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Last year we were asked by the U.K. Government’s Office of Science and Innovation to take a 
comprehensive look at the future of science and technology 10, 20, and 50 years out. We were 
very excited by the opportunity to think really long term. Over a period of six months a diverse 
team of IFTF researchers, affiliates, and outside experts researched, debated, clustered, and 
mapped the emerging science and technology landscape. 

Over the course of the project, the team co-led by Marina Gorbis, Director, Technology Horizons Program, and Alex 

Pang, Research Director, performed an extensive review of various existing science and technology forecasts; 

conducted ten expert workshops in the United States and the United Kingdom with eminent figures in various scien-

tific disciplines; interviewed a few dozen select experts; and created a wiki-style hypertext database of science and 

technology trends. 

IFTF synthesized all this information in a map of key developments in science and technology for the next 50 years. This 

map, Science & Technology Outlook: 2005–2055, is organized around six key trends—Small World, Intentional 

Biology, Extended Self, Mathematical World, Sensory Transformation, and Lightweight Infrastructure—and three meta-

themes that relate to the structure and geography of S&T—Democratized Innovation, Transdisciplinarity, and Emergence. 

The map is accompanied by a series of Perspectives, each focusing on one of the nine key themes.

We are very pleased to share this work with our Technology Horizons Program members. We want to thank the U.K. 

Office of Science and Innovation for making it possible for us to do this exciting work and for allowing us to share it 

with a broader audience. 
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It’s Not About Nanotechnology, It’s About the Small World

First of all, nanotechnology gets the attention, but it’s really the 
combination of nanotechnology and micro-electro-mechanical 
systems (MEMS) that promises to be transformational. MEMS 
is nanotechnology’s quiet older brother, and in the last decade 
has found its way into everything from automobiles (as sensors 
in engines and airbag accelerometers) to medical instruments. 
MEMS are, as the Institute for the Future’s Paul Saffo puts it, 
“training wheels for nano.” 

First, MEMS have proven the value of mixing sensing and 
reactive capability into once passive objects and products. 
Companies and designers who have become skilled at MEMS 
integration are well poised to exploit nanotechnologies. Sec-
ond, MEMS are manufactured using the same lithographic and 
etching processes that turn out cheap microprocessors by the 
billions. As those processes move into the sub-100nm range, 
they open the possibility of applying existing familiar manufac-
turing processes.

It’s Not About Machines, It’s About Effi ciency 
and Sentience 

Bill Joy, Michael Crichton, and Ray Kurzweil have created a 
public image of nanotechnology as being primarily concerned 
with creating tiny robots. So far, however, nanotechnology and 
MEMS have been applied in more familiar areas.

While there is the possibility that robotics will be an important 
part of the future of small-world technology, the big story isn’t 

about creating new forms of autonomous intelligence; it’s about 
weaving sentience and responsiveness into existing things. 

MEMS is a key technology for creating sensors that allow 
computers to sample and react to their surroundings. They also 
serve as a bridge connecting built objects—everything from cell 
phones to highways—to the digital world. 

Likewise, while nanotechnology’s main uses have been to 
enhance materials and biomedical products, in the future the 
cutting edge of nanotechnology will shift to creating quantum 
computational devices and nanoscale sensors. At the start of 
the last century, we energized and illuminated our cities; in this 
century, we’re going to make them intelligent.

It’s Not About Machines, It’s About Hybrids

The original language of nanotechnology spoke of foundries and 
factories, molecule-sized gears and levers, atoms as switches. 
But some of the most interesting nanoscale devices and pro-
cesses owe as much to biology as to mechanical engineering. 
On the production side, scientists are using proteins and prions 
to spin nano-wires, or creating conditions in which amino acids 
self-assemble into nanotubes. Not only do small-world devices 
sometimes spring from biological roots, they also appropriate 
tools from biology. Lab-on-a-chip developers, for example, have 
experimented with harnessing fl agellates as tiny motors and 
pumps. In other words, scientists working in the small world are 
less likely to generate an inventory of mechanical systems, than 
a menagerie of hybrids and chimeras.

SMALL WORLD

What’s new to say about nanotechnology? Every forecaster sees it as the 
“Next Big Thing.” First described in the mid-1980s, nanotechnology has 
moved steadily from the fringes to the center of science and seems poised to 
transform everything from materials to computing. However, as it has moved 
into the mainstream, it’s also changed in some important ways. We think that 
there are three key points to understand regarding the future of nanotechnology.

From passive 
to sentient 

objects
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Making existing things more sentient

A 2005 study revealed that the larg-
est target industries for nanotechnology 
were biomedical/life sciences, materials, 
consumer products, and chemicals. In 
these industries, nanotechnology has 
mainly served to improve the perfor-
mance and effi ciency of existing prod-
ucts, processes, and materials. Carbon 
nanotubes, for example, have been used 
to strengthen composite materials, while 
fi nely milled zinc nanoparticles are used 
in sunscreens.

Nanotechnology—not a discipline 
but an opportunity

Global spending on nanotechnology has 
been increasing rapidly. The spending is 
distributed among both leading scientifi c 
nations and up-and-coming countries like 
South Korea, India, and China. 

Another notable characteristic of this 
spending is that much of it has been de-
voted to investing in new laboratories and 
other infrastructure or awarded through 
national initiatives designed to build fun-
damental capabilities in nanotechnology 
research. While there is an expectation of 
substantial commercial payoffs, virtually 
every country funding nanotechnology 
research is taking a long-term, strategic 
view.

The number of patents granted that 
deal with nanotechnology has also 
grown quickly. There has been a par-
ticulary sharp increase in the number 
of patents—and by implication, level of 
research activity—since 1995.

1 TARGET INDUSTRIES FOR NANOTECHNOLOGY

2 NANOTECHNOLOGY SPENDING IS INCREASING RAPIDLY

Source: National Science Foundation; President’s Committee of Advisors on Science and Technology
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Looking below the numbers, however, we 
see that small-world science breaks new 
sociological ground. Traditionally, as Thomas 
Kuhn argued in The Structure of Scientifi c 
Revolutions, scientifi c fi elds have been 
united by a few big questions, a deeply held 
epistemological viewpoint, and workhorse 
instruments and laboratory techniques. 
Disciplines have tended toward ever-greater 
specialization and fruitful isolation. MEMS 
and nanotechnology, in contrast, are less 
about a coherent world view and intellec-
tual program, than a set of opportunities 
(commercial as well as scientifi c) and a 
trading zone of techniques and theories. 
Small-world science is the fi rst great non-
paradigmatic science, less a discipline than 
a permanent revolution.

It’s about hybrids

Ian Pearson, Futurologist at BT, had this to 
say about the role of hybrids in nanotechnol-
ogy: “After 2020, we’ll use genetic modi-
fi cation to start harnessing the engines of 
propagation that exist in nature—using pro-
teins to assemble things just as nature uses 
proteins to assemble things. And, of course, 
the control system you’ve got for doing that 
is DNA. This will ultimately have the effect 
of creating new kinds of intelligence-produc-
ing or even intelligent species. If we modify 
DNA in situ in a bacterium to assemble 
electronic circuits, which has already been 
demonstrated in principle today, then we 
can, in principle, make smart bacteria.”

3 NANOTECH PATENTS ON THE RISE
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The role of self-organization and self-assembly

I think in the future some of the most important work in chemistry will focus on questions of 
self-organization and self-assembly. Chemists already know a lot about small molecules, they 
know a lot about big molecules, and they know about bulk material. Where we have more to 
learn is in the intermediate zone between the individual molecule and the bulk material; in 
understanding the ways small molecules assemble into structures, how the structures of the 
individual molecules infl uence the creation of larger structures, and how chemists can use 
that understanding. This is particularly important because ultimately, even a human body is 
just a self-assembled collection of molecules. 

—Peter Atkins

The role of biological models

If you are really going to make really complex systems, it might be stupid to use a test tube 
to do it, when you could use a bug instead and engineer it. It is possible to conceive of farm-
ing genetically engineered bugs that make components for computational systems. I think 
it is much better to see what nature has achieved in some 4 billion years rather than going 
down the more mechanical route that Eric Drexler proposed. He was trying to distort nature: 
his machines would work if, as he said, “you can strengthen a bond here and weaken a bond 
there ...” Well, you can’t. Nature’s got that under control. Physical laws are pretty absolute, 
while evolution generates an extraordinary range of innovations and tools. The more we 
investigate what evolution has produced, and the more we explore its possibilities, the more 
stimulating it will be.    

—Peter Atkins

The impact of nanotechnology on medicine and our sense of identity

In the next 10–15 years, we’ll start using things like carbon nanotubes to link sensors and 
electronics to your nervous system and have other direct contacts to your capillaries, so that 
you can monitor blood chemistry. Effectively, we’re going to link blood chemistry to the net-
work because you can monitor what’s happening to blood chemistry, and you can signal that 
back to your computers across the network. 

With some of the same technology, you can monitor what’s happening in the nervous system 
and signal that out across the network as well. Monitoring the nervous system has a lot of ad-
vantages, because that means that you can basically record sensations. I see a future where 
you can actually record sensations and just re-use things as part of games, as part of virtual 
environments, and communication generally.

From 2020, we will start seeing the biotech links for IT getting more and more in-depth. 
Nanotechnogy will help a lot with that. We’ll have a lot of materials that we can start putting 
into the body that are biologically safe. Already people are working with carbon nanotubes 
and things that can be loaded with proteins so that they don’t cause problems when you put 
them into the body. We can expect that kind of technology to be fairly routine.  

—Ian Pearson

Peter Atkins is SmithKline Beecham Fellow and 
Tutor in Physical Chemistry at Oxford University, 
and Ian Pearson is a futurologist at BT  

INTERVIEW

Peter Atkins

Ian Pearson

Technology Horizons Program I SR-967

124 University Avenue, 2nd Floor 

Palo Alto, CA  94301 

t 650.854.6322 f 650.854.7850 

www.iftf.org



Genetics Will Be Reengineered

Humans have been manipulating genes since Mendel worked 
with his pea plants. But in the last 20 years, science has 
learned to directly manipulate genes outside the breeding pro-
cess. Meanwhile, the genetic codes of myriad organisms, from 
rice to worms and humans, have been cracked. Understanding 
how genes function and are expressed has begun to transform 
medicine, agriculture, energy, and the environment.

From its inception, genetic engineering received bad publicity. 
While scientists explained the benefi ts of corn engineered for 
resistance to herbicides, rice genetically altered to produce more 
vitamins, and fruit that produced oral vaccines, critics cried 
“Foul!” Genetically modifi ed organisms (GMOs) are simply not to 
everyone’s taste. Controversy is likely to continue to rage over the 
safety of eating genetically modifi ed food, the potential impact of 
GMOs on wildlife and the environment, and the business impact 
on farmers of patented genetically modifi ed seeds. 

As the science progresses though, the benefi ts of gene jockeying 
will likely outweigh the risks. Comparing genome sequences 
between various organisms is helping reveal the role genes may 
play in diseases from cancer to depression and cystic fi brosis. 
Someday, we each may be able to read our unique genetic code 
to see the implications for our future health. While this could also 
lead to better therapies and personalized medicine, human 
genomics also raises complex ethical questions about our genetic 
future and the designer humans who may inhabit it.

Life Gets Programmable While Biology Goes Open Source

Historically, genetic scientists have been limited to working with 
parts that nature has evolved. Recently, a deeper understanding 
of genomics, coupled with computational biology, is leading to 
the ability to hack life itself and build organisms that never ex-
isted in nature. The aim is a parts store of interchangeable “bio-
bricks”—genes, proteins, and cells that can be snapped together 
like Tinkertoys to build living systems. From microbial factories 
that produce anti-malaria and cancer-fi ghting drugs to bugs that 
glow red in the presence of environmental contaminants and di-
gest the toxins, synthetic biology points toward a future teeming 
with programmable life-forms built to do our bidding. 

