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The Electronics Revoluti 

Philip H. Abelson and Allen L. Hamn 

Earlier in the century, this country 
experienced a long era of sustained 
growth in many aspects. There was a 
steady increase in level of education, life 
expectancy, and standard of living. 
Growth of all kinds was welcomed, in- 
cluding industrial expansion and popu- 
lation increase. A feeling of progress, of 
achievement, of well-being was every- 
where. As a corollary, a striving for ex- 
cellence and the search for understand- 
ing were widely admired. 

Today the mood of this country has 
turned pessimistic and negative. Those 
who are so inclined can find much evi- 
dence to support these views. Growth in 
the use of energy in the form of oil was 
suddenly curtailed in 1974. Growth in 
consumption of the kind seen in the 
1950's and 1960's will not occur again. 
That part of the standard of living which 
is based on large-scale consumption of 
energy is not likely to improve during 
this century. 

However, those who prefer optimism 
have reason for hope. Human ingenuity 
in solving problems is great. And native 
intelligence has been amplified enor- 
mously by the use of knowledge accumu- 
lated through research. An important 
product of research and a basis for hop- 
ing for a bright new future is the vitality 
of the electronics revolution. This revolu- 
tion has been in progress for about 60 
years. Lately its tempo has increased 
greatly. Until recently its importance 
was overshadowed by changes due to 
the large-scale expansion in the use of 
energy. But it promises to be more im- 
portant, of more enduring consequence, 
than the earlier industrial revolution. 

Some of the great changes brought 
about by the electronics revolution have 
gone comparatively unnoticed; at the 
start they were evolutionary rather than 
sudden and drastic. The telephone, 
which we take for granted, was invented 
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One of the factors favoring the devel- 
opment of electronics has been a com- 
paratively high degree of social accept- 
ance. There have been sporadic attacks 
on various electronic devices such as 
computers and there is continuing con- 
cern about privacy, but the intensity of 
criticism has diminished. In comparison 
to the number of objections raised to 
chemical products, to the environmental 
concerns associated with nuclear and fos- 
sil fuel energy, or to fears of recombinant 
DNA, objections to electronics have 
been few. 

The average citizen is fearful of air 
pollution, for example, and is frustrated 
by a feeling that there is little an individ- 
ual can do about it. In contrast, if a 
television program is offensive, it can be 
summarily dispensed with. Items that 
have recently become broadly available, 
such as the hand-held computer, elec- 
tronic watch, and citizens band radio, 
enhance the public's feeling of participat- 
ing in the benefits of electronics while 
not bringing with them discernible side 
effects. In future, electronics will pro- 
vide many new tools useful to the gener- 
al public. 

The first four articles of this issue were 
designed to provide an overview of the 
past, present, and future of electronics. 
This is a large task, worthy of a shelf of 
books. Three major themes are treated in 
various ways in some or all of the arti- 
cles: the tempo of the revolution, its 
magnitude, and the changing driving 
forces that have spurred it. 

Until 1940, developments in electron- 
ics took place at a comparatively moder- 
ate pace. As was true with many scientif- 
ic and technological matters, the pace 
quickened during World War II and was 
further maintained during the Cold War. 
Two major developments occurred inde- 
pendently during the late 1940's and later 
fused to give enormous impetus to elec- 
tronics. One was the construction of pro- 
grammable electronic computers. The 
second was the invention of the transis- 
tor. Subsequent developments in solid- 
state physics led to the present-day sili- 
con chip with its large-scale integrated 
circuits. One such circuit in 1977 can 
contain more active elements than the 
most complex electronic equipment of 25 
years ago. 

After about 1960, when solid-state de- 
vices were incorporated in computers, 
there was a rapid development in the 
capabilities of computers and a steady 
reduction in the costs of calculations. An 
important effect of integrated circuits has 
been a reduction in the size and power 
requirements of electronic equipment 
that has made possible, for example, a 
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Viking lander. Other advantages include 
reproducibility, maintainability, and re- 
liability. Especially helpful is a sharp 
decrease in the need for making inter- 
connections. 

