
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dren to learn about programming paradigms. 
There are two very different ways to think about 
programming the beads. Paradigm 1: Children 
can program the behaviors of the beads them- 
selves, telling each bead to turn its light off or on 
based on its neighbor's lights. Paradigm 2: Chil- 
dren can program a "process" that jumps from 
bead to bead (e.g., turn on this bead's light for 
two seconds, then jump two beads down the 
string and turn on that one's light for three sec- 
onds). The important point is not for children to 
learn which of these paradigms is better (in fact, 
neither is inherently better). Rather, the import- 
ant lesson is that there are often multiple 
approaches for describing behaviors, each with 
its own advantages. 

Figure 7 [ ]  Thinking Tags 

Thinking Tags 

Many children like to wear badges (such as a 
sheriff's badge) and buttons with slogans. Our 
Thinking Tags (designed primarily by Fred Mar- 
tin, Rick Borovoy, Kwin Kramer, and Brian 
Silverman) are based on these traditional 
badges, but they have built-in electronics so that 
they can communicate with one another (via 
infrared communication) and also change their 
displays based on those communications (see 
Figure 7). 

We first developed the Thinking Tags for a 
conference (for adults) at the Media Laboratory. 
The Thinking Tags served as name tags, but 
each tag also contained information about the 
interests and opinions of its wearer. When two 
people met, their badges exchanged information 
and turned on lights to show how much the two 
people had in common. In this way, the badges 
acted as a conversational prop to get people talk- 
ing with one another. Other research labs have 
also developed "smart badges" (e.g., Want, 
Hopper, Falcao, & Gibbons, 1992), but our 
Thinking Tags are different in an important 
way: While other badges are designed to sup- 
port  interaction between people and machines 
(e.g., to track the location of a person within a 
building), our Thinking Tags are designed to 
facilitate communication among people. And, 
indeed, the Thinking Tags have proved success- 
ful as a catalyst for conversation (Borovoy, 
McDonald, Martin, & Resnick, 1996). 

More recently, our research group has begun 
to use Thinking Tags in educational applications 
with precollege students. In particular, we have 
organized participatory simulations in which 
students themselves play roles within simula- 
tions (Colella, Borovoy, & Resnick, 1998; Resnick 
& Wilensky, 1997). In one project (organized by 
Vanessa Colella), a group of high-school stu- 
dents used Thinking Tags to simulate the spread 
of an epidemic, with an electronic "virus" jump- 
ing from one student's Thinking Tag to another. 
Some students started as the (unknowing) carri- 
ers of the disease, while others were immune to 
the disease. Over time, more and more students 
became "infected" with the disease. The 
challenge was for the students to develop theo- 
ries to explain the spread of the virus. Does the 
disease have a latency period? Is transmission 
probabilistic ? Are some people more susceptible 
than others? As part of their analysis, students 
can get additional data from their Thinking 
Tags, which keep track of whom each person 
has interacted with and when. Often, the stu- 
dents rerun the simulation, resetting their 
badges to their initial states and testing a differ- 
ent set of interactions. 

Students, of course, could do similar explora- 
tions with on-screen computer simulations 
(Jackson, Stratford, Krajcik, & Soloway, 1996; 
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Roberts, Anderson, Deal, Garet, & Shaffer, 1983). 
But we have found that the first-person nature of 
the Thinking-Tag activities provides a more 
meaningful framework for students to investi- 
gate systems concepts (at least initially). In par- 
ticular, the Thinking-Tag activities encourage 
collaborative theory building, in which groups of 
students work together to develop and test new 
theories. 

We have run similar activities using some- 
what different metaphors. In one case, we 
explained that ideas could jump from one badge 
to another. Borrowing from Richard Dawkins 
(1976), we described these units of cultural 
transmission as "memes." Some people were 
"resistant" to new memes; others were active 
carriers. The goal was to help people develop a 
better understanding of how ideas/memes 
spread through a population--and also to 
engage them in thinking about the similarities 
(and differences) between the spread of disease 
and the spread of new ideas/memes. 