Biology Becomes a Tool for Nanotechnology

Along with these novel organisms, the melding of biology and 
nanoscience is set to spawn hybrid systems that borrow from 
both worlds. While the promise of nanotechnology is huge, ac-
tually constructing machines thousands of times smaller than a 
red blood cell is no small task. On the other hand, evolution has 
produced great feats in nanoengineering, from DNA’s self-
assembly to the forest of sticky fi bers on geckos’ feet that enable 
them to walk up walls. Biomolecular nanotechnology takes in-
spiration from these natural designs and even leverages them as 
prefab components themselves, to construct useful systems at 
the nanoscale. Advances in biochemistry and molecular genet-
ics are producing the tools to isolate these biological compo-
nents, reverse engineer their function, and synthesize complex 
molecules and devices that combine the natural and the 
artifi cial. Viral motors could propel nanobots. Solar cells could 
generate energy using photosynthetic proteins from plants. 

Life is what we make it.

INTENTIONAL BIOLOGY

For 3.6 billion years, evolution has governed biology on this planet. But today, 
Mother Nature has a collaborator. Inexpensive tools to read and rewrite the ge-
netic code of life will bootstrap our ability to manipulate biology from the bot-
tom up. We’ll not only genetically re-engineer existing life but actually create new 
life forms with purpose. Still, we will not be blind to what nature has to teach 
us. Evolution’s elegant engineering at the smallest scales will be a rich source 
of inspiration as we build the bio-nanotechnology of the next 50 years.

From life 
through 

evolution 
to life through 

design
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Computational biology leads to a boon in genetic medicine

Computational biology makes use of advances in computing power, simulations, genomics, 
and protein chemistry to fi nd relationships among biomarkers, genes, pharmaceutical re-
sponses, and diseases. Basic research has already spawned the fi rst biomedical applications:

Biosimulation: Advanced computer modeling of biological processes is leading to a 
“laptop lab.” One hope is to use knowledge of the human genome and pharmaceuti-
cal chemistry to design new or more effective drugs that could then be “tested” in 
computer models before attempting costly clinical trials.

Pharmacogenomics: Analyzing inherited variations in drug responses promises better 
biomedicine through a personalized approach. The idea is that a patient’s genome 
could be profi led to predict in advance the effectiveness of a particular drug or 
treatment. Early experiments have shown that a particular family of liver enzymes is 
involved in the metabolism of more than 30 different classes of drugs. Genetic tests 
have been developed to screen for variation and avoid drug overdoses. Another en-
zyme has been shown to negatively infl uence chemotherapy treatments for childhood 
leukemia in the rare patient who has a defective variant.

In tandem with the development of inexpensive tools to sequence the genome of various spe-
cies, the merger of evolutionary and developmental biology (“evo-devo”) will enable us to study 
evolutionary variation in a methodical way, learning how organisms evolve and change form. 
When scientists understand how diversity evolved, they may be in a position to prevent or mask 
the emergence of undesirable traits. Such tinkering with evolution is certain to raise ethical 
concerns but could reveal mechanisms to prevent birth defects or hereditary diseases.

Open-source biology and programmable organisms create new business models 
in myriad industries

Projects are underway to convert bacteria into chemical factories that produce anti-malaria 
treatments for pennies instead of dollars. Similar microbial factories developed at the University 
of California, Berkeley, and Amyris Biotechnologies may produce a promising anti-AIDS drug 
derived from the Samoan mamala tree or cheaply generate the costly anti-cancer drug Taxol, 
synthesized from the Pacifi c yew tree. Biotica, a fi rm spun out of the University of Cambridge, 
is developing methods to synthetically produce polyketides, drug-like molecules found in 
some bacteria, fungi, and marine organisms that are the source of many costly cancer and 
cardiovascular therapeutics.

The next phase will be to build a biological platform from the bottom up. In 2005, J. 
Craig Venter, the biologist who famously led the commercial effort to sequence the hu-
man genome, launched Synthetic Genomics to develop industrial synthetic biology 
applications, particularly bio-factories for ethanol and hydrogen production. 

“The initial step for the company will be to develop a minimal genome that can provide 
an operating system for biologically based software,” reads the company’s Web site. 
“Synthetic Genomics, Inc. intends to synthesize the proposed minimal genome, add the 
desired biological capabilities, and insert it into an environment that allows metabolic 
activity and replication.”

•

•

1 TRANSGENIC RABBIT CREATED
AS ART TO SPUR DISCUSSION 
OF SCIENCE

Source: Eduardo Kac, http://ekac.org

In 2000 artist Eduardo Kac engineered a green 
fl uorescent transgenic rabbit to spur discus-
sion about our growing ability to alter the 
human genome.

^

Source: Carlson, Rob. Biosecurity and 
Bioterrorism: Biodefense Strategy, Practice, and 
Science Volume 1, Number 3, August 2003.Science Volume 1, Number 3, August 2003.Science

The cost of DNA sequencing and syn-
thesizing is dropping tremendously. “By 
2010 a single person will be able to se-
quence or synthesize 1010 bases a day,” 
says MIT researcher Rob Carlson. “Within 
a decade a single person could sequence 
or synthesize all the DNA describing all 
the people on the planet many times over 
in an 8-hour day or sequence his or her 
own DNA within seconds.” 

^
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Bootstrapped by biology, nanotechnology begins to 
realize its promise

In the 1940s, Swiss engineer George de Mestral returned from a 
hike with his dog and discovered that his trousers and his dog’s coat 
were covered with cockleburs. Examining the burrs’ hooks under a 
microscope, de Mestral was struck with an idea for a fabric fastener. 
Velcro was born. Velcro is the quintessential example of biomimet-
ics, or biomimicry, literally the study of nature in order to imitate 
it. Biomimicry has emerged as a valuable methodology for nanoen-
gineers, both modeling artifi cial systems on nature and leveraging 
biological processes to fabricate nanodevices.

“Biology is the nanotechnology that works,” says Tom Knight, a 
leader of MIT’s synthetic biology efforts. 

For example, researchers at the École Normale Supérieure, Georgia 
Institute of Technology, and other labs are reverse-engineering diatoms, 
the incredibly complex shell structures of certain algae. The aim is to en-
gineer organisms, such as E. coli, to produce the ingredients of the shells 
and scale up to industrial production. Without further modifi cation, the 
shells could be used as tiny glass test tubes for chemical reactions or 
gears in micromachines. Through genetic engineering, the shells could 
be shaped-to-order as structural components in nanodevices or platforms 
for 3D integrated circuits with great computational power. 

At MIT, materials scientist Angela Belcher altered the proteins in 
bacteriophages so that the viruses assembled themselves into the 
building blocks of liquid crystal displays. More recently, she produced a 
virus that coats itself with semiconducting material and forms a bridge 
between two electrodes. That nanowire virus is just a precursor to a 
microbe she’s developing that self-assembles into a transistor. Mean-
while, New York University chemist Nadrian Seeman has programmed 
DNA strands so that their base pairs bind together into octahedrons, 
scaffolds, and even a nanomotor. Seeman has even built a DNA 
“robot” that’s just 10 nanometers long and shuffl es along a tiny track. 
The next step, Seemen says, is to enable the “biped to lug around a 
metal atom.” 

3 GECKO ADHESIVE SYSTEM

Source: Ron Fearing, University of California, Berkeley

Geckos’ ability to run up walls comes from tiny hairs on each 
toe that act as a self-cleaning dry adhesive. University of 
California, Berkeley, researchers fabricated dense patches of 
synthetic gecko hair with adhesive properties by casting poly-
urethane in an array of nanopores. The adhesion comes not from 
any glue-like material on each hair but rather emerges from the 
geometry of the mass of hairs. The research could eventually be 
integrated into future wall-climbing or surgical robots. 

^
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Biologists are building a library of interoperable genetic circuits that can be 
snapped together like Tinkertoys

The idea of synthetic biology is to do for biology what electrical engineers have done for 
circuit design and what chemists have done for the synthesis of chemicals—that is, to make 
an engineering fi eld out of it. Genetic engineering and standard molecular biology are about 
using natural systems. Rather than just use the natural devices as they exist, we’re building 
new parts that we can integrate into devices that function in predictable ways. The aim is to 
standardize how those biological parts and devices function and fi t together.

The business of biopharma needs to shift

We need a sea change in the way drugs are produced. The cost of biopharmaceutical 
research, development, and production is pricing us out of medicine in the United States. 
Now, think about the developing nations where they spend less than $4 per person on health 
care annually. How can we ever make enough affordable drugs for the diseases that are really 
killing most of the people on the planet?

It’s a chicken-and-egg problem. It costs so much to develop and produce a drug right now 
that companies have to own all the rights to pay for that development cost. If biopharma 
companies could draw from inexpensive or open-source parts to begin with, that might make 
drug development cheaper. They could then patent processes that make the drugs. We’re 
certainly not trying to put these companies out of business. We just want to provide a cheap 
way for them to produce the active pharmaceutical ingredients they need.

Education is better than regulation

It’s getting easier to engineer life, and synthetic biology will make it simpler still. There is 
a lot of potential for this to scare people. As scientists, it’s our responsibility to prove that 
synthetic biology has tremendous potential to save lives. If we don’t have some really great 
applications, I think it will be very hard to justify this fi eld and avoid it becoming heavily 
regulated. And if we over-regulate the fi eld, we’re going to lose out on new drugs, new forms 
of renewable energy, and so many other applications.

We’ve got to convince the public that it’s safe, but fi rst we have to make sure that it is safe.

               —Jay Keasling

University of California, Berkeley professor Jay 
Keasling is director of Lawrence Berkeley National 
Laboratory’s Synthetic Biology Department and is 
re-engineering life from the bottom up

INTERVIEW
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We Begin to Celebrate Our Cyborg Selves

While technology has long been considered an extension of 
ourselves, the connection has actually been rather tenuous. 
Machines are tools we work with. Cyberspace is a place we go 
to. However, new mobile devices, biomedical implants, and 
network infrastructures are emerging that will bridge that gap, 
transforming our bodies into tomorrow’s computing platforms. 

The fi rst signs of this will be in the area of wearable comput-
ing. Advances in electronic textiles promise evening gowns 
that change color based on mood, undershirts that dispense 
medicine, life recorders that capture every fl eeting moment, 
and wirelessly enabled coats that forecast the weather. These 
wearable systems will serve as interfaces to pervasive wireless 
networks that proactively deliver information based on our con-
text and connect us to each other in emergent social networks. 
Far from the catwalk, researchers at the intersection of materi-
als science, electrical engineering, and fashion are designing 
this computer couture of tomorrow.

Our Gray Matter Will Get an Upgrade

The next phase of human enhancement will entail altering our 
biology more directly. Healthy individuals already take steroids 
to improve athletic ability and amphetamines to “concentrate.” 
As we learn more about the human brain, the development 
of advanced pharmaceuticals that boost human performance 
will accelerate. Based on new understanding of the cellular 

processes of memory, several companies are designing highly 
targeted drugs to treat Alzheimer’s, schizophrenia, and memory 
impairments associated with aging. As with hardware, the next-
generation families of these compounds will initially be marketed 
as therapies but will quickly become “off-label” lifestyle drugs. 

