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"We've simplified urban planning by using 
computer graphics and a geographic data base 
shared by city, county, state, and federal governments." 

John Porter, Planning Director 
City of Eugene, Lane County,' Oregon 

I 

Above, the impact of a zoning change request received from a developer is explored on 
a TEKTRONIX 4081 Interactive Graphics Terminal by Planning Director John Porter, right, 
and Planner Jim Farah. "What we're able to do with graphics," Porter points out, "is pose 
queries and really begin to think through a series of questions. We would have to have 
several times the staff we have to do the work manually ... it just wouldn't be economic­
ally possible." For example (right), the development status of Bethel, an area on the grow­
ing edge of the city, can be explored graphically without leaving the office. 

Two tough problems associated with 
urban growth, says Urban Planner John 
Porter, are, first, finding economical 
ways to quickly gather and compare 
lots of current data. Secondly, present­
ing recommendations in a format that 
encourages quick perception of the 
problems involved. The pictorial capa­
bility of computer graphics and a re­
gional geographical data system 
shared by city, county, state, and fed­
eral governments are providing new 
solutions in Lane County, Oregon. 

Now when a developer, for instance, 
wants to put an apartment building in 
an area originally planned for single­
family houses, a planner on John Port­
er's staff can sit down at an interactive 
graphics terminal and-using the ter­
minal in conjunction with components 
of the geographic data base-begin 
to ask questions. How many lots in the 

area have been built on? What has 
been the sequence of development? 
What are the ages of structures in the 
area? How many residential units are 
in the area? 

"It takes maybe two weeks out in the 
field to get that volume of information. 
I can get it from the terminal in an 
hour," Porter says. "We don't have to 
go out there repeatedly, or manually 
draw maps. And we've found that it 
makes all the difference in the world 
to be able to give people data in pic­
torial form ... so they can see what the 
impact would be. Graphics communi­
cates ideas rapidly and clarifies tables 
of numbers." Whenever needed, a hard 
copy unit near the graphic terminal 
produces permanent records of any 
picture that shows on the terminal's 
screen. 

Some 20 public agencies feed infor-

-Eugene was recently rated by the U.S. Environmental Protection 
Agency as the most liveable city in the U.S. with a population under 
250,000. Lane County is almost the size of Connecticut. 

mation into a common geographic 
data system. Robert Swank, Director of 
Research, Lane Council of Govern­
ments, whose responsibility is coor­
dinating data collection, data storage 
and use of the system, says, "With 
data coming in from many sources, we 
have to be sure it 'fits.' One simple way 
is by using computer graphics to draw 
maps. A misfit shows up on the map 
and helps the operator figure out where 
the problem is." 

John Porter originally gained support 
from all levels of government for the 
use of computer graphics by demon­
strating that his department could deal 
with complex, live issues faster and 
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Secretary Christine Ward qu ickly digitizes 
Lane Regi onal Air Pollution Authori t y 
(LRAPA) data from an analog chart. using 
a TEKTRONIX Graphic Tablet. In this 
case, the curve she's tracing with the 
electronic stylus represents hydrocarbon 
levels at one of several recording stations 
in the county. The digitized version simul­
taneously appears on the TEKTRONIX 
Graphic Terminal screen, enabling her to 
tell at a glance whether both curves 
agree. The oigitized data is then trans­
mitted to the State Department of Env iron-

explore more variables for less money 
than with comparable manual studies. 
"The best information at the wrong 
time doesn't do any good at all," Port­
er says. 

"Now we've got groups coming to us 
after they've analyzed their neighbor­
hoods with data we've supplied, and 
we sit down and explore what's hap­
pening in their environments. What 
computer graphics enables us to show 
them is the big picture. Not just what 
effect a given variable will have on one 
neighborhood, but on the entire city. 
And we're working with ways to de­
velop growth scenarios for farther and 
farther out into the future." 

Land-use planning is only the begin­
ning. In the future, computer graph­
ics may be used in Lane County to 
design sewer networks, select sites for 
fire houses and social services, map 
crime patterns, arid analyze traffic ac­
cidents. 