Our latest version of the Thinking Tag has a 
built-in two-line display, so that people can dis- 
play text messages on their badges. In one of our 
participatory simulations (organized by Rick 
Borovoy and Fred Martin), each person was able 
to store up to seven memes on his or her badge. 
When you met another person, your badge 
interacted with that person's badge and 
"decided" which of your memes to display to 
the other person--based on which mernes the 
other person had previously seen and selected. 
Meanwhile, if you saw a meme you liked on 
another person's badge, you could simply push 
a button on your own badge and add the meme 
to your personal collection. The badges also 
communicated their data to large public dis- 
plays (dubbed community mirrors) that presented 
real-time visualizations of the unfolding com- 
munity dynamics, so that participants could see 
community-wide patterns of social interaction 
and meme propagation. Social scientists have 
long been interested in these types of patterns, 
but they have lacked the tools needed for rigor- 
ous data collection and analysis. Thinking Tags 
fill that gap. 

This type of activity is very different from tra- 
ditional science-education activities. Science is 
usually taught as a process of detached observa- 

tion of phenomena, not active participation 
within phenomena. We believe, however, that 
role-playing can play a powerful role in science 
education--especially in the study of systems- 
related concepts. Our preliminary analysis indi- 
cates that participatory simulations (supported 
with Thinking Tags) leads to a richer learning 
experience than is possible with traditional com- 
puter-simulation activities---or with traditional 
group activities without computer support. 

Lifelong Kindergarten 

We view these new blocks, beads, balls, and 
badges not as a set of separate projects, but as an 
integrated family. The same underlying soft- 
ware environment is used for programming all 
of these new toys, and the toys are designed to 
communicate and interact with one another. A 
BitBall, for example, can send information (via 
infrared) to the Thinking Tags--in effect, using 
the Thinking Tags as a remote display periph- 
eral. Our goal is to create a unified "community 
of things" that children can use in a wide variety 
of explorations and design activities. We imag- 
ine that a large part of children's play (and learn- 
ing) in the future will involve the orchestration 
and coordination of interactions among play- 
things. 

Our work with digital manipulatives is still 
in the preliminary stages. Programmable Bricks 
will soon be commercial products, but our other 
digital manipulatives are just early prototypes. 
In all cases, we need to conduct more in-depth 
empirical studies of how and what children 
learn through their interactions with digital 
manipulatives. In particular, we plan to investi- 
gate: What types of programming paradigms 
and interfaces are needed to help children pro- 
gram digital manipulatives? Are children able to 
understand how and why patterns arise from 
interactions among the digital manipulatives 
(e.g., the emergent lighting patterns that arise 
along a necklace of Digital Beads)--and, if not, 
what nev¢ tools and support materials should 
we provide to help children make sense of those 
patterns? In what ways do the surface features 
of our digital manipulatives (e.g., the packaging 
for the beads) influence how children use them? 
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In wha t  ways  do we need to rethink classroom 
organizat ion and practices if we want  to use dig- 
ital manipulat ives  in classroom settings? 

We expect that these studies will yield ideas 
for the redesign of our current digital manip-  

u l a t i ve s - - and  the design of new ones. More 
broadly,  we hope that these studies will help us 
to develop a richer theoretical framework for 
unders tanding  the role of physical  objects (and, 
in particular,  computat ionally enhanced physi-  
cal objects) in the learning process. In this way, 
we hope to bring the effectiveness (and playful- 
ness) of kindergarten-style learning to a broader  
set of learners - -enabl ing  children, as they grow 
older, to continue learning ever more complex 
ideas with a kindergarten-style approach. [] 

Mitchel Resnick is an associate professor with the 
MIT Media Laboratory. His e-mail address is 
mres@media.mit.edu. 
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