We Won’t Act Our Age, Even Though We’ll Be Much Older

With better treatments for diseases, more people will live 
longer. Simultaneously, people may pursue hormone and 
antioxidant treatments to protect themselves from disease and 
reduce the ravages of aging on the body. Artifi cial organs, tis-
sue engineering, and neuroprosthetics will line the shelves of 
the human body shop. As the safety and effi cacy of cochlear 
implants, robotic appendages, and bionic eyes are proven, the 
technologies will slowly shift from the realm of “treatments” 
to “enhancements.” Can the biological limits of human life be 
extended as well? Over the next several decades, the genetic 
secrets behind aging may be revealed. If these “age genes” can 
be identifi ed, there is the potential to manipulate them and, 
possibly, hold back the hands of time for decades. 

But what is the cost—fi nancially, socially, morally, and 
ethically—of superhumanity?

EXTENDED SELF

In the next 50 years, we will be faced with broad opportunities to remake our 
minds and bodies in profoundly different ways. Advances in biotechnology, 
brain science, information technology, and robotics will result in an array of 
methods to dramatically alter, enhance, and extend the mental and physical 
hand that nature has dealt us. Wielding these tools on ourselves, humans will 
begin to defi ne a variety of “transhumanist” paths—that is, ways of being and 
living that extend beyond what we today consider natural for our species. In 
the very long term, following these paths could someday lead to an evolution-
ary leap for humanity.

From 
contained to 

extended 
bodies, minds,

 and senses
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We are all becoming cyborgs—it’s just a matter 
of degree

The wireless Web, sensor networks, pervasive computing, RFID, 
context-aware environments, and the “Internet of things” 
promise to transform our experience of creating, accessing, and 
interacting with data. Digital information won’t feel like it exists 
in an alternate world that we visit, but rather as a layer atop our 
entire everyday reality. “The Network” will fi nally become inter-
twined with the fabric of our lives, and our clothing.

“We don’t have to fear robots taking over from us because there 
will be no ‘us’ to take over from ... we will have become one 
with our machines,” says Rodney Brooks, director of MIT’s Com-
puter Science and Artifi cial Intelligence Laboratory.

Electronic textiles—fabric containing microprocessors, sensors, 
and actuators—could lead to shirts with pores that automatically 
open and close depending on the temperature, army fatigues with 
chameleon-like color-changing properties, and a “personal area 
network” of mobile devices. Biomedical sensors linked wirelessly 
to “expert systems” could act as a “doctor-in-the-pocket” keep-
ing a constant vigil on our health. For better or worse, fl exible 
displays will be likely to transform our bodies into screens. 

The popularity of camera phones and blogging hints at how we 
might “offl oad” some of our memories in the coming decade. 
Lyndsay Williams of Microsoft Research’s Cambridge laboratory is 
developing SenseCam, a wearable, sensor-laden digital camera that 
automatically documents the day for later reference. For example, 
each time the wearer walks into a different room, the change in 
lighting triggers the camera to snap a 180-degree fi sh-eye shot. 
A sudden movement, a change in ambient temperature, the body 
heat of someone passing—these are all considered photo ops.

“The sort of problems we’re trying to solve are related to 
memory recall,” Williams says. “Where did you leave your 
spectacles? Who did you meet during a previous day?”

After a day of use, the device’s memory is fi lled with thousands 
of time-stamped photos ready to be downloaded to a PC. 

“It’s a black box data recorder for the human body,” 
Williams says.

1 E-TEXTILE

Source: Josei Lee, University of California, Berkeley

In this sample of a prototype e-textile, wires containing transistors and 
the perpendicular interconnected wires are woven between thicker Tefl on 
threads that make up the bulk of the fabric. Various devices such as 
mobile phones, chemical sensors, or blood pressure monitors could then 
talk to each other through the grid-like network of fi bers, much like desk-
top computers, servers, and printers communicate on an offi ce network. 

^

2 SENSECAM RECORDS THE WEARER’S DAY

Source: Microsoft Research Cambridge

Images from the SenseCam prototype 
(right) are searched and accessed 
using a software system called 
MyLifeBits.

^
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The length of our lives can be increased without decreasing our quality of life

In the next two decades we may see the human life span increase by ten years, 
for those who can afford it. This extension will likely be a result of novel cures or 
treatments for the most common killers—some cancers, heart disease, diabetes, 
and other diseases. Injectable nanomaterials laden with stem cells could poten-
tially spur aged organs to heal themselves, while xenotransplantation or nanobio-
mechanical devices could be robust replacements for others. The search for the 
aging genes will continue, but it’s a large leap to humans from worms, the model 
research animal whose fundamental molecular biology that seems to control lon-
gevity is slowly being revealed.

Thinking caps will come in a pill

According to Business Week, half of the sales of Provigil, a prescription narco-
lepsy drug, are likely for off-label uses. Meanwhile, drugs to treat attention defi cit 
disorder (ADD) such as Ritalin and Adderal are popped on college campuses as 
study aids to improve focus. Brain drugs are big business. Even a Nobel Laureate 
has become involved. 

Memory Pharmaceuticals—founded to commercialize the research of Nobel winner 
Eric R. Kandel—and Helicon Therapeutics are developing compounds to increase 
the cognitive performance and memory of individuals suffering from a variety of 
brain impairments. One target of these new drugs is the CREB (cAMP response 
element binding) protein, a molecule that regulates the biochemical processes 
essential to the formation of long-term memories. The Helicon Therapeutics candi-
date is based on CREBs research that founder Tim Tully, a professor at Cold Spring 
Harbor Laboratory, and his colleague Jerry Yin conducted in 1995. They genetically 
modifi ed fruit fl ies to increase the amount of CREB in their brains. The results were 
bugs boasting the insect equivalent of a photographic memory. Now the company is 
banking that the same approach will work in humans, at least to some degree.

“We’ve shown in animal models that our drug reduces the amount of practice 
needed to commit something to long-term memory,” Tully says.

Tully envisions cognitive training clinics—not unlike a “brain spa”—where 
individuals with brain disorders caused by aging or disease will be evaluated and 
prescribed a regimen of brain exercises and drugs that will “reorganize the brain’s 
circuitry into a better functional state.” Even if human tests go smoothly, Tully in-
sists that it will be at least ten years before memory drugs are available to improve 
recall in healthy brains.

“The drugs not only have to be free of traditional side effects, but we have to 
ensure that they’re free of any possible psychological side effects of having a 
chronically enhanced memory,” he says. “Maybe you could fi ll the hard drive and 
after a number of years not be able to put anything more in your brain.”

3 LIFE EXPECTANCY WILL INCREASE 
STEADILY AND POSSIBLY JUMP

Expected further number of years of life at ages 50 and 65, 
United Kingdom

Source: National Statistics website: www.statistics.gov.uk. 
Crown copyright material is reproduced with the 
permission of the Controller of HMSO.

Projections suggest that life expectancies in 
the United Kingdom will continue to increase. 
However, some respected scientists believe that 
methods to boost life expectancy for an addi-
tional ten years are on the near-term horizon.
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It’s much easier to manipulate our bodies than our genes 

It’s turning out that almost everything genetic is really complicated. The things we really care 
about are going to be too diffi cult to modify in vitro. We’ll be able to get embryos that won’t 
develop Huntington’s disease or don’t have cystic fi brosis or sickle cell anemia. We may be 
able to avoid a few types of mental retardation for which we know there is a genetic basis, 
but we’re not going to be able to pick out embryos that are going to be particularly smart. We 
might be able to pick embryos that are more likely to grow up to be tall, but I’m very dubi-
ous we’ll be able to pick out ones who will be good athletes. We will almost certainly be able 
to sort embryos by likely skin color, hair color, eye color, cosmetic stuff. We can already do 
sex. In a sense, it will be too easy to modify your body in other ways though. If you want a 
particular nose, it might be easier to change it surgically than mess around with 17 genes 
prenatally. But those cosmetic options aren’t going to have nearly the sort of social impact 
that the ability to enhance intelligence or other skill sets would. I just don’t see that kind of 
genetic knowledge and ability to intervene as on the horizon, certainly not for the next 10 or 
20 years. And I would guess not even in 50 years. 

There are at least fi ve emotionally, socially, and ethically charged questions raised by human 
extension technologies.

Safety: Is it safe for normal populations to use the same pharmaceuticals 
and enhancements as people with serious illnesses? 

Coercion: To what degree does use of an enhancement become an expecta-
tion, either intrinsicly or extrinsicly?

Equity: Will we be perpetuating a class of “enhanced nobility”—that is, 
those who pass their enhancements through generations?

Fairness: Is it fair to use enhancements to achieve superior results, for 
example, during exams, in athletic competitions or beauty contests?

Natural vs. artifi cial: When is something natural or artifi cial, and how do we 
distinguish between the two?

Humans make and use tools—that’s natural

The argument that enhancements aren’t natural comes in both secular and religious forms. 
There are people who feel that it’s against God’s will, against Darwin, against nature, against 
what we evolved to be. I love having people at conferences talk about these enhancements 
being wrong because they’re unnatural when they’ve fl own in a jet airplane to get there. 
There’s nothing natural about the antibiotics that probably almost all of us have taken at 
some point in our lives, without which some of us wouldn’t be here. Even hunter–gatherers 
used tools and fi re to enhance their abilities. All of human existence has been about distanc-
ing ourselves from “the natural.” 
                                                                                                             —Hank T. Greely
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Life and Social Sciences Will Turn Mathematical

In the 20th century, physics was the main scientifi c consumer 
of mathematics. Today, biology is taking the lead as we discover 
that at the core of many biological phenomena—reproduction, 
growth, repair, and others—there are computational processes 
that can be decoded and simulated. But the migration of mathe-
matics will not stop there. From the biological sciences, math-
ematics is likely to diffuse into the social sciences as mathemat-
ics is used to understand human behavior patterns. Keith Devlin, 
Executive Director at the Center for the Study of Language and 
Information at Stanford University, coined the term “soft math-
ematics”—the application of mathematics to individual human 
beings including psychology, sociology, linguistics, economics, 
and political science. In the coming decades, these areas will 
become increasingly “mathematical.” 

Mathematics Will Become Invisible

A technology or a framework for thinking is truly successful when 
it becomes invisible—that is, it disappears into the fabric of 
everyday life. We don’t think about how electricity works when we 
fl ip on a switch. We don’t usually acknowledge what a wondrous 
thing electricity is (at least in the developed world). It is just a part 
of our everyday infrastructure. Like electricity, mathematics and 
mathematical processes will become embedded into our everyday 
activities. Some experts believe that in 50 years, 99% of computa-
tional cycles will be devoted to one task—grinding combinatorics, 
or uncovering patterns in the vast amounts of information sur-
rounding all human activities. So far, the numbers of processes, 

particularly social, economic, and political, that we’ve been 
able to pattern and simulate have been limited. In the future, 
the fi eld will expand exponentially. 

Mathematical Ideas Will Be Communicated in 
a New Language

We are used to thinking of math in terms of numbers and 
graphs. The integration of computing with new types of visual 
interfaces and a profusion of display choices will create a new 
language for communicating mathematical ideas. Visionary 
computing pioneer Alan Kay believes that we are at the dawn of 
a new literacy. According to Kay, real literacy in the print world 
means not just the ability to read about and understand powerful 
ideas, but also to write about them. Basically, he is referring 
to expository and argumentative writing. The equivalent for 
computers is to make dynamic models of the ideas in software, 
to explain those ideas, and make arguments about the results 
of the computations. In other words, to create simulations. The 
ability of ordinary people to do this is almost nil. However, in 
the next 20 years, it will not only be possible but desirable for 
children to learn how to transform ideas into mathematics-based 
simulations that run on personal computers. These children will 
use the simulations as a part of their discourse and thinking 
processes. Simulation will become a new type of literacy. Thus, 
mathematical ideas will increasingly be communicated through 
rich visual and graphic interfaces. In other words, math will not 
look like the math we are used to.