Large Scale Integration 

The tempo of change has been impres- 
sive. In 1959 a chip that vwas com- 
mercially available contained one com- 
ponent of a circuit. By 1964 the number 
of components per chip had risen to 10, 
by 1970 to about 1000, and by 1976 to 
about 32,000. The cost per chip ad- 
vanced only modestly. Thus, the cost 
per function has dropped drastically. It is 
this great change in the cost-effective- 
ness ratio that has made possible in- 
expensive hand calculators and related 
microprocessors and minicomputers. 
One of the key individuals who has been 
pushing the development of large-scale 
integrated circuits is Robert Noyce. His 
article in this issue discusses the devel- 
opment of these devices with special em- 
phasis on what is yet to come. He shows 
that further advances can be expected. 
Theoretical considerations show that 
physical limits have not been ap- 
proached. He is so bold as to state that 
"if the present rate of increase of com- 
plexity were to continue, integrated cir- 
cuits with 109 elements would be avail- 
able in 20 years." 

All of us have seen examples of the 
sudden termination of exponential 
growth, so perhaps Noyce's figure will 
never be attained. But substantial ad- 
vances toward his goal are already in 
progress. He seems justified in the view 
that "the potential for developing in- 
expensive processing power is truly awe- 
some." He projects that with low-cost 
processing many new tasks will be under- 
taken that are uneconomical today. 

Another way of glimpsing the tempo 
and magnitude of the electronics revolu- 
tion is to focus on what has been happen- 
ing in computers. In the early 1950's, 
almost all computers were owned by or 
devoted to tasks of the federal govern- 
ment. Computers were procured for use 
in such applications as defense and nucle- 
ar reactor design. By the mid-1950's 
there were about 1000 large-scale com- 
puters, and the tendency was toward 
increasing computational power. By the 
mid-1960's, there were 30,000 comput- 
ers, and the generally accepted view was 
that costs of computation decreased with 
size; that is, the larger the better. At the 
end of 1976 there were about 220,000 
computers in the United States. Of 
these, 40 percent were medium or large 

computers; the remainder were mini- 
computers which are small and by defini- 
tion cost less than $50,000. At the same 
time, there were 750,000 of the micro- 
processors that form the heart of micro- 
computers. Ruth Davis estimates that by 
1980 the number of minicomputers will 
reach 750,000, while the number of mi- 
croprocessors will increase to more than 
10 million. 

As the number of computers in service 
grew, the uses and the organizations in- 
volved broadened. The Davis article 
summarizes the current distribution of 
ownership of conventional computers. 
The percentages in the major categories 
are: manufacturing industry, 31; miscel- 
laneous business, 13.3; financial institu- 
tions, 13.4; wholesale and retail trade, 
13.1; educational institutions, 5.7; state 
and local government, 5.7; and federal 
government, 3.4. There is further scatter- 
ing of ownership throughout virtually 
every kind of organized activity. Thus it 
may seem that an enormous shift in the 
nature of the market for large computers 
has occurred. Beyond that is the larger 
market for minicomputers and the much 
larger mass demand for micropro- 
cessors. 

Coincident with the expansion in the 
number of computers has been an in- 
crease in the number of computer profes- 
sionals. During the past 20 years the total 
number of analysts, designers, program- 
mers, and operators has increased from 
100,000 to 2.5 million. The number of 
students having some degree of familiar- 
ity with computers is much greater. This 
reservoir of people familiar with applica- 
tions of computers is certain to facilitate 
additional applications of electronics. 
The emergence of computer hobby 
shops is bringing additional enthusiasts 
and imagination into the field. One group 
that is likely to make substantial contri- 
butions is the working scientists in the 
natural sciences. Often their progress 
and ability to tackle problems are limited 
by their equipment. Having experienced 
the advantages of incorporation of micro- 
processors in measuring devices, they 
will be looking for novel kinds of elec- 
tronic sensors that can be coupled with 
the current data processors. 

