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Abstract

This article presents a method for the continuous assessment of major
technological advances -- the George Washington University (GWU) Forecast of
Emerging Technologies. Environmental scanning is used to identify emerging
technologies (ETs), and a Delphi-type survey asks a panel of respondents to estimate the
year each advance will occur, its associated probability, the potential size of its market,
and the nation that will lead each ET. Eighty-five prominent ETs have been identified
and grouped into twelve fields. Energy, Environment, Farming and Food, Computer
Hardware, Computer Software, Communications, Information Services, Manufacturing
and Robotics, Materials, Space, and Transportation. Results are presented from four
survey rounds covering the past eight yearsand they then are compared longitudinally to
estimate the range of variance. The data are also divided into three successive decades
to provide scenarios portraying the unfolding waves of innovation that comprise the

coming Technology Revolution.



I ntroduction

Revolutionary innovation is occurring in dl scientific and technologicd fields. Thiswave
of unprecedented change is driven primarily by advances in information technology (IT), but is
much larger in scope that the Information Revolution — it isa Technology Revolution.

Science and technology are essentially accumulations of knowedge, and the Information
Revolution is magnifying our ability to create and share technica knowledge. Theresult is that
I'T has become a mgor factor enabling unusualy rapid technica developments, thereby
accderating advancesin dl fidds. For instance, science has been transformed as networks of
researchers are able to collaborate regardiess of geography. Moreover, 1 T-enabled research
organizations are evolving into new forms that speed up investigations: "All the lab equipment is
connected to the network,” says Mike Fannon, biocinformatics director at Human Genome
Sciences. "We use the whole computational structure as a research tool ™

And because the knowledge in technicd fields is often interconnected, advancesin one
area cut across others to accelerate the rate of development even further. Mgor advancesin the
field of information processing, for example, can have direct effects in others areas, such as
managing the huge amount of data flowing from the Human Genome Project.? Advancesin
meterials science pave the way for new forms of transportation, such as eectric cars, and even
a superconducting energy grid that might one day transmit solar or wind power from the deserts
of Arizonato Alaska® Science does not progress in astraight line. Change often occurs by
accident or serendipity. Y et such changes encourage aspira of cross-pollination that promises
to increase the pace of innovation so greatly that modern societies may soon be transformed.”

At the same time that technica prowess grows, uncertainty over its socid assmilation
persigts. Technologica advances do not occur in avacuum but are shaped by socid forces.

For instance, industry recognizes that the acceptance of new technologiesis driven by
consumer awareness, needs, lifestyles, values, and a host of other market factors.® National
research and development funding is al too often subject to the whim of politics. Because of

these confounding influences, the record of forecasting is poor.



Forecasts can often be overly pessmigtic, and nowhere has this been more truethan in
information technology. Microprocessor development has proved so successful thet chips are
now three times faster than they were predicted to bein the early 1980s. It isasif we havein
1997 compuiters from the year 2000.° By some measures, computer performance has
improved amillion times since their invention fifty years ago.” The problem of pessmismis so
notorious thet the attitudes of prominent scientists often seem quaint in retrospect. In 1923,
Robert Milikin, aNobed Prize winner in physics, clamed “thereis no likeihood man can ever
tap the power of theatom.” In 1895, Lord Kelvin, Presdent of the Royd Society, said
“heavier than arr flying machines are impossble”

Theflip sde often reflects an optimism bordering on naiveté. Many people il recal
predictions in the 1950s that the world would enjoy nuclear power “too cheap to meter.” Or
that we would fly persond jets to work and return from 20-hour workweeks to smart homes
and robot servants that would prepare dinner automeaticaly.

Optimism and pessmism are normal obstacles to forecasting, but they can be
amdiorated through methodologicd rigor. Accidents, serendipity, and wild cards must dso be
dedlt with to provide sound forecasts, and time horizons clearly play acrucia role. Forecadts of
the next five to ten years are often so predictable that they fal into the reelm of market research,
while those more than thirty or forty years away are mostly speculation. Thisleavesatento
twenty-year window in which to make useful forecadts. It isthis timeframe that the GWU

Forecast addresses.

Goals and M ethods

The GWU Forecast of Emerging Technologies integrates diverse methods, including
environmental scanning, trend analys's, a Delphi-type survey, and scenario building.
Environmental scanning is used to identify emerging technologies and to categorize them into
different fidds. Trend analysis guides the sdlection of the most important and influentia
advances for further study and organizes them into categories of emerging technologies (ETS).
These ETs are then used to congtruct a modified Delphi survey for obtaining forecests. Findly,



the results are portrayed in time periods to build scenarios of unfolding technologica change,
By triangulating with a variety of methods instead of relying on a single approach, the Forecast

produces more robust, useful estimates.

Environmental Scanning

For many years we have systematically scanned trade presses, popular megazines,
science journds, and business literature to identify ETs. In addition, we conduct interviews and
discussions with experts and practitioners to gain their ingghts on emerging technical trends. Al
these scanning data are clustered to spot ETs and estimate their potentiad. To enhance the
meaning of these ETs, we then look for themes and patterns that aggregate them into larger
clusters. The last time this process was conducted we identified the twelve fields reported in
thisarticle.