MATHEMATICAL WORLD

Growth in computing and processing power embedded in everyday objects 
and places will enable a new level of pattern recognition and understanding 
in enormous amounts of data. As a result, our ability to decode previously 
mysterious processes in everything from biological to social systems will im-
prove. Since studying regular, repeatable patterns is at the core of mathemat-
ics, increasingly we will view the world through a mathematical lens, but our 
interactions with this mathematical world will be through traditionally non-
mathematical interfaces. 

From 
invisible to 

visible patterns
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Information explosion and growth 
in computational power will enable 
better data processing

The amount of information produced and 
stored on devices is growing tremendously. 
With technologies such as life blogs and 
embedded RFID (radio frequency iden-
tifi cation) chips, every activity (online 
and in the physical world) becomes data. 
Growth of stored data, combined with 
increases in computational power, will 
enable the deciphering of patterns in 
huge amounts of data. 

1  WORLDWIDE PRODUCTION OF ORIGINAL INFORMATION, IF STORED DIGITALLY, 
 CIRCA 2002

Estimates by the University of California, Berkeley’s School of Information Management and Systems show 
that the storage of new information has been growing at a rate of over 30% a year. There has been dramatic 
growth in storage of new information between 1999 and 2002 in every storage medium except fi lm. Film-
based content, especially photographs, is migrating to digital media, both optical and magnetic.

Note: Upper estimates assume information is digitally scanned, lower estimates assume digital content has 
been compressed.

Source: University of California, Berkeley, School of Information Management and Systems, How Much 
Information 2003. www.sims.berkeley.edu/research/projects/how-much-info-2003/execsum.htm#int

^

Math will become invisible

When we play massively multiplayer on-
line games like The Sims or The Sims or The Sims Second Life, 
we don’t think about the math needed to 
drive the game engine; when we search 
for information on Google, we don’t 
think about the algorithms supporting 
the search engine; when we view graphic 
results of simulations, we don’t intui-
tively understand the math behind them. 
Mathematics has become intrinsic and 
yet invisible to us. As mathematics has 
become woven into more of our activities 
and interactions—from recommendation 
systems and search engines, to decision-
support software, and logistics man-
agements systems—it will increasingly 
become invisible to us. Our interactions 
with mathematical ideas and products 
will include multiple senses—auditory, 
tactile, visual. Growth in computational 
power, however, will enable individuals, 
and not just large organizations with ac-
cess to computing resources, to run simu-
lations and play out “what if” scenarios 
routinely in the course of their lives.

2 PLAYING OUT POTENTIAL LIFE SCENARIOS

Source: Institutute for the Future

 OPTICAL 29 51 81 103 28

 PAPER 240 327 1,200 1,634 36

 FILM 58,209 76,690 431,690 420,254 -3

 MAGNETIC 2,073,760 3,416,230 2,779,760 4,999,230 80

 TOTAL 2,132,238 3,416,281 3,212,731 5,421,221 69

Storage Medium Lower Estimate 
1999–2000 
(Terrabytes)

Lower Estimate 
2002 

(Terrabytes)

Upper Estimate 
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Percent Change 
in Upper 
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What if I go on 
a vegan diet?

What if I don’t 
go to college?

What if I have 
children at 40?

What if I marry 
this guy?



Science & Technology 
Perspectives
2005–2055

Increasingly, biological and social sciences will turn mathematical

Computational methods have become intrinsic to modern biological research, and 
their importance will only increase as large-scale methods for data generation be-
come more prominent, as the amount and complexity of the data increase, and as 
the questions being addressed become more sophisticated. Advances in data min-
ing can also be expected for applications in national security and crime detection. 
And increasingly, social scientists are expected to use simulation as they learn to 
rely on computers and an aleatory (random) approach to knowledge that takes into 
account the vastness of available data. Increased computing power and storage 
capacity means that there are no limits to the size of datasets and the number of 
variables that can be analyzed. The variables can also be measured across time 
repeatedly. The monumental challenge for social scientists will be to develop sta-
tistical methods for fi nding patterns in these huge datasets.

The NEW TIES Project (New and Emergent World Models Through Individual, 
Evolutionary, and Social Learning) backed by a consortium consisting of the Uni-
versity of Surrey and Napier University in the United Kingdom, Tilberg and Vrije 
Universities in the Netherlands, and Eötvös Loránd University in Hungary, is one of 
the fi rst examples of the use of simulation to understand complex social patterns, 
in this case, learning and transmission of knowledge. In this project, scientists are 
growing an artifi cial society using computer programming that develops agents—or 
adaptive, artifi cial beings—that have independent behaviors. The experiment will 
consist of about 1,000 agents living together in a simulated world hosted on a net-
work of 50 computers based at the various institutions involved. Each agent will 
be capable of various tasks, like moving around and building simple structures, 
but will also have the ability to communicate and cooperate with its cohabitants. 
Through simple interaction, the researchers hope to watch these characters create 
their very own society from scratch. Every character in the simulated world will 
need to eat to survive, and will be able to learn from the environment through trial 
and error—for example, how to cultivate edible plants with water and sunlight. 
In addition, characters will be able to reproduce by mating with members of the 
opposite sex, and their offspring will inherit a random collection of their parents’ 
“genetic” traits. While it is impossible to conduct large-scale social experiments 
in the real world, simulations such as this one will enable scientists to do so in 
virtual environments.

3 MATHEMATICS HEADED FOR THE SOCIAL 
SCIENCES

4 VIRTUAL SOCIOLOGY: THE WORLD OF 
NEW TIES 

Source: NEW TIES Project, http://www.pcmag.com/ar-
ticle2/0,1759,1853936,00.asp

Source: Institute for the Future
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Profession of mathematics is alive and well, but it lives in many different houses

People with mathematical abilities are going into areas around the edges of or allied with 
mathematics. The obvious ones are computer science, various parts of engineering, linguis-
tics, parts of cognitive science, homeland security, and parts of statistics. A lot of bright 
students are going to places like Google. Google is a mathematical company because at its 
basis is a mathematical algorithm for organizing data, but people who work at Google don’t 
think of themselves as mathematicians. So mathematics is alive and well, but it’s living in 
many different houses under many different names. 

I know in the U.K. some universities have closed their mathematics departments. I would 
hope that all of those universities continue to employ some full-time mathematicians under 
different names, however. Although I would like to think that universities will continue to 
have mathematics departments, I don’t think it’s the end of the world that some of them 
don’t—so long as it is recognized that mathematics is an important discipline and you need a 
group of mathematicians whether you’ve got a department or not. 

Rise of “soft mathematics”

Fifty years from now I’m pretty sure that there will be stuff going on in mathematics that I 
wouldn’t classify as mathematics now. Years ago I coined the term “soft mathematics” or 
mathematics applied to individual human beings. We are just beginning to see this emerge. 
Today, mathematics can be applied to large groups of people through statistics, but when 
you get down to smaller groups of people, it gets much harder. However, there are studies 
in management science that looked at group interactions of 3–4 people in decision-making 
situations and there was a recognizable behavior pattern. And when you’ve got a recogniz-
able, repeatable behavioral pattern, you’ve got the basis for a mathematical discipline. 

Maybe the best examples of the beginnings of the rise of soft mathematics come from 
economics and political science. Economics uses hard equations but these are interpreted 
differently than in physics. Same with political science—it is beginning to use mathematical 
models, but uses interpretations different from mathematics or economics. 

In the future we will see mathematics going into different areas and in 50 years time new 
mathematics will probably come out of the life sciences, human sciences, psychology, and 
sociology. By then, mathematics will be tightly integrated into the methodologies of these 
disciplines. What is happening today on the fringes will be mainstream in 50 years. 

A mathematics arms race

The world has always been and will continue to be mathematical. The paradox is that people 
don’t recognize this—they think mathematics is gone. Well it’s just gone beneath the surface, 
it has become a part of the infrastructure. Just as if there were no electricity, a mathematics-
less society would fall down. Particularly given the way our lives now depend upon Internet 
and other kinds of security, our economic and physical lives literally depend on mathematics. 
We are in a mathematical arms race to keep the Internet secure, to keep cities secure, to 
keep infrastructure secure. So even though it is becoming invisible, mathematics has become 
part of life and that’s going to continue—in fact, it is going to increase.
                                                                                                                —Keith Devlin

Keith Devlin, Executive Director, Center for the 
Study of Language and Information, Stanford 
University, sees the numbers in everything

INTERVIEW
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Physical World Will Become Sentient

In the next ten years, the widespread proliferation of sensor 
networks will lead to a major milestone in the emergence of the 
sentient world. These sensor networks will serve as the eyes and 
ears for context-aware systems. In 20 years, advances in micro- 
electro-mechanical systems (MEMS) engineering will drive a 
shift toward integrated sensing and actuation. Sensors, by defi -
nition, merely observe. Yet future applications will require that 
sensors also be able to act on their environment either alone or 
in groups. Context-aware systems will evolve from merely know-
ing, to reacting physically in a targeted fashion. Fifty years out, 
nanotechnology will provide the ability to embed sensing within 
any object, providing rich granular data and pervasive sensing 
capabilities. 

Information Interfaces Will Be Sensory Rich

Whereas today we interface with digital information mostly 
through text, limited graphics, low-fi delity audio, and com-
pressed video, by 2015 the broadband Internet will offer 
hundreds of thousands of high-defi nition video, synthetic 
cinema channels, immersive graphical games, simulations, and 
educational and commercial experiences. While today’s interac-
tions with digital displays are deskbound or device-dependent 
experiences, we are moving to a world where displays and in-
teraction will be ubiquitous and sensory-rich. Ambient displays 
are already widely prototyped in image labs worldwide. Over 

time, holographic displays may become practical and economic. 
Displays of high-resolution media and haptic interfaces will 
connect users with increasingly tactile interactive experiences. 
In other words, our interfaces with information will become 
more immersive and more life like.

Ability to Manage Senses Will Become Critical

Anthropologist Peter Wilson, in his book The Domestication of 
the Human Species, argues that every sensory transformation 
in human history has led to big social and cultural transforma-
tions. With the computing experience becoming ubiquitous and 
sensory-rich, we are at the dawn of another such transforma-
tion. This transformation is likely to bring with it new domains 
of activities and new social practices. Humans must become 
more adept at managing our senses—learning what to focus on, 
what to fi lter out, how to convey sensory information to others, 
in what format, and when and how to outsource some of the 
sensory functions to devices (for example, when to memorize a 
number as opposed to storing it in a device). The evolution of 
new sensory-rich, ubiquitous computing experiences that are 
deeply intertwined with every human activity will coincide with 
our increased understanding of the brain. As a result, just as 
new technological devices are developed, pharmaceutical prod-
ucts that alter or support various brain functions will increas-
ingly be called upon as aids in sensory management—to boost 
memory, help focus attention, or make a particular experience 
more vivid or memorable. 

SENSORY TRANSFORMATION

In the next ten years, physical objects, places, and even human beings will 
increasingly become embedded with computational devices that can sense, 
understand, and act upon their environment. As a result, increasing demands 
will be placed on our visual, auditory, and other sensory abilities. Humans will 
become more sophisticated in their ability to understand, create, and manage 
sensory information and the ability to perform such tasks will become keys 
to success.