Because many of the new major appli- 
cations involve various kinds of comput- 
ers, one might have the impression that 
the electronics revolution and computers 
are synonymous. It is easy to lose sight 
of the importance of the noncomputer 
aspects of electronics. Key to many ap- 
plications are the transducers or sensors. 
For example, computers would have a 
limited role in process control if electron- 
ic devices for sensing temperature, pres- 
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sure, and concentrations of components 
were not available. 

The potential applications of electron- 
ic technologies are so numerous and so 
provocative as to give free rein to futu- 
rologists and science fiction writers. The 
domestic robot, the wired city, the global 
electronic village-none of these can be 
dismissed as being beyond the bounds of 
technical feasibility. But it is not neces- 
sary to look so far afield to see how 
pervasive the impact of electronics is, 
how many areas of human endeavor and 
how large a portion of the country's eco- 
nomic activity may be substantially al- 
tered. Indeed, it is probable that reality 
will outstrip fiction in the rate of in- 
troduction of new and often unexpected 
applications of electronics in coming 
years. Witness, for example, the incred- 
ible growth in popularity of citizens band 
radio. It is clear that the capability of 
some electronic devices, particularly mi- 
croprocessor circuits and memory units 
on single silicon chips, is developing 
more rapidly than applications can be 
conceived of and introduced. 

The markets for kitchen appliances, 
office equipment, and leisure games, to 
mention just a few, are ready to be revo- 
lutionized or at least substantially modi- 
fied by the addition of logic and memory 
to yield "smart stoves" and similar prod- 
ucts, the first of which are now available. 

The driving force behind many of the 
commercial applications is the extremely 
low prices for sophisticated electronic 
circuits, which in turn derives from mass 
production. The key innovation allowing 
such large markets is the micropro- 
cessor, a general-purpose logical unit 
that can be programmed to perform an 
unlimited number of tasks, thus eliminat- 
ing the necessity of designing new cir- 
cuitry for each new application. Among 
other applications, microprocessors are 
making it possible to extend computer 
control to mechanical and electrical 
equipment of every description, fiom 
consumer appliances and automobile en- 
gines to milling machines and industrial 
boilers. In the past, automation of manu- 
facturing and process control has moved 
slowly because of fear of dependence on 
a central computer and the cost of the 
controlling units. The first process con- 
trol computers introduced in the late 
1950's, for example, cost about 
$300,000; minicomputers reduced this to 
less than $100,000 by the late 1960's; 
now microprocessor controllers are 
available for $3000, cheap enough to 
automate control and data collection for 
even small process steps. What seems to 
be evolving is a linked, hierarchical ar- 
rangement in which microprocessors are 
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used to control individual pieces of 
equipment; minicomputers collect and 
process management information from 
the microprocessors for an entire facto- 
ry; and large central computers use the 
resulting data in compiling corporate fi- 
nancial reports. 

But the impact will not be confined 
merely to consumer products or isolated 
devices. The application of electronics is 
already having a pervasive effect on the 
entire economy and on our way of life, 
one that promises to intensify in coming 
years. Consider only a few of the areas 
treated in this issue-medicine, educa- 
tion, national defense, banking and retail 
sales, postal and other communications, 
and the research process itself. 