These are just a few ways computer 
graphics and the regional geograph­
ical data system help Lane County 
local government officials make better­
based political, economic, and social 
decisions-while saving tax dollars 
over the cost of manual manipulation 
of data. 

mental Quality's computer, e li minat ing 
the Old, error-prone methoa of manua l 
transcription of datCi to form" bv LRAI-'A, 
keypunchlnq by DEQ, fOlloweo by print­
OUt verification bv LRAPA. Computer mod­
els will soon be useo to draw maps that 
visually show the effects of air pollution 
at various levels -SUCh as carbon mon­
OXide ala no niqhwaYf> anri emiSSions from 
industria! p'ants -dependm upon vari­
ables sucr! ·a� time 01 day and Wind. This 
will enable LRAPA to prealct the impact 
of proposed new sources at all pollution. 

Over $460 million in sales. 
Tektronix' diversified products are 
used in many industries worldwide. 

Progressive managers are using TEK­
TRONIX computer graphics to solve 
problems in areas as diverse as inter­
national monetary exchange to the 
mapping of subterranean oil and coal 
deposits. Almost everywhere comput­
ers are found, TEKTRONIX portable 
oscilloscopes and other service i nstru­
ments help to maintain them. Quantity 
buyers and suppliers of integrated cir­
cuits use TEKTRONIX IC Test Systems 
to help develop, select, and maintain 
quality control of "chips" for their 
products. 

Foundries save energy and man-hours 
with TEKTRONIX digital ultrasonic test­
ing systems, Almost every R& D lab 
us

'
es TEKTRONIX high-performance 

oscilloscopes to test, measure, and in­
terpret electrical phenomena. TV en­
gineers maintain the quality of color 
signals along the complex route from 
camera to home receiver with devices 
like the TEKTRONIX automatic video 
corrector and GRASS VALLEY G ROUP 
switchers. Hospitals improve patient 
care with TEKTRONIX physiological 
monitors. 

And now in microelectronics, TEK-

Across town, at the U.S. Department of : 
Interior's Bu reau of Land Manaqemen' , 
office. computer qr aph lcs is belm; devel- I 
opec and tested lor timberland manage- ! 
ment. A foreste r cali call up a map dis­
play of a selected Kino ot limber. ident il" 
which is marKetaole ahd overlay thaT with 
the road system to determine acceSSI­
bility. Then, to assess environmental Im­
pact, he can overiav SOil type aro(l wlldlilp 
habitat. Below . these tYPical displays 01 
wnai a toreste r see" Or) a graph,,; terminal 
screen show the SOlution to a proO lem 
posed by a BLM ootanist He wantea to 
study specific vegetation associated with 
old-growth Douglas-fn forests on gent le 
north-facing slopes. First tne BLM staff 
searched the data related to 650 square 
miles. Three areas were identified for 
further analysis, but the scale was too 
small. So (top) they used the Tektron iX 
4014 Graphic Display Terminal to "win­
dow in" on 36 square miles. Then (bot­
tom) they windoweo in on one square 
mile that showed two ot the areas in de­
tail, and the roads to get there. 

TRONIX logic analyzers and Micro­
processor Labs give engineers an 
edge in designing new products that 
promise to revolutionize our business 
and personal lives. 

These are just a few of the more than 
800 Tektronix products that serve the 
test, measurement, and information 
display needs of thousands of custom­
ers, worldwide. 

We'll gladly send you more detailed 
information about computer graphics, 
uses of our other products, or a copy 
of our annual report. Write to the Mar­
keting Communications Department, 
76-260, Tektronix, Inc., P.O. Box 500, 
Beaverton, Oregon 97077. 

By phone-call 503-644-0161. 

Tektronix 
COMM ITTED TO EXCELLENCE 
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"Science Fiction, 
my electronic eye� 

great-grandfather said. 
"Half the time it's not 

fiction at all. 
just premature fact� 

lDakinll 
.... 1.kOn 
lullarrOW 

by Boni Peluso 

4 

"Well, Bobby, how about a story before bed­
time?" great-grandfather asked as he tucked 
me snugly into my weightless bubble_ 

"Oh, yes tell me some more about the old 
days and what they were like:' 

He smiled and squeezed my arm_ "OK son, 
I know just the thing_ Long ago, back in 1999, 
I was being transferred from a unit control cen­
ter in the New City to Space Station Zenith 1. 
W hile packing I found an old, old copy of 
Scientlfic American. It was yellow and rum­
pled and dated-imagine this-September 
1977! At that time periodicals were printed on 
sheets of wood pulp:' 

"Wow! No playback cards?" 
"Nope, just paper. Anyhow, that issue of the 

magazine was special, all about microelectron­
ics. Know what that is?" 