From 
information 

to sensory 
processing
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Sentient physical world: power-scavenging sensors

Over the next 20 years, sensing will become a primary task of computational 
devices. Radio-frequency identifi cation (RFID) technology will become a ubiq-
uitous enabler for tagging and tracking objects of all types, from consumer 
goods to pets. However, RFID technology also has the potential to evolve into 
a far more useful platform for sensing the physical world.

The greatest challenge to the deployment of widespread, fi ne-grained sensor 
networks is electrical power. While research in ultra-low duty cycle sensors 
will progress over the next 20 years, the ideal sensors will scavenge or har-
vest power from their environment. 

Sensors that utilize ambient power sources like the sun are already wide-
spread. RFID tags provide a model for rapid, ubiquitous deployment of power-
scavenging sensors. When interrogated by an RFID reader, RFID tags commu-
nicate using power scavenged from that transmission. In 2005, researchers 
at Intel’s Seattle Research Laboratory modifi ed an RFID tag to incorporate 
a simple accelerometer. By changing the tag’s RFID response based on the 
sensor’s current reading, the sensor “WISP” (wireless identifi cation and 
sensing platform) has paved the way for a future of cheap, long-term ambient 
sensing of our physical surroundings.

Sensory-rich interfaces: display explosion

Today, interaction with digital displays is a deskbound or device-dependent 
experience. However, we are moving toward a new world where displays 
and interactions will be seamless, ubiquitous, and often ambient—that is, 
communicating on the periphery of human perception, requiring minimal 
attention and cognitive load. Ambient displays reduce requirements for 
perceptual bandwidth and allow users to get the gist of the data through 
a quick glance, aural refocus, or peripheral vision. Ambient displays are 
already widely prototyped in image labs worldwide. 

As we move into a new world of ubiquitous computing, a wide range of low-
cost displays will become increasingly available. Driven by advances in 
organic light-emitting diode (OLED) technology from fi rms such as U.K.-
based Cambridge Display Technology, displays will become embedded 
in manufactured objects like books and magazines (A) and architectural 
fi xtures such as walls, doors, and windows (B).

Increasingly, these displays will be able to connect to pervasive wireless 
networks and dynamically download content from the Web. For example, 
the Playing Flickr 2.0 (C) installation in Amsterdam enabled participants to 
send keywords by SMS that automatically displayed tagged content from the 
Flickr community photo-sharing Web site on large screens. At the far end of 
our 50-year outlook, nanomechanical display technologies may enable us to 
transform the human skin into a programmable display (D), as envisioned by 
Robert Freitas in his 1999 book Nanomedicine. 

1 WISPS: SENSORS THAT DON’T NEED POWER

Source: Intel Research Seattle

2 DISPLAYS WILL BE EMBEDDED IN MANY 
NEW PLACES

Source: Cambridge Display Technologies, Hitachi, Mediamatic.
net, Nanogirl.com.
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Managing senses

The last 30 years have seen a profound transition in our ability to perceive and 
interact with the physical world. This was enabled by the technology infrastruc-
ture that we have built up. The infrastructure consists of successive waves of 
technologies adding new capabilities and allowing new types of interactions and 
new practices. First, computing changed the speed and complexity with which 
we could process information. Then communications broadened our access in 
both time and space and connected us globally. In this decade, sensing devices 
are having the most profound effect yet, as they bring information, awareness, 
and responsiveness to the objects, places, and people around us. In short, they 
are transforming our awareness and attention. The next wave of technologies 
will be all about sensemaking—the ability to make sense out of the enormous 
amounts of information and sensory signals all around us. 

Sensory transformation

People will require new strategies for managing new sensory-rich environments—
for example, what to pay attention to, what to focus on and what to keep on 
the periphery. Some of these strategies will be individual choices about things 
like improving vision beyond normal sight or taking pharmaceuticals to improve 
concentration. Not surprisingly, we are already seeing the use of analeptic 
compounds—chemicals that stimulate the central nervous system—emerge as 
a coping strategy for maintaining alertness in a rapidly accelerating world. In 
recent years, analeptic pharmaceuticals like methylphenidate (Ritalin, Concerta), 
dextroamphetamine-amphetamin (Adderall), and modafi nil (ProVigil) are increas-
ingly used by college students and teens to gain an edge in highly competitive 
academic settings. In the last ten years, the number of Ritalin prescriptions 
in the United Kingdom increased ten-fold from 20,000 to over 250,000. The 
United States Drug Enforcement Agency claims that more high-school seniors 
abuse Ritalin than take it as a prescribed medication. In contrast to the use 
of psychedelics in the 1960s as a way to illuminate societies dulled by drab 
conformity, analeptics will be extensively abused by future generations to clarify 
a world awash in sensation.

3 FROM SENSING TO SENSEMAKING

Source: Institute for the Future
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4 RITALIN ABUSE AMONG U.S. TEENS, 2004

Source: University of Michigan Institute for Social Research
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Sensemaking applications 

The applications that I think will be most important are those that can understand “what?” 
and “how?” What is someone actually doing in the physical world? What activity are they en-
gaged in? By understanding the activity we can better support them in that activity. Without 
understanding the activity, I think computation won’t move much beyond what it does today 
on the desktop—simple communications and things like that.

Much of the current research at Intel’s Seattle Lab is about supporting activities. This means 
both in the sense of simple physical activities that someone is engaged in, like, “I’m cooking 
right now.” But it also means the kind of high-level objectives that activity theorists think 
about, such as, “let Grandma live a healthy and active life.”

I see this activity-focused perspective as a big missing thing in context-aware computing to-
day. It hasn’t been solved because it has a lot of the hard AI (artifi cial intelligence) problems 
associated with it. But I actually think when this problem is solved—and I think we’re actu-
ally on the cusp of solving a chunk of it here—it’s going to cause a big change in the way we 
think of user interfaces and computing.

Supporting high-level activities

If you think of some of the successful computing devices out there today, one of the reasons 
I think they’re successful is they actually support high-level activity. For example, the TiVo 
digital video recorder supports the idea that I want to watch The Apprentice right now or I The Apprentice right now or I The Apprentice
want to watch what I like right now. On the other hand, a VCR only understands my desire 
at a very low level, that is, “record this channel at this time.” And there’s this gap between, 
“record this channel at this time” and the activity that the person actually wants to engage 
in, which is, “I want to watch something that I want to watch right now.” That gap between, 
the two levels of understanding activity and intention makes the difference between an easy 
and a diffi cult experience. 

Leveraging RFID and WISPs

Leveraging RFID is going to be like leveraging Moore’s Law, except it won’t mean greater 
computing power—rather it will mean smaller, cheaper, everywhere, and less power. One 
technology that our lab is working on is RFID tags we call WISPs that have embedded, power-
scavenging sensors. Essentially, we can now build sensor networks that don’t need batteries. 
These devices use a radio to activate a microprocessor just like RFID does, but they also 
activate a sensor. And by modifying the ID bits that are transmitted back, it can communi-
cate what it has sensed. The simplest example we’ve built is a one-bit accelerometer, so you 
can imagine a very cheap unpowered sensor on a can of Coke that can tell an RFID reader 
that the can is moving.

Power consumption has been a major fl aw with other strands of sensor development. For the 
military, who drops them out of an airplane on a battlefi eld, this is not an issue—they just 
buy more. But for industrial applications and home applications, this is a major bottleneck. 
If sensors require batteries, you’re never going to build them into homes, for example, so that 
you can detect a leak or hot air escaping through a window. And if you have thousands of 
sensors, it’s hellish.                                                                                  —James Landay

James Landay, Director of Intel Research 
Seattle, is developing software that infers 
the users’ activities
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Shifting Scales in the Deployment of Infrastructure 

During the 20th century, infrastructure networks were the single 
largest investment of industrial nations and a powerful engine for 
economic growth. In the next 50 years, technological advances 
will create new opportunities to dramatically reduce plant size, 
while a shift from public to private fi nancing has prioritized faster 
return on investment. Concerns about the security and health 
risks of concentrated infrastructure also favor a shift in scale 
from massive, centralized networks to modular, scaleable grids.

Cannibal Networks: Distributed Technology Consumes the Grid

Distributed infrastructure will emerge as scientifi c and tech-
nological advances in materials and sensing combine to drive 
down minimum size requirements for effi cient plants and dis-
tribution networks across the entire range of modern infrastruc-
tures: telecommunications, transportation, power, and water. 
These distributed networks will process materials and services 
much closer to their point of production or distribution, reduc-
ing transmission and transportation ineffi ciencies.

In the developed world, distributed infrastructure technologies 
will provide a solution to endemic NIMBYism (not in my back-
yard) by offering more benign methods to expand capacity. For 
the developing world, they will provide a platform to maintain 
growth while potentially leapfrogging a century’s worth of dirty, 
heavy industrial development. For developing countries already 
heavily in debt from mismanaged megaprojects, incremental 
deployment of distributed systems may be the only way forward.

Over time, we will repeatedly witness the cannibalization of 
existing “heavy” infrastructures by their distributed versions. 

The Internet initially was deployed as a service operating over 
the telephone network. Over time, it has commandeered most 
of the resources of that system, restructured it according to 
distributed principles, and now provides the same services 
more effi ciently and fl exibly. Other distributed technologies that 
threaten to reshape legacy infrastructure networks include:

Telecommunications: ad hoc mesh wireless networks, PBXs
Transportation: mass transportation on demand (paratransit), 
free-fl ight air traffi c control, self-steering automobiles
Power: home fuel cells, reverse-fl owing grids, effi cient small-
scale storage technologies
Water: small-scale desalinization, home wastewater treatment

The Global Market for Movement

As infrastructure networks become more complex, the tools for 
managing them will evolve through the introduction of artifi cial 
intelligence. In 20 years, many of the day-to-day transactions 
that drive the movement of money and material in the global 
economy will be negotiated and executed by artifi cially intel-
ligent software agents. At the same time, logistics systems will 
become increasingly context aware, enabling more rapid and 
effi cient reactions to shifts in supply and demand.

As these two global economic infrastructures are woven together 
in the next 50 years, they will merge to create a single global 
market for movement, in which competing fl eets of artifi cially 
intelligent agents optimize the allocation of material resources 
across the globe, based on who is willing to pay for what, where, 
and when. The result will be a lightweight system of commerce 
that can redirect fl ows of resources on a second-to-second basis 
with greater effi ciency.

•
•

•

•

LIGHTWEIGHT INFRASTRUCTURE

A confl uence of new materials and distributed intelligence is pointing the way 
toward a new kind of infrastructure that will dramatically reshape the eco-
nomics of moving people, goods, energy, and information. From the molecular 
level to the macroeconomic level, these new infrastructure designs will em-
phasize smaller, smarter, more independent components. The components 
will be organized in more effi cient, more fl exible, and more secure ways than 
the capital-intensive networks of the 20th century. These lightweight infra-
structures have the potential to boost emerging economies, improve social 
connectivity, mitigate the environmental impacts of rapid global urbanization, 
and offer new future paths in energy.

From 
centralized 

grids to 
fl exible, 

smaller-scale 
networks
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Restructured grids

In the late 1990s, the Internet’s booming popular-
ity transformed it from a data communications ap-
plication operating over the telephone network, to a 
constellation of interlinked, freestanding broadband 
data networks. By 2003, in industrialized nations, 
the number of telephone lines began declining as 
mobile telephony and voice over Internet protocol 
(VoIP) conspired to replace the once mighty land-
line monopoly. 

This example of “network cannibalism” suggests a 
model for future disruptions through the rapid diffu-
sion of lightweight infrastructure. Initially deployed 
as edge enhancements, technologies such as distrib-
uted power generation or seawater desalinization are 
likely to prove disruptive. By reversing the traditional 
one-way fl ow of services from the grid to consumers, 
lightweight infrastructure components will improve 
resiliency and capacity, and create new sites for 
innovation in services and effi ciency. 