The practice of medicine, for example, 
has already begun to change in such 
areas as the handling of patient records, 
billing and other administrative chores, 
and computer-controlled examinations 
in response to conventional data-pro- 
cessing equipment. Even more funda- 
mental extensions of the physician's skill 
are resulting from the application of com- 
pact integrated circuitry to diagnostic 
and monitoring equipment. The potential 
of medical electronics is indicated by the 
unprecedented demand for tomographic 
x-ray scanning equipment, which by 
computer processing and synthesis is 
able to distinguish different tissues with a 
sensitivity 50 times that of ordinary x-ray 
techniques; hundreds of these new diag- 
nostic tools have been ordered. Another 
new and noninvasive diagnostic ap- 
proach, the use of acoustic waves in 
such devices as ultrasound cameras, is 
also beginning to be widely applied; here 
the key role of electronics is to translate 
the acoustic information into visual and 
analytical data. Perhaps the most strik- 
ing illustration of the unique power of 
electronic circuits in medicine is their 
potential use as prostheses to supple- 
ment or replace damaged neural tissue, a 
circumstance that is only possible be- 
cause modern circuits now approach the 
size, power consumption, and logical ca- 
pability of the natural tissue. The cardiac 
pacemaker is an early example of such a 
prosthesis, and, as R. L. White and J. 
D. Meindl point out, the development of 
far more complicated devices such as an 
implantable electronic ear for the deaf is 
well under way. 

Potentially, electronics and electronic 
media could have an important impact 
on education, as almost anyone who has 
observed children watching Sesame 
Street could confirm. Despite a few such 
successes, however, there seems to be 
general agreement that television and 
computer-assisted instruction have not 

yet lived up to that potential. But educa- 
tional innovators have not yet given up, 
and one new approach is proposed by J. 
F. Gibbons in this issue. There is another 
sense, however, in which electronics is 
certain to affect education for better or 
for worse, and that concerns the prospec- 
tive flood of inexpensive electronic de- 
vices of which the hand-held calculator 
is only the first. Calculators have sub- 
stantially altered the character of the 
traditional "problem sets" in science 
and engineering courses at the university 
level, they are becoming common in high 
school courses, and they are already 
creeping into use in primary schools. 
Some parents and educators are trying to 
stem this growing tide on the grounds 
that it will only add to the reasons "why 
Johnny can't add." Others see the trend 
as inevitable and point out that how com- 
putation is performed is irrelevant, what 
really counts is whether the students 
learn the underlying concepts, and in this 
respect the impact of the calculator is 
still uncertain. In any case, the ubiquity 
of the calculator seems to guarantee that 
electronic arithmetic will become the lan- 
guage of the real "new math," and these 
developments suggest the potential of 
the more elaborate calculator-based 
games and educational devices that are 
beginning to appear either alone or as 
attachments to the home television set. 

It is difficult to imagine a modern mili- 
tary force without heavy dependence on 
electronics. Aircraft instrumentation, 
missile guidance systems, radar and oth- 
er surveillance sensors, tactical comput- 
ers-all depend on electronic com- 
ponents. But electronics plays more than 
a passive role in military systems; in 
recent years, advances in electronics 
have been perhaps the most important 
factor guiding the evolution of new weap- 
ons and new strategies. One example is 
the emergence of "smart bombs" and 
other unpiloted weapons, which can eval- 
uate guidance information to track them- 
selves to target or make use of pre- 
programmed instructions to maneuver 
evasively. Carried to its logical con- 
clusion, this trend might eliminate the 
need for many manned aircraft and is at 
the core of the current debates over the 
B-1 bomber and the cruise missile. A 
second example is the NAVSTAR satel- 
lite system, for which prototypes are 
now being tested. These navigational sat- 
ellites are designed to allow any military 
vehicle carrying an inexpensive receiver 
and computer to instantaneously deter- 
mine its position anywhere in the world 
with an accuracy of better than 10 meters 
in horizontal and vertical coordinates; 
civilian aircraft and ships will also be 
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able to use these satellites, but with 
somewhat less accuracy. This phenome- 
nal accuracy is expected by many de- 
fense analysts to revolutionize naviga- 
tion, weapons targeting, battlefield man- 
agement, and other aspects of warfare; 
this is especially true for fixed targets, 
since the coordinates of any such target 
can be readily determined. The system 
also may supplant many of the com- 
mercial navigation systems now in use. 

