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By worldng on projects such as 
these, chi ldren develop very new 
ways o f  thinking about  computat ion,  
p rogramming ,  and control. No 
longer  do they see computers  as 
boxes that sit on desktops,  control- 
ling images on video monitors. No 
longer  do  they see p rogramming  as 
something for experts  only. Chi ldren 
play the roles of  compute r  scientists 
and electrical e n g i n e e r s - - a n d  of  psy- 
chologists too. By constructing ma- 
chines wit]h behavior,  chi ldren de- 
velop new images not  only of  
machines and computers ,  but  of  
themselves. 

In  this article, I discuss several 
behavior  construction kits developed 
by our  group.  The  kits are in differ-  
ent  stages o f  development .  One kit 
(called LEGO/Logo) has already be- 
come a commercial  product  and has 
been used by more  than a million 
chi ldren in schools in the. U.S. Other  
kits are early prototypes,  jus t  start ing 
to be used in a few research settings. 
In  all cases, I discuss how kits like 
these can ,change the ways chi ldren 
think and learn. 

LEGO/LOgO 
Our  work on behavior  construction 
kits began with a project  known as 
LEGO/Logo (see Photo 1). 2 LEGO/ 
Logo links the popula r  LEGO con- 
struction kit with the Logo program-  
ming language. In  using LEGO/ 
Logo, chi ldren start by bui lding ma- 
chines out  of  LEGO pieces, using not 
only the t radi t ional  LEGO building 
bricks but  newer pieces such as gears, 
motors,  and sensors. Then  they con- 
nect their  machines to a computer  
and  write computer  p rograms (using 
a modif ied  version of  Logo) to con- 
trol the machines. For  example,  a 
child might  build a LEGO house with 
lights and p rogram the lights to turn 
on and off  at part icular  times. Then ,  
the child naight build a garage and 

]The primary working group has included Sey- 
mour Papert, Stephen Ocko, Fred Martin, 
Randy Sargent, Edith Ackermann, and me at 
the MIT Media Laboratory, arm Brian Silver- 
man at Logo Computer Systems Inc. In much 
of this work:, we have collaborated with the 
LEGO company, particularly with Lars Bo Jen- 
sen, Robert P.asmussen, and Allan Toft. 

~LEGO/Logo was developed primarily by Ste- 
phen Ocko, Seymour Papert, Brian Silverman, 
and myself, in collaboration with the LEGO 
company [17,. 18]. 
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program the garage door  to open 
whenever  a car approaches.  

Logo itself was developed iri the 
late 1960s as a p rog ramming  lan- 
guage for chi ldren [6, 12]. In  the 
early years, the most popular  use of  
Logo involved a "floor turtle," a sim- 
ple mechanical robot  connected to 
the compute r  by a long "umbilical 
cord" (inspired, in part ,  by early cy- 
bernetics research [19]). Logo in- 
c luded commands  such as fo rward ,  
ba~k, let~, and r i g h t  to control  the 
floor turtle. For  example,  a child 
could type f o r w a r d  50 to make the 
turt le move forward by 50 "turtle 
steps" or  r i g h t  90 to make the turt le 
turn  r ight  th rough  90 ° . The  turtle 
makes possible a new approach  to 
thinking about  geometry,  contrast ing 
sharply with the Euclidean methods 
tradit ionally taught  in the classroom 
[1]. This new "turtle geometry" has 
proved to be much more intuitive for 
children. T h e  turtle connects to chil- 
dren 's  experiences in the w o r l d - -  
chi ldren can "play turtle," imagining 
themselves as the turtle. As a result, 
the turt le has helped many chi ldren 
form a new relat ionship with mathe-  
matical ideas. 

With the prol i ferat ion o f  personal  
computers  in the late 1970s, the 
Logo communi ty  shifted its focus to 
"screen turtles." Chi ldren still use 
commands  such as f o r w a r d  and 
r igh t ,  but  these commands  control  
graphic images o f  turtles on the com- 
pu te r  screen, not  actual mechanical 
robots. Screen turtles are much 
faster and  more  accurate than floor 
turtles, and thus allow chi ldren to 
create and investigate more  complex 
geometric  effects. About  one- thi rd  of  
all e lementary  schools in the U.S. 
have used Logo in their  classrooms. 