Trend Analysis

Within each fidd, six to ten of the most strategicaly important advances are chosen for
further study based on trend andlysis. For this latest survey conducted in 1996, eighty-five ETs
were selected to represent the most crucia advances that can be foreseen. It should be noted
that the number of ETs has changed dightly over the four survey iterations as new developments
are identified and other ETs come of age. In addition , we periodicaly adjusted the
questionnaire to darify ambiguity and to reduce complexity and bias. This process dropped
some items from earlier versgons, added othersin later versions, and produced some variations
on smilar questions. Despite these adjustments, the list has remained fairly consstent over the

four revisons.

Delphi Survey

Oncethefidlds and ETs are agreed upon, a Delphi-type survey is conducted. However,
the type we use is modified because we do not use the traditiona method of providing
immediate feedback and requesting additiond estimates to arrive at a consensus. Rather, our
gpproach isto conduct another survey after an additiona time period of about two years. That



is, ingtead of two or more iterations occurring within afew weeks, we smply conduct one
iteration every two years or so. While the traditiona approach using multiple rounds does
produce atighter consensus, evauations of the methodology show that the resulting consensusis
not likely to be more accurate.® Thus, aone-round Delphi conducted every few yearsis
believed to be equaly accurate, far more practicad, and it provides longitudind data that
traditiona Delphis do not produce.

The survey is adminigtered to astanding pand of approximatdy fifty authorities
accompanied by results from the previousiteration. An introductory paragraph summarizing
key dataon each field is provided to remind participants of the status of each ET, changes that
are occurring , and estimates of future trends. With this background in mind, the pand is asked
to respond to four categories of survey questions for each ET: the year in which the event
describing each ET is expected to occur, the probability associated with that estimate, the
mar ket demand for the ET, and the leading nation in which the ET will originate. For
example, under Medicine, item 10.3 (Field 10, Question 3) reads. “ Parents can routinely
choose characterigtics of their children through genetic engineering.” The aggregate response
for this event produces an average at the year 2020, at a 53% probability, ademand of $21.3
billion, and suggeststhe U.S. asthe leading nation. Thismeansthat the pand estimates thereis
a53% chance that technicd, regulatory, and attitudinal barriers will be overcome o that this
event will occur in the year 2020, firgt in the United States, and that it potentialy could generate
amarket of $21.3 billion.

Respondents include prominent futurists, forecasters, and technical experts. The pand
has remained relatively consistent over the last eight years, with new members added to expand
the pool and afew membersleaving. Not al pane members respond each year, so thereis
some variation in both the number of responses and the compostion of the pand for any given
round. We dlow a sef-sdlection process so that participants only respond in fields which they
fed ahigh levd of confidence that they have sufficient knowledge to render an opinion.



The event defining each item is dated as

Tablel --
precisaly as possble usng fuzzy logic. For Fuzzy Variables:
indance, Table 1 defines the meaning we —
“Sgnificant” 10%+
asociate with “sgnificant,” “routingly,” and so “Commonly” 30%+
. “Routingy” 30%+
forth fying a percentage for each of these
by specifying a percentag “Majority” 500+
terms. This is particularly important for ETs that “M ost” 80%+

are developed and accepted over along time
period.

Scenario Building

The resulting data are then cross-sectioned by time periods to guide the construction of
scenarios. While many different time periods are feasible, we have found that periods of one
decade provide useful digtinctions among the data. As the results will show, we have built
scenarios for the decades 2001-2010, 2011-2020, and 2021-2030 using this approach. These
scenarios consst of ET data arranged in chronological order of their estimated arriva,
augmented with written comments.

Validity of the Research Method

In designing the Delphi survey, we faced trade-offs. For example, some respondents
fdt the survey was too time-consuming, while others said it was too limited and narrowly
focused on maingtream developments. Thisis an endemic issue for survey developers and
reflects the need to weigh ample content againgt the respondent’ s attention span. We attempt to
strike aworkable balance.

A number of participants, including one of the originators of the Delphi method,
guestioned our treetment of year and probability. One of the techniques of atraditiond Delphi
isto assign a 50/50 probability rule to the anticipated year of an advance. That is, participants
are usualy asked to estimate the year when they would fed fifty percent certain that an advance
would occur. While this gpproach may be more precise from technica consderations, more

than afew participants fdt that it presents a philosophical problem akin to the Schroederger’s



Cat dilemma (where a any given moment the cat is either dive or it is dead but never in
between). Many respondents pointed out thet there are often circumstancesin which agiven
advance would either take place with nearly 100% certainty or it would not take place at al.
The belief isthat there is no middle ground for some advances because they depend on
regulatory changes, complementary breakthroughs, specific circumstances, competing
technologies, the effects of standardization, or other binary “go, no-go” situations.

While our approach may not be statistically elegant because the probabilities associated
with time forecasts may vary, wefed it is reasonable intuitively. Respondents provide their
mod likely estimate for time and the probability they attach to this estimate. Thus, our average
figures produce the mogt likely overdl time estimate and an estimate of the probakility that this
forecast isvalid.

It should be obvious that the validity of our method hinges on implicit norma
assumptions that no “wild cards’ would occur in the next few decades, that our panelists were
providing objective perspectives rather than trying to “swing” the data toward a pet technology
or some other agenda, and so on.