In 20 years, the role of computers in 
research has been transformed from 
what W. 0. Baker and his colleagues 
describe as "a minor annex of mathemat- 
ics research" to a major and often domi- 
nant role characterized by the prolifera- 
tion of dedicated minicomputers and 
time-shared terminals in most research 
institutions. They assert that computers 
have transformed the research process 
from conceptualization to experimenta- 
tion to publication. Baker should know, 
since his organization has been in the 
forefront of actually putting computers 
to work in research-Bell Laboratories 
now have an average of one dedicated 
minicomputer and five interactive termi- 
nals for every 15 professional staff mem- 
bers. Electronics has also transformed 
other instruments of scientific research, 
from the electron microscope to vidicon 
astronomical cameras, and the process is 
accelerating as more and more "smart 
instruments" are designed around micro- 
processors. 

Nowhere is the potential impact of 
electronics greater than in the banking 
industry and the Postal Service, both of 
which face the prospect of converting 
from moving pieces of paper around to 
using electronic transfers for at least part 
of their business. These changes will cer- 
tainly not come overnight and will raise a 
host of social problems; how does one 
protect against theft when most retail 
transactions are done electronically rath- 
er than by check, or guarantee privacy if 
much first-class mail travels by wire? 
But electronic transfers of money, of 
messages, and of documents are already 
established features of our society. The 
U.S. government, for example, makes 
some 5 million Social Security payments 
each month by sending banks magnetic 
tapes that the bank computers will use to 
credit depositors' accounts directly. Pre- 
authorized, nonpaper payments are esti- 
mated to account for 10 percent of bank 
transactions in some areas of the coun- 
try. Point-of-sale electronic terminals are 
now becoming common in retail stores, 
although their role is presently restricted 
to credit verification and inventory con- 
trol, not direct transfer of funds from the 
customer's account to the store's. But 
with 26 billion checks a year passing 
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through the banking system and the like- 
lihood that the volume will double by 
1985, there is ample incentive for banks 
to move toward electronic transfer and 
checkless banking. As F. E. Balderston 
and his colleagues point out, such a 
move will change the boundaries be- 
tween the retail trade and the banking 
system, possibly resulting in more decen- 
tralized but far more complex financial 
networks. 

Checkless banking, if and when it does 
occur, will intensify the economic pres- 
sures on the Postal Service, since nearly 
40 percent of the mail consists of checks 
and other financial transactions. Diver- 
sion of this mail will reduce revenue but 
will not noticeably lower costs. But that 
is not the only threat. As complaints 
about lost or delayed mail increase, 
many large businesses are looking to- 
ward electronic mail systems. One proto- 
type of such a system is the Department 
of Defense's ARPA computer network, 
which is routinely used by researchers 
all across the country to exchange mes- 
sages and information. New optical scan- 
ning and electronic printing techniques 
are being developed by many companies 
that would allow users to transmit docu- 
ments or whole pages of text. The Postal 
Service may be forced to embrace elec- 
tronic mail or face the future as an obso- 
lete, increasingly expensive system serv- 
ing fewer and fewer people. 

Computers and Communications 

Postal communications are not the on- 
ly form of communications facing new 
challenges. Not long ago radio and ma- 
rine cable telephone circuits were the 
principal means for rapid intercon- 
tinental communications. Now an inter- 
national satellite communications sys- 
tem is well established and carrying a 
growing volume of traffic. Domestic sat- 
ellite systems are just getting under way 
in the United States, but they seem cer- 
tain to expand the options for voice, 
television, and digital data communica- 
tions. The transmission of digital infor- 
mation is the most rapidly growing area 
of electronic communications and re- 
flects the increasing need for computers 
and other intelligent machines to "talk" 
with each other. Indeed, as D. Farber 
and P. Baran point out, computer and 
communications technologies have be- 
come so similar and intertwined that 
they are difficult to distinguish. More and 
more communications are transmitted in 
digital form, even within the telephone 
system. And more and more information 
in the communications systems is pro- 
cessed both before and after transmis- 

sion; voice signals are compacted and 
compressed to put more calls on a chan- 
nel, for example, or the output of the in- 
telligent terminal on one end of the 
phone line becomes the input for a com- 
puter or a display device on the other 
end. Distributed processing-essentially 
networks of small and medium-sized 
computers connected by communica- 
tions links-is clearly going to be one of 
the major forms in which computers are 
used. 