In some ways, LEGO/Logo might  
seem like a throwback to the past, 
since it brings the turt le off  the 
screen and back into the world. But 
LEGO/Logo differs from the early 
Logo floor turtles in several impor-  
tant ways. First of  all, LEGO/Logo 
users are  not given ready-made  me- 
chanical objects; they build their  own 
machines before  p rog ramming  
them. Second, chi ldren are not re- 
stricted to turtles. Elementary school 
students have used LEGO/Logo to 
build and p rogram a wide assort- 
ment  of  creative machines, including 

a p rogrammable  pop-up  toaster, a 
"chocolate-carob factory" (inspired 
by the Willy Wonka children 's  stor- 
ies), and a machine that  sorts LEGO 
bricks according to their  lengths. 
The  LEGO company now sells a 
commercial  version o f  LEGO/Logo. 
It  is used in more  than 7,000 elemen- 
tary and middle  schools in the U.S. 

LEGO/Logo includes new types o f  
LEGO blocks (e.g., lights and sen- 
sors) for bui lding machines, and new 
types of  "Logo blocks" for bui lding 
programs.  The  language includes 
new commands  like on  and off for 
control l ing LEGO motors  and lights, 
and new "repor te r  procedures"  like 
s e n s o r ?  for gett ing informat ion 
from LEGO sensors. Jus t  as students 
can build increasingly complex struc- 
tures and machines by snapping  to- 
gether  LEGO bricks, they can build 
increasingly complex compute r  pro-  
grams by "snapping together '  I Logo 
commands.  Imagine,  for example,  a 
LEGO car with a touch sensor on the 
front.  A s tudent  can write a Logo 
p rogram called go-unt,  i l -bump that  
turns  the car motor  on, waits until  
the car bumps  into something,  then 
turns the car motor  off. T h e  pro-  
gram would look like this: 

to go -un t i l - bump  
o n  

w a i t u n t i l  [ s e n s o r ?  ] 
off 
end  

Probably the best way to capture  
the spirit  o f  LEGO/Logo is to focus 
on a few specific projects. The  fol- 
lowing are br ief  descriptions of  two 
LEGO/Logo projects: one project  by 
a f i f th-grade student,  and one proj-  
ect by a teacher at a summer  work- 
shop [14]. 

The Alarm-Clock Bed 
John,  a f i f th-grader  at the Hennigan  
Elementary School in Boston, had an 
alarm clock next  to his bed at home. 
But the alarm clock was not  very ef- 
fective. Often,  when the alarm went 
off, John  simply shut off  the alarm 
and went back to sleep. John  was de- 
t e rmined  to invent a bet ter  solution. 
His goal: to design an a larm clock 
that could not  be ignored.  John  
started by playing with the LEGO 
optosensor.  He placed the optosen- 
sor by the window, so the compute r  
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could "know" when the sun came up. 
But what should happen  at sunrise? 
John  had an idea. He built a small 
LEGO bed, with a small LEGO per- 
son on top. Undernea th  the bed, he 
placed a hinged platform, so the bed 
could tilt f rom side to side. Alongside 
the bed, he built a conveyor belt. 
Then  he wrote a Logo program.  
When  the optosensor  detected light 
coming through  the window, the 
p rogram turned on two motors. One 
motor  made the LEGO bed tilt to the 
side, making the LEGO person slide 
off  onto the conveyor belt. The  other  
motor  tu rned  the conveyor belt, car- 
rying the LEGO person out  the door.  
Would John  want a full-size version 
of  his alarm-clock ejection bed for his 
home? Not really, he said. But he 
certainly enjoyed watching the little 
LEGO person fly out  the door.  