In generd, it must be remembered that, unlike hypothess testing or other Satistica
measures, aforecast is not meant to provide a high degree of certainty. Rather, it isarough
edimate that only hopes to identify the right “bal park” within afew years. We contend that the
methodology behind the GWU Forecast offersa practical gpproach to targeting the most
important ETs within about a three to five year time span. This god is completely adequate for
the purpose of simulating didogue about the choices that must be made by planners, decison
makers, and society as whole in shaping technologica  developments and their socid impact.

Results

Thefollowing overview, Figure 1, provides alook at al 85 ETswith abridged
definitions. Each ET has a designated item number that refersto the field and event number
found in Appendix A. For example, item 11.2 refersto Field 11 (Space), and Item 2 (“A



manned mission to Marsis completed”). The full text of each event with accompanying datais
found in Appendix A.

[INSERT FIGURE 1, OVERVIEW]

If one scans the patterns formed by the display of ETsin Figure 1, afew broad trends
gand out. Firdt, awave of mgor technologica advances seems likely to arrive during the next
three decades. Highly important technologica innovations are occurring in dl fidds and they
generdly are estimated to arrive between the years 2003 to 2025, with afew more ambitious
technologies maturing later in the century. One might argue about the number, significance, and
likelihood of various ETs, but it ssems clear that dmost al fields of endeavor are undergoing a
serious transformation that will in turn transform society. It isthis three-decade long wave of
technologica change that we cal the Technology Revolution.

The second mgor conclusion is that the four fields comprising Information Technology
appear to lead this wave of innovation by roughly 5 years or 0. Thisisin keeping with our
previoudy stated proposition that I T serves asthe principa factor now driving the Technology
Revolution. Attention today mainly focuses on the Information Revolution, which in turn drives
other fields afew years afterwards.

Finally, Space appears to be the lagging field. Some rdatively smple space
technologies are likely to arrive fairly soon, particularly the privatization of space efforts, but
amogt al serious technologies seem destined to wait about 30-60 years for their development
and implementation. The reasons seem to involve the fact that space programs can be most
readily postponed because the payoffs are uncertain and distant, and serious space exploration
beyond the solar system will require technologica breskthroughs that transcend our present
knowledge of physics.

Detailed results are presented using three ways for organizing the data. The first cut
provides complete 1996 data for dl ETs using the survey form organized by 12 technical fields.
While the implications of each ET could be examined in depth, here we look at only afew



notable points. The second cut presents alongitudinal comparison of time forecasts across dl
survey rounds to estimate variationsin the data. Findly, the third cut examines the larger pattern
al these ETsform over time by congtructing three success ve decade-long scenarios that

provide an integrated sense of how the Technology Revolution should unfold.

Technical Fidds

In the four fields of Information Technology, advances are shown to be more
consarvative than conventiona wisdom currently suggests.

For example, while the Internet continues to expand a phenomend rates, results from
the Information Services field show that we should not expect major changesin I'T services
very soon. The least conservative estimate -- entertainment on-demand (7.1) -- is not expected
until 2003, while the most conservative -- hdf of dl goodsin the U.S. are sold through
information services (7.5) -- arrivesin 2018. Similarly, while search engine technology on the
World Wide Web is advancing, we will not see intdligent software agents (5.5) in routine use
until 2009. Persond digital assstants (PDAS) will not be adopted by the mgority of people
until 2008. Persond computers may soon be able to incorporate televison, telephone, and
interactive video (4.3), but our pand did not seethisor aWeb-TV (4.4) with telephone
capabilitiesin wide use until 2005 or 2006.

Software aso has along way to go. Expert systems (5.2), once herdded asthe
undeniable decision-making software for the 1990s, have a 72% chance of finding routine use
by 2010. Computer programs that can learn and adjust their own programming (5.8) will not
be commonly available until 2012. Language trandation software (5.4) has asimilar fate, not
achieving widespread practical use until 2012. A standard digita protocol (6.2), that would
alow more advanced globa networking applications, is not expected until 2006. And while
U.S. citizens are herdding the Internet and the World Wide Web, most people will not have
access to the information superhighway (6.3) until 2008.

The reason for this pessmism of the IT resultsis unknown, but we speculate that the
digtinction made earlier, between technological advance and its acceptance, suggests that most
ETswill not become widdly diffused into mainstream society until some time after their
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introduction. Pandlists gppear to think that magor changesin lifestyle would need to occur before
such changes replace present technologies. Furthermore, many of the questions refer to a more
sophisticated version of atechnology that is widely accepted into the mainstream.  While some
IT seems dready available or just around the corner, such as eectronic banking (7.4), today
these advances are fill in their primitive form or in limited usage.

In other fidlds, such as medicine, responses were more optimistic. Computerized
medica information systems (10.1) including provisons for home and sef-care could be
commonly used in the general population by 2007. Holistic hedlth practices (10.2) are
becoming more accepted and will be well integrated in medicine by 2009. Gene therapy (10.4)
will help eradicate inherited diseased by 2013. Organ replacement Strategies will become
routine, by growing geneticaly smilar or cloned organs (10.5) or making synthetic organs
(10.6), in the years 2018 and 2019, respectively.