On-demand intelligent transportation

Early on, technologies for distributed mobility like 
the automobile fundamentally reshaped the geog-
raphy of human settlements. Now though, they are 
the main source of congestion in densely populated 
areas. In recent decades, transportation planners 
have returned to advocate increased reliance on 
highly centralized, capital-intensive mass transit 
technologies like rail and bus to alleviate urban 
roadway congestion.

However, new technologies will offer opportunities 
to combine the advantages of automobile travel—
on-demand, door-to-door mobility—with the econo-
mies and congestion-reducing capabilities of mass 
transit. One highly compelling vision for a distrib-
uted transportation system recently emerged from 
the Mobilicity Project based at the Royal College of 
Art in London. Mobilicity calls for the development 
of automated, driverless 16–24 seat coaches that 
can be summoned on demand by passengers and 
linked up to maximize roadway capacity on longer 
legs of the journey.

1 THE TELEPHONE SYSTEM HAS PEAKED

Source: Organisation for Economic Co-operation and Development, Communications 
Outlook 2003.

2 FUTURE CONCEPT: ON-DEMAND TRANSIT IN LONDON 
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to form a train for effi cient cross-city travel in this 2025 scenario.
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3 THE GLOBAL MARKET FOR DISTRIBUTED POWER GENERATION

Source: Aurilio Bauen, Imperial College, http://www.iea.org/dbtw-wpd/Textbase/work/2004/
distgen/Bauen.pdf
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The market for distributed power generation

Electrical power production remained the most 
centralized of the major networked systems in the 
20th century, and no alternate methods to con-
veniently store large amounts of electrical power 
are widely available. However, over the next 15 
years several major technology trends indicate that 
distributed power generation will reshape the power 
grid from the inside out. Beginning with industrial 
plants, and later spreading to commercial and 
residential venues, global demand for distributed 
generation is projected to exceed 180 gigawatts. 
While this represents just a tiny fraction of the 
world’s total power consumption (some 803 TWh in 
June 2005 alone), it will begin the transformation 
of the power grid from a unidirectional fl ow to a 
bidirectional fl ow, where consumers play an in-
creasingly important role in stabilizing and 
supplying power to the grid.

Clean water for the rest of humanity

According to the United Nations, over 1 billion 
people in the world’s poorest nations lack access 
to clean drinking water supplies. However, the 
resources required for large, capital-intensive water 
infrastructure systems are usually beyond the reach 
of these impoverished communities. In the next ten 
years, however, new nanoscale materials will enable 
the development of inexpensive portable fi ltration 
systems that can quickly produce large amounts of 
clean water. 

In Africa, an Australian organization known as 
Africa Now has begun fi eld trials of a revolutionary 
“water stick.” Produced by Seldon Technologies, 
the water stick uses a carbon nanotube fi lter that 
requires no power, heat, or chemicals to remove 
bacteria, viruses, lead, and arsenic from water. 
It can fi lter a liter of water in 90 seconds. This 
technology also offers possibilities for dramatic 
cost and plant-size reductions in desalinization as 
well. Not much larger than a pencil, this high-
technology “straw” could transform the lives of the 
billion people who lack access to clean water.

Not much larger than a 
pencil, the water stick 
may prove to be a low-
cost, high-technology 
“straw.” 

‹

4 THE WATER STICK

Source: Seldon Technologies
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Lightweight computing as the path to a world with “one laptop per child”

The “Hundred-Dollar Laptop” is not about access to computation. It’s about access to “pencils.”

I am most fond of Seymour Papert’s story of a fi ctitious culture that existed in oral form only. 
All of a sudden one day, somebody invents writing. One intrepid leader steps forward and 
says, “Let’s put a pencil in each class.” Another says, “Let’s put 20 pencils in one special 
room and call it a ‘Pencil Lab.’” The moral of this story is that the computer provides a new 
window and a tool for children to learn how to learn. Sadly, most educational systems that 
recognize the important need for computers, meet that need with a roomful of desktops, to 
which a child might go for a few hours per week.

Computing should be like a pencil, where you have your own (versus community pencils) and 
use it for all kinds of purposes related to school, home, work, and play. This model of com-
puting calls for a lightweight, full-screen, full-color, fully-connected laptop. We want every 
child to own one.

Solving problems of poverty, peace, or the environment will require developments in primary 
and secondary education on a scale inconceivable without the use of powerful knowledge 
technologies like those that have transformed all other sectors of our society. To date, how-
ever, cost has been a barrier. At fi rst, the problem was connectivity. Now it is computers.

Cannibalizing existing networks

The software package we’ve provided is a tiny Linux core, a Web browser, and a cartload of 
constructionist tools. But remember that this laptop is a sunlight readable eBook as well, 
which turns it into something of a Trojan horse. The economics of textbooks is such that we 
can justify the whole cost in many countries, amortized over fi ve years. This is reminiscent of 
how Minitel in France was largely paid for just through the cost savings of replacing printed 
telephone books with electronic directories.

But it’s hard to tell what these devices will be used for. In some of our past experiments in 
Cambodia, at night children took the laptops home, where they and their families exploited 
the machines for every imaginable use—from tracking a favorite soccer team’s fortunes to 
researching the rice market and providing the brightest light source in the house. These kids’ 
fi rst English word was “Google.”
                                                                                                    —Nicholas Negroponte

Nicholas Negroponte, Co-founder of the MIT Me-
dia Lab, is spreading an effort to bring computer 
technology to literally everyone 

INTERVIEW

Nicholas Negroponte
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The Revival of Amateurs

The Internet and information technologies have broadened 
access to scientifi c knowledge and are starting to lower the 
barriers to popular participation in scientifi c research. In the 
next decades, the spread of pervasive computing technologies, 
low-cost sensors, fl exible electronics, and desktop manufacturing 
tools, combined with commons-based, peer-reviewed production 
systems, will widen the range of opportunities for popular partici-
pation in science and technology. The work that a “non-scientist” 
can undertake will also be seen as essential to progress. 

Users are also emerging as a force in technology. A growing 
number of new products, ranging from surgical instruments 
to extreme-sports equipment, are codesigned by companies 
and user communities. As more product functionality moves 
from mechanical systems to software, products themselves are 
becoming more customizable. The growth of the Internet has 
made it easier for users to share modifi cations and product 
ideas with each other and with companies. Finally, the tools 
for creating new designs are being democratized. As computer 
hardware and software become cheaper, more people acquire 
the ability to turn out high-quality, nearly professional products.

From Brain Drain to Brain Circulation

Over the last 50 years, advanced nations, and the United States 
in particular, enjoyed considerable benefi ts from the migration 
of scientifi c and technical skill from developing countries to the 
developed world. This largely one-way traffi c will become more 
complex in the next 50 years. The bidirectionality will be driven 
by the growth of research and entrepreneurial opportunities in 
emerging countries, the general lowering of global barriers to 
migration, and the erosion of the standard career model in busi-
ness and academia.

Emergence of New Scientifi c Superpowers

If science in the 20th century was a pyramid, with the United 
States, the United Kingdom, Germany, Russia, and Japan at the 
apex, science in the 21st century will be more like a network, 
with multiple, linked centers of excellence. The United States, 
Britain, and other current leaders will still be important centers 
of research and innovation, but will be joined by India and, prob-
ably, China. A host of small countries or regions, including South 
Korea, Taiwan, Israel, and Brazil, will also develop world-class 
capabilities in strategic specialties or interdisciplinary areas, 
building targeted programs that fuse global scientifi c knowledge 
with local technical, natural, or even cultural resources. 

DEMOCRATIZED INNOVATION

Before the 20th century, many of the greatest scientifi c discoveries and 
technical inventions were made by amateur scientists and independent inven-
tors. In the last 100 years, a professional class of scientists and engineers, 
supported by universities, industry, and the state, pushed amateurs aside as 
an infl uential force. At the national scale, the capital-intensive character of 
scientifi c research made world-class research the property of prosperous ad-
vanced nations. In the new century, a number of trends and technologies will 
lower the barriers to participation in science and technology again, both for 
individuals and for emerging countries. The result will be a renaissance of the 
serious amateurs, the growth of new scientifi c and technical centers of excel-
lence in developing countries, and a more global distribution of world-class 
scientists and technologists.

From 
innovation 
hotspots to 
innovation 

fl atlands
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Growth of DIY culture

Users of high-tech products have long custom-
ized products to improve their performance and 
utility. In the early years of personal computing, 
user groups spread word of hacks and extensions 
that sometimes radically extended the capa-
bilities of the new machines and became new 
products. As more and more everyday products 
become high-tech, user-generated innovation is 
also becoming more pervasive. The falling cost 
of creative tools also makes it easier for skilled, 
dedicated enthusiasts to re-program products, 
remix popular songs, and even re-edit movies. 
The growth of the Internet has also supported 
the evolution of an intelligent mass market, able 
to adapt and extend products by pooling experi-
ences and information, or volunteering resources 
to scientifi c research.

Globalizing R&D

The phenomenon of outsourcing R&D to China 
and India has received considerable attention in 
recent years. But this investment is actually part 
of a broader globalization of R&D. The propor-
tion of foreign-funded R&D in advanced nations 
grew through the 1980s and 1990s, with foreign 
investment in R&D in Canada and the United 
Kingdom growing especially rapidly.

Rising investment in R&D, combined with efforts 
to build domestic high-tech industries, has proved 
a powerful attractor for expatriate scientists and 
engineers. Beijing’s Zhongguancun Science Park 
hosts thousands of small high-tech companies, 
some 1,800 of which were started by Chinese 
expatriates lured home in the late 1990s and early 
2000s. In the 1970s, small numbers of Korean-
born, foreign-educated scientists and engineers 
returned home. Today, in contrast, most foreign-
trained Koreans return home after completing their 
educations, and companies like Samsung and LG 
aggressively recruit Korean expatriates from senior 
management or research positions in IBM, AT&T, 
and other multinationals.

1 MAKE—DEDICATED TO ENCOURAGING A DIY MINDSET

Source: Make 

2 FOREIGN-FUNDED R&D IS GROWING

Source: National Science Board. Science and Engineering Indicators, 2002, NSB-02-1. Arlington, 
VA: National Science Foundation, 2002. 

Make: magazine celebrates the right 
to tweak, hack, and customize all 
technology. One year after its launch, 
the magazine has grown to a circulation 
of 80,000 with 600,000 visitors to the 
companion Web site.
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The picture that emerges is one defi ned by multiple 
rather than one-way fl ows of personnel from Asia, Af-
rica, and Latin America to North America and Europe. 
A few developing-world scientists who’ve made ca-
reers in the West are experimenting with ways to use 
this traffi c to build scientifi c capabilities in emerging 
countries. For example, Brazilian-born neuroscientist 
Miguel Nicolesis, a professor at Duke University, has 
founded the International Institute of Neuroscience in 
Natal (IINN), Brazil, both to foster domestic research 
and to connect Brazilian researchers to the interna-
tional neuroscience community.

New scientifi c powers

While the majority of fi lings for triadic patents are from 
companies in the United States, the EU, and Japan, 
fi lings of triadic patents from companies in the develop-
ing world—in particular, in South and East Asia—grew 
dramatically between 1991 and 2000. Triadic patents 
are fi led simultaneously in the United States, EU, and 
Japan. Triadic patents are considered by their owners to 
be particularly valuable and useful in developing prod-
ucts for global markets, and they are a better measure 
of participation in the global innovation economy than 
patents fi led in single countries. Korea now ranks 13th 
in the world in triadic fi lings, Israel 15th, and China, 
Singapore, India, Brazil, and Hong Kong are all among 
the top 30. In absolute numbers, even Korea is still well 
behind the United States, Japan, Germany, France, and 
the United Kingdom; however, these trends suggest that 
in the coming decades, a greater share of technological 
innovation will come from outside the 20th century’s 
familiar centers of scientifi c and technical powers.