My eyes grew big and I shook my head. 
"Don't fret son;' he said,"you'll be program­

med with Alpha waves soon enough. Anyway, 
I guess I kept that magazine because at the time 
I was working for Fairchild Camera and Instru­
ment:' Thinking back, he glowed with pride. 
"You know, I bet we were about the best micro­
electronics company in the whole world:' 
Misty-eyed, great-grandfather paused, then 
went on. 

"Bobby, when I was about your age, some­
thing happened which changed the destiny of 
mankind. Scientists and engineers created the 
first electronic computer; called it Eniac. 30 
tons of wires, metal, electrodes, technology 
and spit. What an impact it made, boy. But 
believe me, it was only the beginning:' 

"What happened next, great-grandfather?" 
I asked excitedly. 

He rubbed his gray wrinkled face and 
smiled down at me. "Let's see ... well, the next 
innovation was the transistor, back in . . .  oh, 
1948. Then in 1961, Fairchild invented -listen 
close, boy -the monolithic integrated circuit, 
which was thousands of transistors miniatur­
ized on a single chip." 

"Wow, no fool in; huh?" 
"But even that got too big, so in the '70s, 

Fairchild miniaturized thousands of integrated 
circuits and put them on one chip. So think 
how small a transistor had to be then:' 

"How could they make stuff so small?" 
I squeaked. 

"Ya see, son, Fairchild was the first to use 
MEBES:' 

"MEBES?" 

"Yep, an electron beam mask making ma­
chine for VLSI circuit production. It cut the 
time to create the circuit masks from 6 to 8 
weeks to only a few days. So, Bobby, mass pro­
duction of miniatures became possible thanks 
toMEBES:' 

"Oh ... tell me some more, great-grandfather:' 
"OK, let's go back a little bit. By the time my 

Scientific Amen'can came out, Fairchild had a 
dandy little microprocessor called the F8 that 
had the same memory and computing power 
of the 3 000-cubic-foot Eniac. Except -get this 
Bobby-the F8 fit in the palm of your hand!" 

"What?" I stopped sucking on my nutrient 
tube. "It fit in your hand?" 

Great-grandfather chuckled. "Some people 
used it to play tic-tac-toe on their television sets:' 

I guess I must have looked puzzled, because 
he explained, "I forgot you've never seen a TV. 
Television was a very simple form of our Video­
Com units. Very p rimitive, really; they were 
just receivers. All you could get on them were 
sports, entertainment programs, scheduled 
news and such -no regular interplanetary re­
lays like today. And the owner had no control 
over what was broadcast except to change 
the channel:' 

hWOW!' 
"But, fortunately son, technology advanced 

enough so that by the 1980s TV became a cen­
tral terminal for personal communications. 
More practicality and less frou-frou, know 
what I mean, boy?" 

I nodded upside down, as the weightless 
controls had begun activating in my bubble. 

He chuckled and continued, "Well, next 
there was picture-on-picture. Imagine, you 
could watch two different games of Space Ball. 
One full screen, the other a few square inches 
in the comer of the set. Then, thanks to Tele­
text, people could dial in daily news on their 
sets whenever they wanted it. Later, a device 
was added so you could call up the Yellow 
Pages, you know, that book I showed you in 
the World Communications Museum. So, by 
this time, TV came with all kinds of built-in 
video games. But better than that, the same 
mechanism led the way to programmed learn­
ing on changeable cartridges:' Great-grand­
father winked,"That's how come I'm so smart 
today:' 

"Gee, I wish I could have seen all that. What 
else happened?" 

"Well, with the knowledge of microelectron-
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ics, scientists began miniaturizing everything. 
They had computers no bigger than my thumb, 
little TV communicators the size of a wallet 
and rocket guidance systems no bigger than an 
alarm clock:' 

"No kidding!" 1 dropped my body regulator 
in amazement. 

"Really. Then, finally, some smart cookie of 
a scientist combined the TV, telephone and 
computer - shoved them into an old cigar box, 
stuck a holoscope on top and voila! The first 
VideoCom unit. You couldn't run them with 
brain waves or anything;' great-grandfather 
sniffed, "but it was another step in scientific 
advancement:' 

He grew quiet suddenly and a faraway look 
came over him. "Gosh, all this talk about TV 
reminds me of a pro gram 1 used to watch during 
my Fairchild days. It was about this man who 
had been in a terrible accident, but was mirac­
ulously rebuilt, mostly from electronic parts. 
1 thought it was just science fiction, until a de­
cade later the very same technology restored 
my eyes and most of my other vital organs. 
Science fiction, my electronic eye! Half the 
time it's not fiction at all, just premature fact!" 