In manufacturing, we are likely to see the mass customization of many products (8.3)
around 2011. Automation (8.2) and Computer Integrated Manufacturing (8.1) should proceed
such that the proportion of factory jobs will decline from its current percentage of about athird
of the work force to less than ten percent by 2015. Materia composites will replace traditional
metas (9.4) in product designs by 2016. The helpful robot servants of the future (8.4) may or
may not ever become aredity, with only a64% likdihood of ther arriva in 2016. Promising
advances for the lie with the development of nanotechnology and micrascopic machines (8.5)
and their initid development in 2016. That could lead the development of saif-assembling (9.6)
and intdligent (9.7) materids around 2026 or 2027. Pandists think that the favorite technology
of Tom Peters, “buckybals’ (9.5), will become instrumenta in developing new materias by
2011. Advancesin high-temperature superconductivity (2015) may findly see practica
gpplication in commercid gpplications by 2015.

By 2008, genetic engineering (3.1) and its accompanying regulatory regime should have
changed to alow the routine production new grains of plants and animas. A number of years
later, in 2015, the mgority of farmers will have adopted organic or dternative farming methods
(3.3) and the use of chemica fertilizers and pesticides will have declined by 2012 to at least
one-haf of current usage (3.2). New techniques, such as precison farming (3.6) and
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hydroponics (3.8) will be commonly used by 2015. More advanced technologies, such as
automation of farming (3.5) and urban greenhouses or other intensive production systems (3.7)
will not come about until 2020. One advance that pandlists agreed was unlikely to occur was
the consumption of artificia meats, vegetables, bread, and other foodstuffs (3.9). They gave
this only a39% likdihood of becoming common fare by 2022.

The fidds of energy and the environment are inherently difficult to separate, but there
seems to be some convergence in environmental awareness and aternative energy use. For
example, by 2010 or so we should expect manufacturers to adopt “green” methods (2.3), and
adgnificant portion of energy usage will be derived from renewable sources and biomass (1.1
and 1.4). Inthese years consumers will recycle about haf their household waste (2.2). Around
2016, additiona improvementsin fossil fud efficiency (2.5) will reduce greenhouse gas
emissons by one-hdf. At the sametime, the mgority of manufacturers may operate within
industrid ecology parks (2.6) and use recycled materids for their products (2.4). Though the
impact on society would be great, the likelihood of advanced energy systems such as hydrogen
(1.7) and fusion (1.6) coming on-linein the 2020s is low.

The technologies that may have the most direct impact on the dally lives of individuas
areinthefidd of transportation. Before people commonly drive advanced dectric cars (12.3
and 12.4) in the 2010s, hybrid vehicles (12.2) combining the advantages of eectric and interna
combustion systems will be seen on the road by 2006. By 2017, high-speed rail systems (12.1)
will connect maor cities of the developed world, led by Japan. Around thistime, we will see
Automated Highway Systems (12.6) and Intelligent Transportation Systems (12.7) commonly
used to reduce traffic congestion for commuters, take control of route planning and even do
most of the driving. By the mid-2020s, short and long distance travel may be transformed. For
short urban distances, persond rapid trangt systems (12.8) may be ingtdled, though thisis given
alow probahility by the panel. They adso gave alow probability to hypersonic aircraft (12.5)
accommodating half of transoceanic passengers. These changesin trangportation, coupled with
changes in building codes, information technology and telecommuting, may lead to clustered,

Hf-contained communities around 2023.
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Space remains the most intriguing frontier to many people who envison the future.
Advances here are d 0 the mogt difficult to forecast since they require massive project planning,
coordination with the government and the military, and, increasingly, internationa collaboration.
Assuming areduction of red tape, private corporations could perform the mgority of space
launches (11.1) by 2013. They will do thisin part because the formation of new chemicas and
compounds which are not feasible or possible on Earth can be developed in space (11.5).
Many years later, the prospect of prospecting on Marswill begin with the completion of a
manned misson (11.2) in 2029, only ayear after a permanent moon base is established (11.3).
Many years after that, in 2042, a spaceship or probe will be launched to explore aneighboring
gar system (11.4). We may even learn to gpproximate the speed of light by 2062 (11.6). This
assumes that we do not contact intelligent life (11.7), which would be amgor wild card with
ramifications for dl fields. The panel estimated that extraterrestria contact would occur -- if &
al -- around the middle of the 21t Century. The assumptions that are built into this forecast
would be interesting to hear.

Longitudinal Comparisons

Thelongitudina data provides a perspective usudly unavailable from traditiona
forecasting methods. This year, we are able to compare four sets of data ranged over the last
eght years.

We expect that the farther distant an event, the greater the range. This seemsto be
generdly the case, but the exceptions are surprising. To illustrate, the commercia use of fisson
power to provide half of the energy supply (1.5) has an anticipated year of 2018, with arange
of four, thet is, give or take two years, while the commerciadization of fuson power (1.6) is
expected in 2022 with a range of twenty years, or plus or minus ten years. Notice, however,
that the estimates thet arrive a both of these events are separated by only four years. Similarly,
there seems to be remarkable consensus for many of the itemsin the field of Space, while

Transportation tends to show wide variation. Some sources of variation in the range data may
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be explained by the revisons in the survey questions, the variations in the respondents, and the
socid and economic conditions of the times.

In looking over the range data, one may notice that some dataare missng. Certain ETs
were dropped, such as CD-ROM becoming the dominant form of storing informeation
(anticipated in 1993 for 1999), because we estimated that this event has now occurred.