3 PROPOSED MAIN BUILDING FOR IINN

4 MORE COUNTRIES FILING TRIADIC PATENTS

Ranking for the top 32 countries/economies

The mission of IINN is to 
promote scientifi c research in 
Brazil at the highest possible 
level. The IINN laboratories and 
facilities will provide the op-
portunity to repatriate an entire 
generation of young Brazilian 
neuroscientists now working 
abroad. It will also nurture 
and sustain neuroscientists 
currently working in Brazil, 
allowing them to develop world-
class, competitive science in 
their own country.

‹
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Communities of amateur scientists have emerged online

Something interesting has happened with astronomy. I was into astronomy as a kid, and re-
cently I began to look at the Yahoo! professional-amateur astronomy groups. It’s an incredible 
fractal community, communities of practice built around the amateur. Amateurs have never 
been completely excluded from astronomy, unlike some fi elds; but what I’m beginning to see is 
the ability to build new infrastructures that bring people together around a passionate interest 
and create serious types of learning opportunities. A friend of mine not only puts CCDs (charge 
coupled devices) into the telescopes, he put them on the Internet. And suddenly these pro-ams 
become very serious because there are a lot of them and they can watch for unusual things, 
and they have perfected the practice of looking—something professional astronomers no longer 
do—they solve partial differential equations. 

These two communities are fi nding new ways to interact. So what happens now if you’re a pro-
am? You happen to be in Australia, and others are wherever they are, and you’re all watching 
the sky 7/24. You see something. You notify a professional that you know through this network. 
If it looks real, the professional actually seizes the Hubble telescope and aims the telescope at 
this phenomenon. So these amateurs have just reoriented a satellite telescope. That is cool!

Education is shifting from push to pull

I see a shift from push to pull as the base for a new form of education. I have what I call a 
supply–push model for education. In your math class, you are pushed a bunch of stuff and 
build up a stock of knowledge that at some point later in your life you might use. A demand–
pull model says, “I’m out there trying to regrind this telescope. I’m trying to fi gure out how to 
make this CCD lens or this sensor work. I’ve got to get the noise down, so I’ve got to under-
stand some digital signal processing. I have to learn Fourier transforms. Okay, I’ll just do it.” 

So basically you pull information in, but you can’t do this all by yourself. You’ve got to do 
it in a community, in the social way we describe in The Social Life of Information (Harvard 
Business School Press, 2000). And so that’s the kind of bootstrapping that I’m aiming for.

Today the United States has an institutional form called school. That institutional form in 
10 or 20 years won’t be recognizable. If it is recognizable, we will be a third world country—
beginning and end of story. To avoid that we’re going to have to invent what might be a new 
institutional form of school.

Computational power multiplies the capabilities of start-ups

Until about three years ago, we would design nanoparticles by trial and error or combinatorial 
design: try 25,000 things and see how they work out. We now have enough computational 
power at our fi ngertips so that folks in a garage, today’s equivalent of Hewlett and Packard, 
can start to think about designing nanoparticles from scratch. Start-ups can take a hundred-
thousand-atom nanoparticle, compute the entire quantum fi eld of that particle, and then 
fi gure out how to jiggle one atom at a time and change that quantum fi eld. So today, things 
are getting developed in little companies that were unthinkable three or fi ve years ago.

                                                                                             —John Seely Brown

John Seely Brown, the former director of Xerox 
PARC and co-author of The Social Life of 
Information, believes that anyone can be in 
research and development 

INTERVIEW
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Complex Scientifi c and Social Problems Will Require a
Transdisciplinary Approach

Since the 19th century, distinct disciplines have been central 
to the structure and practice of science. They have provided 
intellectual shape to scientifi c inquiry; defi ned standards for 
judging what constitutes good science; and been central players 
in shaping how research is conducted, careers built, and 
recognition distributed. In corporate R&D, specialization was 
long seen as a good problem-solving strategy. 

If specialization and division of labor were the primary tools for 
multiplying intellectual power in the 20th century, the default 
assumption of the next century will be that transdisciplinary 
research offers the greatest scientifi c rewards and practical 
benefi ts. Problems like global warming and overpopulation are 
too complex for specialized solutions to be useful; multifaceted 
problems require transdisciplinary solutions.

Ascendancy of Biology Will Be a Driver for Greater 
Transdisciplinarity

Every few decades, a different area of science takes pride of 
place and seems to be where the most fundamental ques-
tions are asked, the most interesting work is happening, and 
the biggest intellectual and economic payoffs are to be found. 
We’re currently witnessing a shift in the hierarchy of sciences, 
in which the biological sciences are emerging as the scientifi c 

cutting edge and the biggest source of technological and 
commercial innovation. However, one little-noticed aspect of 
this shift is that it is actually putting a greater emphasis on 
transdisciplinary work and is driven by a convergence of 
biology with other fi elds.

New Electronic Tools Will Enable Greater Interaction 
Between Disciplines

These tools will make it easier for far-fl ung researchers to fi nd 
and communicate with each other and to self-organize into 
long-lived, virtual groups. Disciplines have been social as well 
as intellectual institutions. They’ve helped defi ne what research 
problems and areas are important; identifi ed who is worth know-
ing; rewarded innovative work; and helped allocate fi nancial 
and human resources. Now though, an emerging cluster of 
online services offer scientists the means to fi nd colleagues 
working on similar problems, irrespective of geography and 
institutional affi liation. Social software tools allow individuals to 
self-organize around common interests. Digital preprint services, 
wikis, and Web logs offer a spectrum of means to rapidly publish 
new research. Folksonomic systems (Web-based categorization 
schemes that allow users to assign descriptive “tags” of their 
choice to information) give communities the means to classify 
and fi lter new publications.

TRANSDISCIPLINARITY

In the last two centuries, natural philosophy and natural history fractured into 
the now-familiar disciplines of physics, chemistry, biology, and so on. The 
sciences evolved into their current forms, in response to intellectual and 
professional opportunities, philanthropic priorities, and economic and state 
needs. Through most of the 20th century, the growth of the sciences, and 
academic and career pressures, encouraged ever-greater specialization. In 
the coming decades, transdisciplinary research will become an imperative. 
According to Howard Rheingold, a prominent forecaster and author, 
“transdisciplinarity goes beyond bringing together researchers from different 
disciplines to work in multidisciplinary teams. It means educating researchers 
who can speak languages of multiple disciplines—biologists who have 
understanding of mathematics, mathematicians who understand biology.”  

From working 
in teams 

to sharing 
language
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Complex scientifi c and social problems require 
transdisciplinary approach

Examples of such problems include nanotechnology, accounting for 
nature, and biomimicry.

Nanotechnology: Nanotechnology is less a conventional discipline 
than an opportunistic hybrid shaped by scientifi c questions, 
promising technical applications, and venture and state capital. 
Its original vision of assemblers building nanoscale mechanical 
systems from individual atoms is being replaced by an approach 
that blends molecular biology, biochemistry, protein chemistry, 
and other specialties.

Accounting for nature: Scientists are developing tools to measure 
the economic value of natural processes that will refi ne our 
ability to evaluate the costs of and benefi ts of economic develop-
ment, integrate environmental concerns into everyday business 
accounting, and improve the performance of pollution markets. 
This work blends pure biological science, technical development, 
research in fi nance and economics, and policy work to encourage 
companies to add environmental costs to their bottom lines.

Biomimicry: Biomimicry, like nanotechnology, is less a distinct 
specialty than a collection of approaches to improving human 
innovation by drawing on nature’s deep library of designs. As 
Oxford chemist Peter Atkins put it, “I think it is much better to 
see what nature has achieved in some 4 billion years than to 
engineer something from scratch.” Biomimicry’s sources ranges 
from molecular biology, to physiology and ecology, and it is 
being used to solve a variety of problems in fi elds as diverse as 
molecular self-assembly, robotics, and architecture.

The ascendancy of biology

Every few decades, new disciplines move to the cutting edge of 
science. In the early 19th century, geology was seen as the most 
innovative, fundamental discipline. From mid-century, chemistry 
dominated the popular and scientifi c imagination. For much of 
the 20th century, physics seemed the most important. 

Today the biological sciences are displacing the physical sciences as 
the leading edge of science and the biggest source of technological 
and commercial innovation. This follows a shift in research funding 
priorities away from the physical sciences and toward biological and 
biomedical research.

•

•

•

1 BIOMIMICRY: EASTGATE BUILDING, ZIMBABWE 

Eastgate Building in Zimbabwe uses a low-energy cooling 
system inspired by the ventilation and temperature controls in 
termite mounds.

^

2  RATIO OF U.S. GOVERNMENT FUNDING, LIFE  
 SCIENCE TO PHYSICAL SCIENCE, 1983–2004

Source: National Science Foundation, SRS survey data. 

The ratio of funding for life sciences to funding for physical 
sciences in the United States has risen steadily, especially 
since the end of the Cold War.

^
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New electronic tools will enable greater interaction 
between disciplines

The community of theoretical physicists, experimental-
ists, and mathematicians involved in string theory re-
search is globally distributed but linked together through 
a network of preprints, conferences, and other formal 
events and publications. It also includes a number of 
high-profi le bloggers who have taken the kinds of argu-
ments that traditionally have taken place in conference 
hallways and seminar rooms, and moved them online.

The result is an active, contentious community that 
argues over everything from particle phenomenology 
and the gravitron propagator to whether string theory is 
similar to intelligent design.

One notable aspect of these blogs is that fi erce opponents 
regularly cite one another. Superstring critic Peter Woit’s 
provocatively titled “Not Even Wrong” blog, which takes 
its title from a famous criticism by Albert Einstein of a 
theory that was “so bad, it’s not even wrong,” and string 
theorist Lubos Motl’s “Reference Frame,” a term from 
relatively theory, are full of links to each other’s posts.

String theorists’ blogs show how a tightly-knit community 
uses electronic publishing to extend familiar practices. 
The “concept map,” in contrast, is a tool that a group 
of disparate researchers can use to become aware of 
one another’s work. This concept map shows research 
interests in information visualization as expressed in 
published articles. Information science research attracts 
computer scientists, linguists, sociologists, and profes-
sional librarians. These groups often work independently, 
and co-citation studies and citation maps provide a way 
for researchers to see where their work fi ts within larger 
research efforts.

3 STRING THEORISTS’ BLOG, “THE STRING COFFEE TABLE”

 Source: http://golem.ph.utexas.edu/string/

4 CONCEPT MAP SHOWS RESEARCH INTERESTS IN A 
LARGER CONTEXT

Source: Xia Lin, Jan Buzydlowski, and Howard D. White, “An Associative 
Information Visualizer,” online at http://www.cs.umd.edu/hcil/InfovisRepository/
contest-2004/14/unzip/.



The role of chemistry in creating new interdisciplinary fi elds

The strong growth areas in any science are at the fringes really, pushing out to reclaim land 
from the sea. … Chemistry is like that candy fl oss machine you get on the fairground—it is 
whirling away in the middle, spinning off microbiology, nanotechnology, and so on. Chemistry 
spawned and inspired molecular biology, but has lost as a discipline. While this might be 
seen as worrisome for chemistry, it could also be interpreted as a sign of vigor for the 
subject. The same is true of nanotechnology, which is a major fi eld for inorganic chemistry 
at the moment. If nanotechnology goes off and becomes its own topic, that’s the way of 
the world.    —Peter Atkins

Modeling and simulation in the practice of chemistry in the future

The future of chemistry, in terms of understanding data and developing reactions and under-
standing, is going to be focused on computation. I think increasingly chemists will turn to 
modeling reactions on computers and, for example, fi nd reaction pathways through model-
ing rather than the slightly hit-and-miss approach at the moment. I think the wedding of the 
computer and chemistry not just for modeling molecules but for data mining and effectively 
portraying data is getting absolutely crucial. 