Afraid great-grandfather was about to shut 
down for the night, 1 said, "Tell me some more 
about energy and computers and stuff.' 

"Oh, all right;' he laughed. "You know that 
energy controller in your mother's room? It 
was first developed in 1985. Back in those days, 
people were still using natural gas and Type I 
electricity for power, but resources were run­
ning out fast. Not to mention the environment. 
So your home minicomputer was developed 

to control the use of energy, which gave science 
enough time to get the Nucleosolar System 
operational. The first home computer couldn't 
even fit in a breadbox. Now it's about the size 
of a half-dollar. 

"Let me see, what else ... oh, yeah. About the 
same time, people used to travel 30 to 40 miles 
to work just to sit at a desk. But electronics 
made it possible for them to receive the office 
at home on their VideoCom units, which, by 
then, were collecting business and personal 
data of all types. Isn't it great, Bobby, what 
microelectronics have done for us?" 

I floated and smiled in agreement. 1 could 
tell great-grandfather was proud of the tremen­
dous contribution he and Fairchild had made 
to electronics. Well . . . it seemed like pride. 
Deep down I thought androids couldn't really 
feel emotion, but this one great-grandfather 
had programmed with his own memory bank. 
It was just like having him with me. 

We discussed a few more inventions, then 
looking at his antique Fairchild LCD watch, he 
jumped and gasped in mock surprise."My boy, 
it seems that it's way past yOUJ bedtime:' 

"But what about microelectronics stories?" 
I asked. 

He smiled at me. "Well, how about if I take 
you to the Electronics Pavilion tomorrow?" 

"Oh, boy! Really?" 
He nodded and, as he dimmed the lights, I 

settled down for sleep, thinking of all the an­
cient electronic miracles I would see -like the 
Fairchild F8 Microprocessor. 

Ge(", I wonder if they'd let me hold it in 
my hand? 

F=AIRCHIL..C 
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THE COVER 

The photograph on the cover symbolizes the theme of this issue of SCIENTIFIC 
AMERICAN: microelectronics, the art of putting complex electronic circuits on 
"chips" of silicon roughly a quarter of an inch square. The blue area in the cen­
ter of the photograph is a single chip, a high-speed current-mode logic inte­
grated circuit made by Texas Instruments Incorporated for a Honeywell Infor­
mation Systems computer. Arrayed around the chip are 40 leads that connect 
it with its external environment. The leads are made of tin-plated copper. They 
are connected by an automatic process in which they are bonded by heat and 
compression to gold bumps plated at edge of the chip. The photograph was 
made by Fritz Goro in the Laboratory for Applied Microscopy of E. Leitz, Inc. 
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Cover photograph by Fritz Goro 
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LETTERS 
Sirs: 

In Margaret M. Byard's intriguing ar­
ticle "Poetic Responses to the Coperni­
can Revolution" [SCIENTIFIC AMERICAN, 
June] a painting by Tintoretto, The Ori­
gin o/the Milky Way, is used to illustrate 
a mythical explanation of that starry 
track. It is not Venus, as stated in the 
article, but Hera whose milk flows out to 
form the Milky Way. Pausanias (IX, 25, 
2), Eratosthenes, the Greek astronomer 
(Katasterismol 44), and Hyginus (Poeti­
con Astronomicon, Book IV), among oth­
ers, tell the story: Zeus brought one of 
his many out-of-wedlock sons, Hera­
cles, to be suckled by his wife, Hera. The 
infant strongman sucked with such 
force that a great quantity of the milk 
was spilled across the heavens. Hera is 
identified in the painting by the presence 
of her peacocks, and Zeus by his eagle 
and thunderbolt. 

The impact of the new science on ba­
roque painters went beyond that of a 
generally increased feeling for spatial 
effects. As an example, the painter Lo­
dovico Cigoli (1559-1613) correspond­
ed with Galileo for four years (1609-
1613). Cigoli also wrote a treatise on 
painting, Trattato di prospettiva pratica, 
which may have helped to transform the 
language of science into a body of theo­
ry for his fellow painters. 

SUSAN E. WEGNER 

Bryn Mawr College 
Bryn Mawr, Pa. 