These developments clearly pose a ma- 
jor problem for those, such as govern- 
ment regulators, who must decide where 
communications-a regulated activity- 
ends and where the unregulated comput- 
er market begins. Elsewhere in this issue 
M. R. Irwin and S. C. Johnson summa- 
rize the public policy issues involved in 
this intensifying conflict, and point out 
that among the principal contenders are 
some of the giants of American industry, 
AT&T and IBM. It promises to be a 
multibillion-dollar fight and one of the 
thorniest technological policy problems 
the government must face in the coming 
decade. 

The evolution of computers to the 
point where communications is a major 
part of their activity is also reflected in 
other changes. The traditional use of 
computers as calculating engines for nu- 
merical work is rapidly being replaced by 
a new principal role, that of managing, 
storing, retrieving, and distributing infor- 
mation. A search for new computer ar- 
chitectures that better reflect this new 
role is under way and includes experi- 
ments with such things as augmented 
sets of instructions for the computer's 
own control program, specialized sub- 
computers or processors to manage data- 
bases, and multiprocessor machines. 
The generation of computer programs- 
all too often a bottleneck to effective use 
of computers, as H. D. Mills points 
out-is increasingly being put on a firm 
mathematical basis. The way informa- 
tion is stored in computer systems is 
changing too, as researchers look for 
more efficient search routines, new meth- 
ods of combining memory devices, and 
new computer languages adapted for in- 
formation processing. S. E. Madnick, 
describing this evolution, believes that 
what is emerging is the goal of an infor- 
mation utility that can serve many users 
for many purposes. Prototype experi- 
ments with information utilities are ac- 
tually under way in Britain, where the 
British Broadcasting Corporation is test- 
ing a small decoder attached to television 
sets that can, on demand, deliver current 
information on a variety of subjects; the 
British Post Office, which runs the tele- 
phone network, is also experimenting 
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with a telephone-based information utili- 
ty that would combine the functions of a 
daily newspaper with the resources of a 
library. 

We are increasingly an information- 
based society. Economically, for ex- 
ample, information industries ranging 
from broadcast television to book pub- 
lishing to computer services contribute a 
large part of the U.S. gross national prod- 
uct and employ nearly half of the work 
force. The information sector of the 
economy is also among the more rapidly 
growing. Moreover, information is a re- 
source that greatly enhances individual 
capabilities and opportunities and is not 
depleted by use. H. A. Simon describes 
the development of the ability to process 
and manipulate information on a large 
scale as having a significance, on the 
scale of human evolution, equivalent to 
the development of written language or 
the invention of the printed book. In any 
case, it is clear that the information revo- 
lution will accelerate as more persons 
acquire their own computers and as 
these computers are able to make use of 
larger and larger information resources. 

The conventional economic wisdom is 
that the expanding opportunities in infor- 
mation-related activities will more than 
offset jobs lost to more productive elec- 
tronic equipment. Recent experience in 
the electronic manufacturing industries 
would seem to bear this out, although 
substantial layoffs in some companies 
have been avoided only by a com- 
mitment to large retraining programs. In 
the coming decade automated electronic 
equipment is likely to make inroads into 
the service sectors of the economy as 
well. The nature of secretarial and other 
office support jobs may change, for ex- 
ample, as may that of mail clerks and 
bank tellers. Whether any of these 
changes will result in displacing large 
numbers of people from these traditional- 
ly labor-intensive occupations is not 
clear, but the process of change is cer- 
tain to be uncomfortable for the individ- 
ual whose job is involved and maybe for 
society as a whole. Consider the impact 
of converting the Postal Service, one of 
the largest employers of unskilled and 
semiskilled labor in the country, to an 
electronic mail system. 