In other cases, ETs may lose interest or importance. Pardld processing (5.7), for
example, may no longer hold as the model for supercomputing it once held because
developments in distributed computing may be more feasible. Other earlier forecasts have been
consolidated or split into separate targets. In 1990, we included an item for sentient computers,
or atificid intdligence, in 2016, which many now think isimpossble. Today, thisideais
approached through more pragmatic ETSs, such as computer sensory recognition (5.3), machine
learning (5.8), and intelligent agents (5.5), anticipated by 2005, 2008 and 2009 respectively.

The longitudina data show a strong congstency in the fields of Environment, Farming
and Food, Space, and mogt of Information Technology. For example, for three rounds
respondents said that private corporations will perform the mgjority of space launches as private
ventures (11.1) in the year 2013. In contrast, there was wide disagreement regarding the
likelihood that telecommuting will ever catch on, with estimates ranging from 2006 to 2023.
The largest range was in the routine use of hypersonic aircraft for travel (12.5), once predicted
to be routine as early as 1998, once as late as 2044.

Many individua ETs have remained consstent on the questionnaire over the four round.
For instance, the ET for optica computers (4.5) remains and is now anticipated for 2007.
Aquaculture (3.4), once looked at with high hopes of becoming a booming market by 2006 as
predicted in 1990, was pushed back as far as 2020, though now is expected in 2014. Gene
therapy (10.4) sl holds a strong apped for the cure or prevention of inherited diseases.
People still expect to have personal robots (8.4) to handle routine aspects of life and work.
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Scenarios of Technological Evolution

Themost intriguing socid, technological, and economic devel opments arise when the

paths of emerging technologiesintersect. Since none of the advancesincluded in the 1996

survey were anticipated to occur before the end of the 1990s, this leads to a convenient

partitioning of the data. Thus, we present the future here as a series of time intervas organized

by forecast year and condensed into three time span horizons, or scenarios, portraying the First,

Second, and Third Decades of the 21st Century. Of the eighty-five eventsin the survey,

twenty-seven occur in the years 2001 to 2010, forty-six occur between 2011 and 2020, and

twelve occur from 2021 and beyond.

In the tables below, “ref #’ reflects the convention used throughout this study referring

to field and item. Y ear, probability, and demand represent the means of those categoriesfor all

respondents. Standard deviation (s.d.) indicates the variation of responses about the associated

year.

Decade 1: 2001 to 2010

ref.# Event Year s.d. Prob. Demand
7.1 Entertainment On-Demand 2003 4.6 84 90.0
7.2 Videoconferencing 2004 4.3 .83 44.5
4.3 PC Convergence 2005 6.4 84 1114
4.4  Entertainment Centers 2006 7.4 .83 108.6
7.7 Didance Learning 52 .78 415
21 CFCsare Replaced 5.7 A7 52.2
4.6 Advanced Data Storage 8.5 75 43.6
6.2 Standard Digita Protocol 52 .70 70.0

12.2  Hybrid Vehicles Common 54 .69 87.0
6.1 PCS GainsMarkets 4.1 .56 42.1

10.1 Computerized Sdlf-Care 2007 33 82 87.0
6.4 Groupware Sysems 4.6 75 33.3
5.3 Computer Sensory Recognition 6.2 73 34.3
51 Modular Software 5.7 12 47.1
4.2  Padld Processng Computing 2008 10.2 .80 63.6
6.3 Information Superhighway 55 .78 74.3
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3.1 Geneticdly Produced Food 51 75 66.8
4.1 Persond Digitd Assgants 6.3 75 53.8
2.2 1/2 Household Waste Recycled 5.9 74 53.2
55 Intdligent Agents 2009 9.5 .79 28.5
5.6  Ubiquitous Computing Environment 7.2 75 325
6.5 Broadband Networks 5.6 .70 103.3
7.4  Electronic Banking/Cash 7.1 .70 69.0
10.2 Holigic Hedth Care 4.2 .61 55.0
1.1 Alternative Energy Sources 2010 10.7 A7 45.6
2.3 “Green” Environmental Methods 10.0 73 90.0
5.2 Expet Sysems 7.9 72 59.3

Astheinformation revolution proceeds into the 21% Century, mgjor advancesin
information technology will occur. Asthe T fields mature, the effectswill begin to permeste dl
fields and indudtries,

Multimediaiinterconnectivity will be the theme for the first decade, allowing people to
interact seemlesdy across information mediums and geographic borders. Virtud redlity and
large flat pand digplays will take the place of the computer monitor, alowing Smultaneous
viewing of severd gpplications a once, virtua meetings, and group collaboration. Ortline
communitieswill have grown from text-based chat-rooms to three-dimensiond, red-time
redities. Education, entertainment and virtua tourism will enter anew era, and the consumer
will have nearly unlimited choices. Electronic commerce and banking will be the currency of
choice in developed countries as the cashless society is redlized.

Sophigticated software will aid consumers and professonas by providing intelligent
agentsto filter news and mail. Expert systems may findly see routine use as surrogate doctors,
lawyers, and other professonds. These systems will be remotely accessed, not bought as
gtand-a one software, and updated continuoudly. Software will run on microprocessors
imbedded in household products, walls and automobiles. Modular programming and acommon
language for computer communication will lead to ubiquitous computer-enhanced environments.