Sirs: 
In her excellent article Margaret M. 

Byard says that Milton has sometimes 
been described as a "reluctant Coperni­
can." This description is strongly sug­
gested by the following passage (not in­
cluded in Dr. Byard's article) from Par­
adise Lost, Book VIII, lines 70 to 84: 

This to attain, whether Heaven move or 
Earth 

Imports not, if thou reckon right; the 
rest 

From Man or Angel the great Architect 
Did wisely to conceal. and not divulge 
His secrets, to be scanned by them who 

ought 
Rather admire. Or if they list to try 
Conjecture, he his fabric of the 

Heavens 
Hath left to their disputes-perhaps to 

move 
His laughter at their quaint opinions 

wide 
Hereafter, when they come to model 

heaven, 
And calculate the stars: how they will 

wield 

The mighty frame; how build, unbuilcl, 
contrive 

To save appearances; how gird the 
Sphere 

With Centric and Eccentric scribbled 
o'er, 

Cycle and Epicycle, Orb in Orb ... '. 

There is also an obvious foreshadow­
ing of the relativistic world view; in fact, 
Sir Arthur Eddington placed part of this 
passage on the page opposite the pref­
ace of his Space, Time and Gravitation 
(1923). 

ALEXANDER V. BUSHKOVITCH 

Professor of Physics, Emeritus 
St. Louis University 
St. Louis, Mo. 

Sirs: 
In reviewing Famine and Human De­

velopment: The Dutch Hunger Winter 0/ 
1944145 [SCIENTIFIC AMERICAN, July] 
Philip Morrison states that the anti-Se­
mitic chant "hep-hep" is of obscure ori­
gin. The term is derived from the initials 
of the phrase Hierusalem est perdita ("Je­
rusalem is lost"), which was chanted by 
Roman soldiers escorting Jewish prison­
ers during the Judeo-Roman wars. 

M. A. TYBER, M.D. 

Toronto, Ont. 
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Advertisement 

Notes and observations from IBM that may prove of interest to the engineering community. 

This welrkr at Ingalls Shipbuilding, has access to an IBM computer to verify that his construction drawings are up to date. Workers and 
engineers throughout the huge shipyard access a wirk range of computer applications through nearby terminals. 

Computer Helps Shipbuilders 
Communicate at Ingalls 

In the sprawling 800 acres of one of 
the largest shipyards in the United 
States, a welder about to start on a criti­
cal assembly may be a mile from the 
engineering offices. To verify that he is 
working from the latest drawing, he has 
access to a nearby computer terminal 
where he can receive a prompt response 
from an online System/370 Model 158. 

Says Richard Shields, manager of 
technical and engineering applications 
for Ingalls Shipbuilding division of 
Litton Industr i e s  in P a sc a g o ula , 
Mississippi: "The system can help 
our skilled workers become much 
more productive." 

Litton provides direct access to the 
computer by means of Time Sharing Op­
tion (TSO). This IBM subsystem enables 
workers in many phases of the shipbuild­
ing process to activate an application 
through simple terminal procedures. 

During the .design phase, naval ar­
chitects and engineers can observe prog­
ress and interact directly with the com­
puter to make corrections as they work. 

During manufacturing, the com­
puter produces a tape which guides a 
numerically controlled flame cutter in 
turning out pieces of flat steel plate. It 
also helps design the bending templates 
or fixtures on which the plates are 

formed into curved sections of hull. 
"We make wide use of numerical con­

trol," Shields says, "and through TSO we 
have a quick and accurate way to define 
required parts. The parts programmer 
enters data at a terminal and the com­
puter error-checks it, line by line. Parts 
programs run correctly the first time, 
and plate cutters and welders can get 
revised tapes earlier. 

"TSO brings the responsiveness of 
interactive computing to design and 
manufacturing. It helps get vital data 
from the engineers out to the production 
workers where it's needed, when it's 
needed." 
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Computer Model Throws Light 
on Solar �nergy 

Converting the sun's 
radiant energy directly into 
electricity could contribute sig­
nificantly to the worlds supply of 
energy. But the associated technical 
problems are complicated enormously 
by the fact that the suns direct radiation is 
not the only important energy source. 

these is different for each 
wavelength of solar radia­

tion. And the geographical loca­
tion of the solar cell panel, its altitude 

and orientation, time of day, season, 
weather and natural as well as man-made 

air pollution exert an influence. 