Despite such problems the electronics 
revolution is not likely to slow down 
anytime soon, if only because the re- 
search base is broad and vigorous and is 
already producing a host of new ideas 
and new concepts that are certain to be 
translated into new products and ser- 
vices in coming years (Fig. 1). One trend 
that can be identified is the incorporation 
of magnetic, acoustical, and optical phe- 
nomena into electronic devices, giving 
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Fig. 1. Superconducting electronic circuits based on Josephson junctions are one or two orders 
of magnitude faster than conventional transistor circuits and consume a thousand times less 
power. This technology, which has yet to be incorporated in computers, may initiate a new era 
of extremely rapid processing equipment. The circuit shown here contains 18 Josephson 
junctions, operates at 4?K, and has an add time of less than I nanosecond. [Source: J. A. 
Giordmaine, Bell Laboratories] 

rise to a host of new effects that can be 
put to use. Examples include magnetic 
bubbles in memory devices, surface 
acoustic-wave filters in signal processing 
equipment, and optical fibers in commu- 
nications. Particularly fascinating in this 
regard is the push toward optical commu- 
nications. 

The concept of transmitting informa- 
tion on a light wave dates back at least to 
Alexander Graham Bell, who in the 
1870's demonstrated a wireless tele- 
phone based on light that could transmit 
sound for more than a kilometer. A hun- 
dred years later, optical communications 
is on the verge of becoming a reality. The 
principal advantage of communicating 
with light waves is their high frequency, 
compared with radio waves, which gives 
them a superior capacity to transmit in- 
formation. A single optical fiber, for ex- 
ample, can carry hundreds of times as 
many bits of information per second as a 
copper wire. The Bell system is already 
experimenting with an optical link for 
interstation connections in areas with a 
high volume of calls, and others are look- 
ing at applications ranging from comput- 
ers to military vehicles. As large-scale 
production of fibers and other com- 
ponents gets under way, cost reductions 
as dramatic as those in electronic calcula- 
tors are expected. 

In its modern configuration, optical 
communications relies on such com- 
ponents as lasers or light-emitting diodes 
for light sources and glass fibers for the 
transmission medium. It is, in fact, the 
dramatic improvement in these com- 
ponents that has brought the technology 
to the verge of utility. S. E. Miller re- 

ports, for example, that optical fibers 
have been produced with losses less than 
1 decibel per kilometer-less than the 
loss in light passing through a single win- 
dowpane. But, just as solid-state tech- 
nology progressed from individual de- 
vices to integrated circuits, integrated 
optical circuits incorporating lasers, am- 
plifiers, and detectors on a single chip 
are already being developed. Many semi- 
conductor materials, it turns out, are 
optically as well as electrically active, 
thus permitting the intimate interplay of 
both kinds of circuits. This activity is 
leading to an era in which the electron, 
long the workhorse of the electronics 
revolution, will be supplemented by the 
even greater potential of the photon. 

The range of phenomena and the in- 
dications of still-to-be-exploited poten- 
tial to be found in electronics research 
are convincing evidence that we have 
not yet seen the limits of what is pos- 
sible. Still less are most of us and most of 
our institutions prepared to decide what 
we should do with our new capabilities 
or even how to cope with the speed at 
which electronics technology is changing 
the ground rules under which we oper- 
ate. In business the price of being unpre- 
pared is often high, as many white goods 
manufacturers found out when one of 
their competitors introduced an elec- 
tronically controlled microwave oven 
that has rapidly become the best-selling 
product in its field. For governments and 
individuals alike the stakes are arguably 
lower at present, but the continuing elec- 
tronics revolution promises to be so per- 
vasive as to compel the attention of even 
the most unobservant. 
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