The "Smart" Hamster Cage 
For a long time, Jul ie  Fine had won- 
dered:  What  did  her  pet  hamster  do 
at night? Did it sleep? Or  did  it spend 
the night  runn ing  on its exercise 
wheel? So when Julie, a teacher at the 
Agassiz School in Boston, came to a 
LEGO/Logo teacher workshop at 
MIT, she decided to use LEGO/Logo 
to study her  hamster 's  activity. She 
brought  her  hamster  to the work- 
shop and at tached a LEGO optosen- 
sor to the exercise wheel in the ham- 
ster's cage. She wrote a Logo 
p rogram to keep track of  how far 
(how many revolutions) the hamster  
ran every 10 minutes. The  first day, 
the hamster  slept all day. The  pro-  
gram repor ted  a long list of  zeros. 
She was pretty frustrated.  But when 
she came back to the lab the next 
morning,  the computer  showed that 
there had been lots of  activity over- 
night. Her  hamster  ran more  than 
1,000 revolutions between 9:00 PM 
and midnight.  She did a quick calcu- 
lation and found that the hamster  
had run nearly a quar ter  mile! After  
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midnight ,  the hamster  apparent ly  
went back I-o sleep. Jul ie  cont inued to 
moni tor  the hamster 's  activity for the 
next week  The  hamster  ran exclu- 
sively at night, usually in two-hour 
bursts of  activity. But her  results 
were not  entirely reliable: on several 
occasions, the hamster  gnawed 
through  the LEGO wires. 

Electronic: Bricks 
LEGO/Logo is a rich construction 
environment ,  but  it does have some 
limitations. One proble~a is the se- 
quential na ture  of  Logo,. It is very 
natural  for chi ldren to want to con- 
trol several LEGO machines at the 
same time or  several parts of  the 
same machine at the same time. But 
since Logo (like most p rogramming  
languages) forces p rogrammers  to 
describe actions sequentially, it is 
very difficult to control  several things 
at the same time with LEGO/Logo. 

Ano the r  problem is that LEGO/ 
Logo machines must  be connected to 
a desktop compute r  with wires. 
Wires are a practical nuisance, par-  
ticularly when chi ldren use LEGO/ 
Logo to create mobile "creatures." 
Wires get tangled with o ther  objects 
in the environment;  they get twisted 
in knots as the creature  1-otates; and 
they restrict the overall range of  the 
creature.  Wires are also a conceptual 

nuisance. It is difficult to think of  a 
LEGO/Logo machine as an autono- 
mous creature  as long as it is at tached 
by a cord to a computer .  

We tried to solve these problems in 
several ways. We wrote a mult ipro-  
cessing version of  Logo [15], so that 
users could control  mult iple ma- 
chines more  easily. And  we experi-  
mented  with various technologies for  
wireless communicat ion,  to get 
a round  the problem of  wires. But 
none of  these approaches  satisfied 
us. So we decided to make a more  
serious modification: we began to 
build electronics inside the LEGO 
bricks. With these "Electronic Bricks" 
(developed pr imari ly  by Fred  Mar- 
tin, a graduate  s tudent  at the MIT  
Media Lab), students no longer  need 
to connect their  LEGO constructions 
to a personal  computer .  Rather,  they 
can build computat ional  power di- 
rectly into their  LEGO machines and 
creatures. No more  umbilical cord. 
And  it becomes easy to control  sev- 
eral machines at the same time: jus t  
build computat ional  power into each. 

We have created about a dozen 
types of  Electronic Bricks (Photo 2), 
falling into three categories. The re  
are Action Bricks (motors, lights), 
Sensor Bricks (light sensors, sound 
sensors), Logic Bricks (and-gates, 
flip-flops, timers). To create differ-  
ent  behaviors,  you simply wire Elec- 
tronic Bricks together  in di f ferent  
ways. Electronic Bricks are somewhat 
reminiscent  of  Rocky's Boots and Robot 
Odyssey, two early educational  soft- 

ware products  (sadly, no longer  sold) 
that enabled chi ldren to construct 
behaviors from logic gates. But in 
Rocky's Boots and Robot Odyssey, all of  
the wires and parts were on the com- 
puter  screen. With Electronic Bricks, 
everything is in the real world. 