A very significant portion of the energy of the 
sun is reduced in strength before it can reach the 
surface of the earth. This visible and invisible 
light is absorbed and scattered by the atmos­
phere - its water droplets, dust particles and 
gases - and the scattered radiation arrives at a 
solar cell along a nearly infinite number of 
indirect paths. 

"To help estimate the energy output that can 
be expected from a proposed solar energy system 
design, we hope to construct a computer model of 
the diffuse solar radiation in the atmosphere. At 
present we have completed an experimental 
model with one simplification: it considers only 
one orientation of the solar cell-aimed directly 
overhead, at the zenith. It uses a simplified but 
realistic representation of the atmosphere. 

At the surface of the earth, explains Dr. ]. 
V. Dave of the IBM Scientific Center in Palo 
Alto, California, such indirect radiation can 
range as high as 40 percent of the total 
energy on sunny days, and 100 percent on 
mildly overcast days. A system utilizing 
all available radiation, he points out, 
can lead to a more efficient harvest-
ing of solar energy under average 
conditions as encountered at vari-
ous feasible locations. 

Using the computer, Dr. Dave is 
experimenting with a solar energy 
model to get a better picture of the 
total radiation energy arriving at the 
earths surface. 

"We live at the bottom of a very com­
plex atmospheric soup," he notes, "a mix­
ture of gases, water droplets and sus­
pended particles. The effect of each of 

"By varying the time of day, atmospheric 
makeup, and other parameters, we have solved 
the radiative transfer equation for our atmos­

pheric models for several thousands of data 
points. Taking our simplifying assumption 

about the orientation of the solar cell into 
account, these results indicate that the 

diffuse radiation plays a very signifi­
cant role in determining the per­
formance of a terrestrial solar cell. 
We are now planning for the radia­
tion modeling for an arbitrarily 

oriented solar cell which requires 
several million data pOints." 

I mportant amounts of solar energy reach 
the eartns surface indirectly, after 
dispersion in the atmosphere. 

Keeping Projects on Target -with the Computer 
As experienced project managers 

know, it is one thing to plan-and 
another to carry out-a big multi-faceted 
project, such as the development of a 
space vehicle or the construction of a 
major new process plant. 

Riding herd on an ongoing program 
means coping with the unexpected: 
technical problems, loss of key people, 
tasks which overrun the budgeted 
money or time. 

It is vital to catch such problems 
early. But even so, many times it is im­
possible to work out intuitively a solu­
tion that keeps everything on track. 
There are too many variables: prece­
dence relationships, time, cost, and 
manpower calculations. 

IBM offers two computer programs, 
either of which can be an important aid 
to project managers: Project Manage­
ment System IV (PMS IV) and Project 
Analysis and Control System (PRO­
]ACS). 

Far beyond the precedence and "i-j" 
(point-to-point) diagrams which it can 
generate, each program incorporates 
proven tools for managing a project in its 
totality-helping optimize resource allo­
cations and calculating detailed work 
schedules on the basis of user-supplied 
constraints. And each assists in continu­
ously monitoring progress against the 
schedule, budget, and resource re­
quirements. 

Each program produces a basic set of 

reports, in formats whose usefulness has 
been proven in hundreds of actual proj­
ects. These can be used intact, or they 
can easily be modified to meet unique 
reporting needs. Accurate, detailed and 
timely, the reports reveal incipient prob­
lems before they become crises. 

Both PMS IV and PRO]ACS suit a 
wide variety of engineering and other 
projects-development of an informa­
tion or programming system, for exam­
ple, or installation of a manufacturing 
facility. The manager of any large-scale 
phased project, facing a constant stream 
of difficult problems, will find either 
IBM program to be a powerful aid in 
marshaling the decision-making infor­
mation he needs. 
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Advertisement 

A Cracking Good Sample Tracker 
"The online system helps meet our 

goal of moving all samples through the 
lab within three to eight days. Manually, 
it took as long as 20 to 30 days. And we 
respond promptly to 1,500 phone in­
quiries a month, retrieving test data on 
the screen of a terminal while the caller 
is on the line." 

John Brent is manager of the Ana­
lytical Control Laboratory in the Davi­
son Chemical Division of W. R. Grace & 
Company. The computer system he is 
describing tracks 50,000 samples - over 
350,000 analytical determinations-each 
year. All told, over a six-year period, 
Brent projects tangible savings attribut­
able to the system of$loo,Ooo. 