While the amazing advancesin information technology will sted many headlines, medicd

breakthroughs will compete for the news. Genetic science discoveries and access to vast banks
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of human genetic information will alow medica researchersto serioudy tackle gene therapy. At

the same time, the medica community will have accepted the vdidity of holistic hedth care.

Even today, according to David Eisenberg, M.D., of the Harvard Medica School, Americans

make approximately 425 million vists annudly to dternative medica practitioners, compared to

the more than 388 million vigts made to regular physicians. New grains of plants and animas

will dlow for designer foods and new farming processes. Farmers will have begun to widdly

adopt organic and “green” farming methods, partly due to genetic manipulation of plants that

make them resigtant to pests and spoilage. Pollution control and highly effective recycling efforts

will become normd in developed countries, which may dlow developing countries such as

Chinato legpfrog “dirty” indudtridization in favor of “clean” and sustainable devel opment.

Decade 2: 2011-2020

ref.# Event Year s.d. Prob. Demand
8.3 Mass Cugtomization 2011 6.1 73 330.0
12.3 Electric Cars are Common 9.2 .70 102.0
1.4  Organic Energy Sources 7.8 .60 43.0
9.5 Buckybdlsand Buckytubes 2.0 .59 20.0
8.1 CIM Usedin Mogt Factories 2012 6.1 73 124.0
5.8 MachineLeaning 9.0 .67 31.0
54  Computer Language Trandation 6.2 .65 40.9
3.2 Farm ChemicasDrop 1/2 6.6 .60 27.5
104 Gene Therapy 2013 5.1 .63 63.3
7.3  On-LinePublishing 7.1 .60 65.8
10.8 Mgor Diseases Cured 9.8 .58 116.0
9.2 1/2 of Autos Recyclable 5.3 58 51.0
45 Optical Computers 2014 10.5 .64 67.1
9.1 Ceramic Engines 9.0 .58 49.0
34 Aqueculture 6.7 .56 52.4
10.7 Computerized Vison Implants 4.4 .56 317
3.6 Precison Farming 2015 10.9 .69 714
8.2 Factory Jobs Drop to 10% 6.6 .67 150.0
5.7 Neural Networks 9.9 .61 285
3.3 Alternaive/Organic Farming 9.8 57 76.0
9.3  Superconducting Materids 5.8 56 43.0
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Industrid Ecology

Hydroponic Produce
Nanotechnology

Recycled Goods

Sophisticated Robots

Energy Efficiency

Fosss| Fuels Cut Greenhouse Gas
Fuel Cdl Electric Cars
Intelligent Transportation Systems
Materia Composites

High- Speed Maglev

Biochips

Fud Cdls

New Materias from Space

1/2 of Goods Sold Electronicaly
Automated Highway Systems
Cloning/Organ Replacement
Private Space Ventures
Synthetic Body Parts
Tdecommuting

Farm Automation

Urban Greenhouses

Genetic Enginesring

Hydrogen Energy

Fisson Power

2016

2017

2018

2019

2020

9.4
8.7
10.2
11.8
9.4
10.0
9.5
13.7
6.4
5.8
9.5
10.7
111
5.0
13.0
5.0
9.8
6.1
10.9
7.5
9.7
114
9.9
12.2
20.1
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48.0
40.0
31.3
126.0
130.0
49.2
46.0
116.0
90.0
100.0
120.0
57.8
61.2
21.5
208.3
70.0
62.7
60.0
68.3
468.0
824
55.0
21.3
102.0
26.3

number and scope thet our civilization has seen. Information technology will be taken for

The early 2010s will witness the most driking technologica advancesin terms of

granted and 1 T-enabled activities involving working, learning, shopping, publishing, and leisure

will become away of life, much the way automobiles became away of life afew decades after

their introduction. Computers themsdves will begin to emulate the human brain in sensory

recognition and thought processng. Neura networks, biochips, and artificia intelligence may

findly reach frution as computing speeds and parald architectures are gpplied and exploited.

The interconnections of technology during this decade will transform devel oped

societiesin ways smilar to the agrarian and indudtrid revolutions. Thiswill be the decade of
information technology diffusion. Specific information will be immediatdy available to people

and computers on demand. Academic research will be performed anywhere, a any library,
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with any colleagues. Travelers can know where they or their baggage are a any given moment

through satdllite globd positioning networks. Much of travel and tourism itsdf will become

virtua, and thus environmentally benign. Computers will know persond details of consumers

and production capabilities and be able to customize amost any product to individua needs.

Automation in manufacturing will increase to the point where such jobs will fal to less than 10%

of the workforce, asthey did a century before with farm labor. Information technology

innovaions will dlow parentsto check on their kids, farmers to check on their crops, statesto

check on their criminas, and meteorologists to check on the weather. Our ability to manipulate

matter will change, as nanotechnology becomes the new enabling technology for the remainder

of the century.