Children have used Electronic 
Bricks primari ly for controll ing ro- 
botic "creatures," much in the spirit  
o f  Valentino Brai tenberg 's  Vehicles 
[3]. Even simple combinations of  
Electronic Bricks can lead to crea- 
tures with surpr is ing behaviors. Con- 
sider a simple LEGO creature  with a 
Light Sensor Brick (pointing up- 
ward) and a Motor  Brick (Photo 3). 
Ti le  output  f rom the Light Sensor 
Brick is connected to the Direction 
input  of  the Motor  Brick (Figure 1). 
When the creature  "sees" light, it 
moves in one direction; when it is in 
the dark,  it moves in the o ther  direc- 
tion. Sounds simple e n o u g h - - b u t  
the creature  has a somewhat surpris-  
ing behavior.  When  the creature  en- 
ters a shadow, it changes d i r ec t ions - -  
which causes the creature  to leave 
the shadow and change directions 
again. So the creature  will get stuck 
on the edge o f  a shadow, oscillating 
back and forth indecisively. We 
dubbed  this creature  Indecisive. 

It is easy to create o ther  behaviors. 
I f  you switch the wire to the Speed 
input  of  the Motor  Brick, the crea- 
ture becomes Wary: it suddenly stops 
whenever  it enters the dark  (Figure 
2). I f  you then replace the Light Sen- 
sor with a Sound Sensor and a Flip- 
Flop Brick, the creature  becomes 
Obedient :  it stops moving when you 
clap your  hands,  then starts again 
when you clap again (Figure 3). 

Students and teachers have 
worked with Electronic Bricks in sev- 
eral ways. Some have observed pre- 
built creatures,  trying to f igure out 
how the creatures w o r k - - m u c h  as 
ethologists observe animals [5]. Oth- 
ers have built creatures of  their  own, 
trying to create new behaviors [2, 
10]. In  our  research, we have found 
that Electronic Bricks enable young 
chi ldren to explore  certain domains  
of  knowledge that were previously 
inaccessible. The  concept  of  feed- 
back, for example,  is typically not 
taught  until college engineer ing 
courses. But by bui lding (and play- 
ing) with Electronic Bricks, chi ldren 
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can gain a meaningful  unders tand-  
ing of  feedback as early as elemen- 
tary school. 

We are particularly interested in 
how chi ldren think about the artifi- 
cial creatures they build [16]. Do they 
see them more as machines or  as 
creatures? To what extent  do they 
attribute intentionality to the crea- 
tures/machines? It seems that people 
tend to view creatures on many dif- 
ferent  levels. Sometimes they view the 
creatures on a mechanistic level, ex- 
amining how one LEGO piece makes 
another  move. Then,  they might  
shift to the information level, explor-  
ing how information flows from one 
Electronic Brick to another .  At o ther  
times, people view the creatures on a 
psychological level, at tr ibuting inten- 
tionality or  personality to the crea- 
tures. One creature "wants" to get to 
the light. Another  creature "likes" 
the dark.  A third is "scared" of  loud 
noises. 

Sometimes, chi ldren will shift rap- 
idly between levels of  description. 
Consider,  for example,  the com- 
ments of  Sara, a f if th-grader.  Sara 
was considering whether  her  crea- 
ture would sound a signal when its 
touch sensor was pushed:  

I t  depends on whether the machine 
wants to tell . . .  i f  we want  the 
machine to tell u s . . .  i f  we tell the 
machine to tell us. 

Within a span of  10 seconds, Sara 
described the situation in three dif- 
ferent  ways. First she viewed the 
machine on a psychological level, 
focusing on what the machine 
"wants." Then  she shifted intention- 
ality to the p rog rammer  and viewed 
the p rog rammer  on a psychological 
level. Finally, she shifted to a mecha- 
nistic explanation,  in which the pro- 
g rammer  explicitly told the machine 
what to do. 

Which is the correct level? Tha t  is 
a natural,  but  misleading, question. 
Complex systems can be meaning- 
fully described at many dif ferent  lev- 
els. Which level is "best" depends  on 
the context: on what you already 
unders tand  and on what you hope to 
learn. In  certain situations, for cer- 
tain questions, the mechanistic level 
is the best. In other  situations, for 
o ther  questions, the psychological 
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W ith Programmable Bricks, children can spread computation throughout their 
world, making familiar objects responsive and interactive. We view Programmable 

Bricks ~,s a way of making ubiquitous computing accessible to children. 

level is best. By playing with Elec- 
tronic Bricks, students can learn to 
shift between levels, learning which 
levels are best for which situations. 