It’s a bit like science in general where theories will edge forward, put together with experi-
mental results, and experimental results edge forward in collaboration with math and theories 
and so on, so the two edge together. We’ve now got a third component, computation, which is 
edging forward with experimental and theory.

Through the computer there is a shift in the paradigm of science in the sense that 12 or 15 
years ago, everyone was doing analytical stuff, mathematical analytical, but now much of sci-
ence is done by searching numerically for consequences of collisions and so on. So there is 
that shift of paradigm from the analytical to the numerical, and that must increase.  

—Peter Atkins
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De-Coding Emergence

Emergent phenomena have been observed across a variety of 
natural phenomena, from physics to biology and sociology. An 
emergent behavior or emergent property can appear when a 
number of simple entities (agents) operate in an environment, 
forming more complex behaviors as a collective. The behaviors 
themselves are often unpredictable and unprecedented, and 
represent a new level of the system’s evolution. In other words, 
such behaviors or properties are not characteristic of any single 
entity, nor can they easily be predicted or deduced from the 
behavior of the individual entities. The shape and behavior of 
a fl ock of birds or school of fi sh are good examples. Flocking is 
not a quality of any individual bird; it only emerges as a prop-
erty of a group of birds. The appeal of the concept of emer-
gence has several sources. It is proving useful for making sense 
of a very wide range of phenomena that are diffi cult to explain 
using simple causality. Emergence can also be modeled using 
relatively simple computational tools, but those models often 
require substantial processing power. With access to virtually 
unlimited computational power widening from a few research 
labs and large organizations to many, the ability to decode 
and understand emergent patterns in a variety of new domains 
will grow. 

Designing for Emergence

Greater understanding of emergent systems and processes 
will lead to re-thinking of design principles in many domains 
outside biology and natural systems. Recent marketplace 

experiments—from eBay to Wikipedia to multiple open-source 
projects—are early indicators. These experiments are showing 
new structures for production, new webs of exchanges, and new 
processes for value creation that together point to an alternative 
“emergent” framework for organizing economic life. Many com-
panies are beginning to use emergence as a design principle for 
marketing, viewing their customers not through the top–down 
lens of segments (hierarchical fi xed categories), but through the 
lens of dynamic swarms and networks. As such, they’re trying 
create conditions to encourage consumer swarming to their 
products and services. In technology areas, from robotics to 
nanotechnology, scientists are increasingly using principles of 
emergence to build complex autonomous systems. Social sci-
entists, including economists, sociologists, and psychologists, 
are increasingly likely to use complexity theory and simulations 
both as an explanatory framework and design paradigm. 

Emergence as a Mindset and Toolkit Shift

Emergence represents a mindset shift in sciences from focus on 
causality to focus on simulation; from looking at homogeneous 
independent variables to identifying complex patterns among 
heterogeneous and interdependent events; from traditional 
statistics to power laws with their long tails. This mindset shift 
requires new tools and new skill sets. Just like the discipline 
of economics is slowly being re-shaped by application of the 
principles of complexity and emergence, social scientists will 
need to increasingly understand new methodologies and tools, 
and apply them to understanding social phenomena.

EMERGENCE

The wide diffusion of sensors and computing capabilities into everyday environ-
ments will make emergence not only a major paradigm for thinking but also for 
designing technological and social systems. At the core of emergence is the idea 
that patterns of complex behavior emerge when sets of independent agents follow 
simple rules—think, “dumb ants, smart behaviors.” In the next few decades, un-
limited computational resources will allow researchers increasingly to understand 
patterns of complex emergent behavior and, using this knowledge, simulate and 
design complex emergent systems in everything from life sciences and economics 
to trading and marketing. This means that many of these disciplines and organiza-
tional domains will be re-invented around the principles of emergence. 

From top–down 
to bottom–up 

thinking
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Wikipedia: emergent knowledge creation

Wikipedia is a free online encyclopedia, written collec-
tively from the bottom up using a wiki—an open, public, 
writable Web page that anyone can edit and change. It is 
a public knowledge base, created by aggregating individ-
ual contributions. Rather than relying on experts to create 
and edit individual entries, Wikipedia relies on scores 
of volunteers, experts, and other passionate amateurs to 
create content. Thus far, Wikipedia has amassed 750,000 
articles in English, making it several times larger than 
Encyclopædia Britannica. It has a total of 2.2 million 
articles in 30 different languages, making it the largest 
global encyclopedia. Unlike any other encyclopedia which 
costs millions of dollars to produce, Wikipedia is produced 
at virtually no cost—it operates on small donations and is 
run primarily by volunteers. 

According to Jimmy Wales, Wikipedia’s founder, the goal is 
to “give every single person on the planet free access to hu-
man knowledge.” Wikipedia uses a very simple set of rules 
to assign roles for administering and monitoring content 
areas and rights to copy, modify, and distribute Wikipedia’s 
content, providing a good example of what emergent knowl-
edge production might look like in the future. In addition 
to its online encyclopedia, the Wikimedia Foundation is 
now involved in a number of other knowledge-base projects 
using the same principles of emergent content creation, 
among them:

Wikinews—a free online news source where any 
site visitor can add or edit stories

Wikibooks—a collection of open-content textbooks 
that anyone can edit

Wikimedia Commons—a repository of free content 
images, sound and other multimedia fi les

Wiktionary—a free wiki dictionary, including 
thesaurus and lexicon 

•

•

•

•

1 WIKIPEDIA, THE FREE ONLINE ENCYCLOPEDIA WRITTEN 
BY VOLUNTEERS

Source: Wikipedia

2 WIKIMEDIA FOUNDATION’S GOAL IS TO DEVELOP AND 
MAINTAIN OPEN CONTENT

 Source: Wikimedia Foundation
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Emergent organizational structures: peer-to-peer markets

eBay is a quintessential example of a platform that creates a playing fi eld for ad 
hoc trading. eBay doesn’t sell merchandise. It provides the environment, the tools, 
and social accounting mechanisms for trading, in other words, a set of simple 
rules and tools that enable the emergence of an active marketplace. One of the key 
mechanisms is the reputation system for rating sellers and buyers that ultimately 
creates the trust needed to sustain the auction market. According to traditional 
economics, a one-time exchange with a stranger typically ends up with the sucker’s 
payoff—you send your money and the Tiffany lamp doesn’t arrive. At eBay, individ-
ual buyers contribute a small amount of time and energy rating sellers. The ratings 
are aggregated into scores that indicate to other buyers who are highly reputable 
sellers—the so called Power Sellers. The value of the Power Seller reputation mark-
er is translated into higher prices for the seller and reliable service for the buyer.

A number of other online markets now employ the same basic model for bring-
ing together potential buyers and sellers. eBay has also spawned related services 
such as Picture it Sold that sells your items for you on eBay for a fee, and Intuit’s 
method for using eBay auction prices to determine the fair market value of goods 
donated to charities for the purpose of accurate tax deductions.

Emergent air transport: from scheduled air traffi c to air taxis

Re-orienting disciplines and inquiries around emergence will require a completely 
different set of tools and processes for analysis and design. For example, agent-
based modeling (ABM) is a widely used technique for understanding emergent 
phenomenon. Instead of looking for causality, ABM relies on simulating a system 
composed of “behavioral entities”—traffi c jams, shopping, voting, organizational 
dynamics. Instead of asking, “Can you explain it?” researchers using ABM tech-
niques ask, “Can you grow it?” 

DayJet is a new airline that plans to revolutionize business travel by utilizing ABM 
to simulate regional business travel. Using a few questions—where do you want 
to go? when do you need to be there? how early can you leave? how many seats do 
you need?—DayJet software will, within fi ve seconds, map a best-case route and 
generate a detailed price quote. DayJet’s goal is that 85% of its offers to potential 
customers are unlikely to be refused. On the surface, this may seem like a basic 
routing problem, but the Dayjet solution refl ects a vast increase in complexity over 
anything the aviation industry has tried to date. 

3  EBAY POWER SELLER DESIGNATION
INSPIRES TRUST

Source: www.eBay.com

4 DAYJET APPLIES EMERGENCE TO 
 BUSINESS TRAVEL

 Source: DayJet



Emergence as a mindset shift

There are several ways emergence represents a mindset shift in sciences. First, most social 
sciences use the idea of causality to understand data patterns—what one event or variable 
causes the other to change? This is quite limiting in that in the real world it is multiple small 
events working together that produce patterns. Focusing on one strong signal is misleading; it 
also makes the system less robust—if you lose one signal, the whole system fails. The other 
big shift relates to the idea of bell curves, which is deeply embedded in social-science and 
methodologies. Statistics of the bell curve is statistics of independent probabilities like coin 
fl ips. They are brilliant approximations of reality, but there are several assumptions embedded 
them about homogeneity and independence: we assume that coins are identical and that one 
coin fl ip is not related to the next. Thus a bell curve is a pretty good approximation for things 
that are independent in some experimental settings, such as in chemistry and physics, but 
a very poor approximation for things that are highly interdependent or dependent in social 
sciences. If all you have is paper-and-pencil math of statistics, bell curve is one of the best 
methodologies. However, today’s computing power enables much better approximations.

Modeling reshapes social sciences

If you let the model play out, you get a different kind of statistics—those that emerge from 
the data, that is, statistics that are emergent (bottom up) rather than top down. In standard 
top–down statistics you have a set of assumptions about the coins—they are independent, 
homogeneous, and so on. In real life, the “coins” are not at all homogeneous and one coin 
toss may be quite different from the next, one toss may impact the next one. History matters. 
If a tree is burning, the trees next to it are more likely to burn. The statistics of dependent 
phenomena often yields “power laws” with their “long tails,” instead of bell curves. There 
were people a long time ago who recognized that traditional statistics and bell curves were 
wrong but they had no practical alternatives. They were “voices in the wilderness.” Enabled 
by tremendous growth in computing power, our views on causality are changing. This is 
knocking a lot of legs out from the table of the methodology and analysis of classical social 
science. We see the discipline of economics being completely reshaped using new principles 
of complexity and emergence. Unfortunately these ideas are often diffi cult for most social 
scientists to understand, so they are late to the party.

Modeling organizations

You can think of an analogy between structural engineering and social scientists. Masons  
built the great cathedrals of Europe. These were marvelous and daring pieces of architecture 
and they occasionally fell down and no one knew why. Masons were building great cathedrals 
but they were doing this on intuition. Later, structural engineering came along and rationalized 
the process. Rather than restricting the art of architecture, structural engineering gave more 
latitude to the artist to use materials like glass and steel. With modeling, we are going to do 
the same things for organizations as structural engineering did for architecture. We will be able 
to design organizations so that they fl ourish—creativity fl ourishes, things get done, and people 
love working in them. We will be able to re-design governments and build economies using the 
same tools. DayJet is a good example. According to Mike Brown, former chair of NASDAQ, it is 
the fi rst company that has modeled the entire company—from fi ling fl ight plans to disruptions 
in weather patterns to tickets purchases—before starting operations. 

Jim Herriot is CEO of Herriot Research and 
focuses much of his scientifi c efforts on building 
computational models of human creativity
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