Decade 3: 2021 and beyond

ref# Event Year s.d. Prob. Demand
3.9 Artificd Foods 2022 9.1 .39 74.8
12.9 Clugtered Communities 2023 12.4 .53 85.0
12.8 Persond Rapid Trangt 2024 10.8 43 62.5
12.5 Hypersonic Air Trave 2025 12.6 48 91.0
9.7 Intdligent Materids 2026 11.4 57 66.0
1.6 Fusion Power 8.7 .50 113.3
9.6 Sdf-Assambling Materids 2027 125 .56 82.0
11.3 Permanent Moon Base 2028 11.5 .55 325
11.2 Manned Mars Mission 2037 154 .59 30.0
11.4 Sdlar Exploration 2042 219 51 475
11.7 Extraterrestria Contact 2049 225 .33 45.3
11.6 Near-Light Speed Achieved 2062 28.2 43 75.5

The third decade of the 21st Century will see expansion into new frontiers. These

frontierswill be in space, biology, and goba ethics. The genetic revolution will have moved

beyond curing diseases of the mind and body and will have turned to the last taboo of modern

society, the improvement of the human genetic code.
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At the same time, the need for the world to collaborate on large engineering projects
will become imperative if we are to afford an advanced space program. Other globd initiatives
will require huge resources that no one nation will be able to provide. The chalenges we will
face in this and subsequent decades will be globd, and only agloba consensus will alow for
progress on problems of population, environmenta sustainability, space development, and
human bioengineering.

These new frontiers and the imperatives of internationa cooperation will raise questions
for dl societies. Nations will find themsdves with increasingly less influence than virtua
communities or multinationa corporations. World religions may need to seek unity in diversty.
Humanity’ s penchant for violence will need to be understood and controlled. The perceived
need for people to be able to live in unnatura environments such as the moon or Mars or the
ocean seabed may demand new genetic designs for these pioneers. The bioethical concernswe
face today will be eclipsed by those of tomorrow. Such changes will demand an exploration of
globd ethicsif we are to settle new environments. That we will have the resolve to explore
these new frontiersisless certain than the fact that we will have the necessary tools to do so.

History suggests that it is important not to understate changes that lie ahead, and that the
result of change is not dways positive. Hope existsin a better understanding of cultura
dynamics and interpersond rdations. Advancesin such “spiritud” disciplines might provide
future generations with a solid awareness of the process of change, so by 2050 or so, society
could emerge into a period of rapid, but managesble, evolutionary growth. Though new
technologies will continue to come at breathtaking speed, they will not have the same chactic,
transformationd effects as earlier technologies. A number of events could derall this progress.
agloba war, amgor plague, ardigious upheava, an asteroid strike or other environmental
catastrophe. However, assuming these things do not take place, humankind could enter into an
age of new chdlengesthat will probe our ability to adapt and achieve.
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Discussion

The GWU Forecast isin the process of continuous improvement. It has been pointed
out by some that the survey istoo long, the evauation terms are too vague, and it is unclear
whether the scope covers the United States, developed countries, or the entire globe. Often
participants were asked to provide a*leading nation” where such a question was ingppropriate,
or there were larger dynamics at work, such as the tendency of the U.S. to pioneer anew
technology but another country to develop and digtribute it. When we referred to “industridized
countries’ a number of people wondered if we meant those currently or those in the future.
Some advocated a more internationa focus for the survey.

In the next round, we will decide whether this forecast should restricted to aU.S.
version. Thiscould provide international comparisons with forecasts from other counties.

Given the existence of Déphi-type surveysin Japan and Europe, amore U.S.-centric survey
would provide a basis for cross-culturd or comparative sudies. Thiswould have the benefits of
illuminating culturd bias as well as the effect of geography leading to more multi-dimensond
results.

In developing the ET parameters, we faced severd hurdles. The “market demand”
section was particularly tricky, and the numbersit yielded ranged broadly. Thisisthe most
difficult category for respondents to anticipate and has the widest variation. One panelist
commented: “Thisis stretching the cagpabilities of even the most prescient prognosticator. What,
in 1980, would even the most respected of economists have predicted for market demand ten
years down the line for persona computers?” While we recognize the limitations of anticipating
an emerging, this component provides a least some indication of the relaive impact of the
event. It attemptsto put a dollar figure on an ET to provide some concept of the potentid risks
and rewards associated with a particular development.

The effect of technology hype or “millennium madness’ for skewing the results did not
go unnaticed by our pandists. One panelist even asked if the Delphi approach actudly
measures “ the effectiveness of propaganda more than the likelihood of technological
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innovation.” Ancther pandist thought that we would have many forecasts clustered around the
year 2000. We see no signs of this effect in the data.

A number of pandigs suggested expansions or innovations to the survey section. One
might be to use pair-wise comparisons to assess the rdative likelihood of events. “For
example,” said one paneligt, “| would say that routine use of expert systemsistwice aslikely as
neura nets on parale computers and three times as likely as language trandation, yet the
Forecast shows them all to be about the same likelihood.” Separating out specidists from
generaists was seen as a needed improvement, and one participant suggested inviting
independent financid andysts who follow high-technology trends to participate in the study.

Generdly, there was a strong consensus of the usefulness of the forecasts. In an effort
to continualy improve the relevance and interest of the survey, darifications and revisonswill be

incorporated into future rounds.