Programmable Bricks 
All of  the Electronic Bricks discussed 
in the previLous section had dedicated 
functions. The  Fl ip-Flop Brick, for 
instance, has a very specialized func- 
tion: it holds one bit o f  state, and it 
changes that  state whenever  it re- 
ceives a sharp transit ion :in its input.  
But why should we be restricted to 
dedicated bricks? Why not  put  a full 
computer  in a LEGO brick? 

Indeed,  that is precisely what we 
are doing  in our  "Programmable  
Brick" proiect  (Photo 4). The  Pro- 
grammable  Brick (designed pr imar-  
ily by Randy Sargent,  a graduate  stu- 
dent  at the M I T  Media Lab) looks 
like a large LEGO brick, about  the 
size o f  a deck of  cards. (To be precise, 
it is I0 LEGO units long and 7 LEGO 
units wide.) In  some ways, the Pro- 
grammable  Brick is like a handhe ld  
computer .  It is based on a Motorola 
68332 processor, with 256K of  non- 
volatile RAM, and a two--line liquid- 
crystal display on top. 

But unlike most handhe ld  com- 
puters,  the Programmable  Brick is 
specially designed for interacting 
with the world. I t  can control  four  
motors  or  lights at a time, and it can 
receive inputs from eight  sensors 
(eight bits of  resolution each). A mi- 
c rophone  and speaker  are built into 
the brick for sampling and emit t ing 
sounds (at 20KHz). A r o u n d  the sides 
of  the brick are six infrared transmit- 
ters and receivers, so the brick can 
communica te  with other  Program- 
mable Bricks (and other  electronic 
devices). To p rogram the Program- 
mable Brick, you download pro- 
grams from a personal  computer .  
Then  you can disconnect the brick 
and take it with you. 

Programmable  Bricks offer  a new 
and more  powerful  means for con- 
troll ing robotic creatures. In  fact, an 
early version of  the Programmable  

Brick has a l ready been used in robot  
design classes and competit ions at 
M I T  [9]. But we envision many non- 
robot  applications as well. With Pro- 
grammable  Bricks, chi ldren can 
spread computat ion th roughout  
their  world, making familiar objects 
responsive and interactive. We view 
Programmable  Bricks as a way of  
making ubiquitous comput ing acces- 
sible to children. 

Our  work with Programmable  
Bricks is jus t  beginning. We are jus t  
start ing to in t roduce Programmable  
Bricks to chi ldren in a few schools 
and  museums. But it is not  too early 
to start speculating. More than 20 
years ago, as researchers and educa- 
tors were jus t  beginning to explore  
the possibilities of  computers  in edu- 
cation, Seymour  Paper t  and  Cynthia 
Solomon wrote a memo called 
"Twenty Things  to do with a Com- 
puter"  [13]. The  memo described a 
wonderful  collection of  activities, 
pushing computers  in directions that 
few other  people  had imagined.  
Some of  the activities on their  list 
eventually became commonplace;  
others  are still visionary today. A few 
years later, Danny Hillis (then an 
unde rg radua te  at MIT) wrote a 
memo entit led "Ten Things to Do 
with a Better  Computer"  [8], describ- 
ing a new set o f  activities that would 
be possible if  computers  could exe- 
cute instructions in parallel. Hillis 
later realized some o f  these ideas in 
his massively parallel  Connection 
Machine computer  [7]. 

In  the same spirit, Randy Sargent  
and I have compiled a new list enti- 
tled "Twenty Things  to Do with a 
Programmable  Brick": 

1. Create a "haunted house." Attach 
a Programmable  Brick to the door  to 
make creaking sounds whenever  the 
door  is opened.  Program another  
Brick to d rop  spiders on people 
when they walk th rough  the door.  
Build a LEGO plat form for a pump-  
kin, and p rogram a Brick to drive the 
pumpkin  a round  the room. 

2. Connect  sensors to various parts 
o f  your  body. Then  p rogram a Pro- 
grammable  Brick to moni tor  your  
hear tbeat  and  breath ing as you walk 
and run.  Or: p rog ram the Brick to 
play dif ferent  sounds when you 
move dif ferent  parts o f  your  body. 
3. Take a Programmable  Brick with 
you to measure  the p H  level o f  the 
water in local streams or  the noise 
levels at a local construction site. 
4. Create LEGO musical instru- 
ments. The  ins t rument  might  have 
buttons like a flute, or  a sliding par t  
like a t rombone,  or  a completely new 
interface that you invent. Start by 
writing a simple p rog ram so the Pro- 
grammable  Brick plays di f ferent  
notes (or melodies) when you move 
dif ferent  parts of  the instrument .  
Then  enhance the p rogram so the 
Brick improvises on your  notes. Or  
p rogram the Brick to play "rounds"  
(by playing a second copy of  your  
notes with a delay). 
5. Put a Programmable  Brick and 
light sensor on the door  to keep track 
of  the number  of  people  that en ter  
the room. Then  p rog ram the Brick 
to greet  people  as they enter  the 
room (with music or  digitized 
speech). 
6. Set up  a weather  station on the 
roo f  of  the building. 
7. Use a Programmable  Brick to find 
out  if  the light really does go off  
when you shut the ref r igera tor  door.  
8. Attach a Programmable  Brick to 
an ashtray, and p rog ram it to play a 
coughing sound whenever  anyone 
uses the ashtray. 
9. Build a remote-control  LEGO car. 
Use a s tandard  television remote  
control  to communicate  (via infra- 
red) with a Programmable  Brick in 
the car. 
10. Create an "intelligent room" that  
automatically turns on the lights 
when someone walks in the room. 
(Here is one approach.  Build a 
LEGO machine that turns on the 
light switch, and connect it to a Pro- 
grammable  Brick. Use another  Pro- 
grammable  Brick to detect  when 
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anyone enters the room. Use infra- 
red to communicate between the two 
Bricks.) 
11. Use a Programmable Brick to 
control a videocamera (via infrared). 
Program the Brick to make a time- 
lapse video of a plant growing (tak- 
ing a few frames every hour  or day). 
12. Use a Programmable Brick to 
program your VCR. 
13° Send secret messages across the 
room to someone else who also has a 
Programmable Brick. 
14. Put a Brick on your dog's collar 
and collect data about your dog's 
behavior. How much time does your 
dog spend runn ing  around? Discuss 
whether experimenting on your dog 
is ethical. 
15. Use a Brick to record your dog 
barking. Then  put the Brick in a 
remote-control LEGO car. Play the 
barking sound when the LEGO car 
gets near a cat. How does the cat 
react? 
16. Build a LEGO creature you can 
interact with. Program the creature 
to act in different ways when you 
clap once, or clap twice, or shine a 
light in its "eyes." 
17. Build a LEGO creature that ex- 
plores its environment.  Program the 
creature to find the part of the room 
with the most light or the highest 
temperature.  Next, put a plant on 
your LEGO creature, so that the 
plant will always move to the part of 
the room with the most light (or the 
highest temperature). Use other sen- 
sors to monitor the growth of the 
plant. 
18. Build a LEGO machine that can 
water your plants. T h e n  program a 
Brick to make the machine water the 
plants every few days. 
19. Create a game where each player 
carries a Programmable Brick. Pro- 
gram the Bricks so they give instruc- 
tions to the players, and send mes- 
sages from one player to another. 
20. Think  up 20 more things to do 
with a Programmable Brick. 

C o n s t r u c t i n g  a C o m p u t e r i z e d  
Real i ty  
On the day the great physicist Rich- 
ard Feynman died, the following 
message was found on his office 
blackboard: "What I cannot create, I 
do not understand" [4]. What was 
true for Feynman is true for the rest 
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of us. One of the best ways to gain a 
deeper unders tanding of something 
is to create it, to construct it, to build 
it [11]. 

This idea is important  to keep in 
mind as more and more elements of 
our  world become computerized. 
The only way people will under-  
s t a n d - - a n d  feel comfortable wi th - -  
this emerging computerized reality is 
if they can participate in constructing 
it, modifying it, and extending it. 
Computerized reality should not be 
built only by experts, with everyone 
else merely interacting with it. 
Rather, we need to continue devel- 
oping new types of construction kits, 
so everyone can participate in the 
construction of new computerized 
realities. [] 
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