Since the most recent Forecast was conducted, new events have overtaken some
results. Examples are the possible evidence of life on Mars, the discovery of water on the
moon, cloning, growing excitement over the building of Internet 11, and uncountable
permutations in the computer and communicationsindustries. Through it dl isthe pervasve
sway of information technology. One comment highlighted the changes we can anticipate asIT
begins reaching dl industries and fidds: “The communication technologies will have amore
profound impact on our society than the combined effects of the invention if the automobile,
nuclear power and even dectricity.” Some see IT asaharmful eement to civilization. For
example: “Already tenuous interpersond relationships will disgppear dtogether because human
relationships are very inefficient compared to creating new impressions and redlities on
command. Itisan opium for the masses which will leed to highly informed nor persons
engaging in sAf-indulgence.” Another commentator stated, “We are in the process of cregting a
highly sophidticated venue for handing the fate of humanity over to depersondized, socidly
insulated masses.”

We noted earlier that public acceptance of new technologies often presents more of a

limiting factor for many advances, as well asregulaory barriers, internationa competition,
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changes in demographics and consumer needs, and changesin long held practices and attitudes.
Although we ask respondents to take these considerations into account, one participant pointed
out, “ Socia impact requires a study of its own. Who predicted that Ford’'s Mode-T would
change courtship and sexua mores? Someone could have, but I [| bet no one was asked.” For
example, one pandist discussed the likelihood of fisson power supplying hdf theworld's
eectricity supply (1.5): “There are severd trends at work. In the short term, fossil fuels are not
becoming expensive so rapidly as many expected or hoped. The politics and economics of
nuclear power do not look good. In the longer term, the competition from cleaner cod with
new technology and with solar will become increasingly important, and problems with issues like
terrorism and proliferation are likely to make the palitica problems even worse” Medicine and
hedlth care is an area particularly beset by non-technology related struggles. Regarding seif-
care, “The driving force will not be higher saf-awareness, but sheer financid load of assgning
al hedth rdated issues to the medicd industry.” Additiondly, holistic health faces more of an
attitudinal barrier than a sructurd one.

The socid impact considerations may be the reason that the I T results appear to be too
consarvative. One participant put it thisway: “A basic human property collides with
technology -- people want to dam the door of anew car, see and fed clothing, squeeze the
tomatoes -- but to the extent that people are willing to buy something not physicaly ingpected,
they will buy most things by 2020 through some kind of remote process.” In reference to on+
line publishing (7.3), one pandlist said, “People like to hold books in their hands.” With regard
to eectronic shopping (7.5), he said, “ People like to try things on.” One participant pointed out:
“A survey of U.S. teenage girls shows more than 90% ligt ‘ shopping’ astheir favorite activity.”

Two manufacturing and materia technologies that have enormous promise are
nanotechnology (8.5) and buckyballs (9.5). Buckyballs have been cdled the most promising
technology of the future, with uses ranging from microball bearings, cancer thergpies, to ultrdight
batteries® Some of the respondents simply asked, “what are buckybals?” Combining
intdligent materias and micro-machines with the diversity of uses represented by buckyballs, or
Carbon-60, shows another crossroads of technology that has the capability to transform our
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lives and environments. These may one day give us the ability to create hypothetica but

corporea environments on demand.

Conclusion and Next Steps

The survey participants were extremely helpful in suggesting improvements and next
steps for the project. Such comments from the pand and the WFS conference provided depth
and meaning to the survey results. While the forecast years can give one an initid impression of
the vast changes facing us, these comments give life to the numbers.

Follow-on studies may include examining and developing modes of societd adoption of
technology innovation. A complementary piece to this study might consider these ‘ soft’ aspects
by taking a socid science perspective to change, seeing socid forces not only as barriers but
aso as enhancers of ETs. The main thrust of such a paper would be to see the larger picture
and to explore the wave of technology sweeping over us. We hope that some researchers will
use the results of this survey to conduct forecasts of socio-cultura consequences. Studies such
as these would enlarge the reach and relevance of the Forecast.

The next steps of this study are to conduct the 1998 Forecadt, to organize a conference
on the theme of emerging technology, and develop an interactive website. We arein the
process of refining the pand of authorities, improving the clarity and focus of the questionnaire,
and developing the method of andlysis to examine the datain more sophigticated ways. At this
time we plan to convene abiennia conference in which representatives of industry, academia,
and government converge to discuss the results and implications of this and smilar technology
forecasts. Sponsors are currently being sought for these efforts. This project has previoudy
been conducted by the authors without affiliation to any funding organization. To dete, Soonsors
for the project have served in an advisory capacity only. In developing the project plan and its
implementation, we had to be aware of these congtraints. However, the strong potentia and
relative acceptance of this method suggests additional resources could improve its development.
Contact information is listed below.
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The next manifestation of the forecast may be entirely different from its predecessors.
In addition to minor changes, such as separating out the specidist responses from the generdist
responses, the format may change entirely. We are developing a World Wide Web page to
either replace or complement the round-by-round approach with a continuous stream of data.
Individuas on the Web would enter their estimates and these would be compared with the
“experts.” Our expert pand, in this case, would be able to log into the system at anytime to
make or revise their estimates. Qudified pandlists would be added or subtracted as they
wished, and the research team would be involved with formulating good ETs and serving as the
system gatekeepers. We forecast this advance by the end of 1997.
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Appendices

Appendix A: Delphi survey full text

[INSERT DELPHI SURVEY WITH RESULTS HERE]

Appendix B: Comparisons of Delphi Forecasts

[INSERT LONGITUDINAL DATA HERE]

Appendix C: Participant List

[INSERT PARTICIPANT LIST HERE]
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