The laboratory, part of the divisions 
Curtis Bay Works, serves Davisons pe­
troleum refinery customers, who need 
periodic analyses of catalysts from their 
cracking units. It also helps perform 
quality control for chemical production 
at Davison and supports research activi­
ties within the division. 

As each sample arrives, a description 
of tests to be performed is entered 
through a terminal into the divisions 
IBM System/370 Model 135, 10 miles 
away in downtown Baltimore. 

After a test is completed, results are 
keyed into a terminal and the computer 
adds them to the record. The program 
automatically detects test values outside 
the expected range and notifies the 
analyst through the terminal display. 

Brent adds: "With the data in the 
computer, it was simple to program regu­
lar reports of the status of work in the 
laboratory. We get a list of incompleted 
samples every morning, a breakdown of 
the lab workload, tables of analysis 
standards, and a list of samples which 
have been in the laboratory more than 
three days. 

"Since we installed the system our 
volume of work in the lab has increased 
by 24 percent, with no increase in staff." 

Analysts at Davison Chemicafs Analytical Control Laboratory enter 
a list of the tests to be perf ormed through a terminal in the sample room. 

IBM Software Products 

[±HZ][Q] These program products are im­
plemented in the user-oriented APL 
programming language. Each is de­
signed to be operated interactively, 
through a terminal. 

1. APL Statistical Library A set of 
routines for performing functions 
widely used in statistical analysis and 
linear programming. 

2. APL General Purpose Simula­
tion System (APL GPSS) Models any 
system comprising a series of discrete 

stages or transaction nodes. 

3. GRAPHPAK Generates linear 
or logarithmic data plots, and fits 
curves to defined data. A descriptive 
geometry component scales, trans­
lates and displays a projection of 
three-dimensional objects. 

For more information on these 
Software Products, contact your local 
IBM branch or write: Editor of DP 
Dialogue, IBM Data Processing Di­
vision, White Plains, N. Y. 10604. 

In the previous edition of DP Dialogue in 
this magazine, a statement used to illus­
trate the APL programming language 
contained an extraneous character. The 
correct APL command for accepting, 
summing and printing a series of num­
bers is + 10. 

Data Processing Division 
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Look at it this way: 
You reached the rung 
on the ladder 
you couldn't even see 
five years ago. 
And you're still 
drinking ordinary scotch? 

�/ 
/ 1 
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50 AND 100 

YEARS AGO 

SEPTEMBER. 1927: "Two weeks af­
ter Captain Lindbergh landed in France 
a monoplane of Bellanca design. named 
Columbia. soared into the air at six 
o'clock on the morning of June 4 and 
left Long Island bound for Europe. It 
carried Clarence D. Chamberlin and 
Charles A. Levine as a passenger. Short­
ly after three o'clock the next afternoon 
the plane circled the S.S. Mauritania. 
340 miles from Land's End. England. 
Soon it was reported over Normandy 
and then over Germany. where the fuel 
ran low and forced a landing at Eisle­
ben. about 110 miles southwest of Ber­
lin. The plane had been in the air 42'/2 
hours and had flown 3.911 miles." 

"Each of the three recent flights to Eu­
rope has its own special distinction. 
That of Lindbergh stands out preemi­
nently because he went absolutely alone 
and squarely hit his objective. Paris. 
Chamberlin will be remembered as the 
first man to carry a passenger to Europe 
and at the same time break the long-dis­
tance record. As for the third flight. 
Commander Byrd believes he reached 
Paris. but so thick was the weather that 
he had no sight of the powerful search­
lights or of the rockets that were sent up 
from Le Bourget field to aid him. At this 
point. with the young Norwegian flyer 
Balchen at the wheel. Byrd decided to 
return to the coast and take the risk of 
landing on the water. This he did near 
the little village of Ver-sur-Mer. where. 
guided by the flash of the lighthouse. 
Balchen brought the ship down. The 
landing gear was stripped as it struck the 
water 200 feet from the beach. but the 
four aviators. Byrd. Noville. Acosta and 
Balchen. reached shore by inflating an 
emergency raft and sustained no more 
serious injuries than shock. bruises and. 
in the case of Acosta. a fractured shoul­
der blade. It is safe to say that in spite of 
this mishap. of the three planes that 
have made the trans-Atlantic trip the big 
three-engine Fokker monoplane Byrd 
used most nearly approached the type 
that will be developed in the future for 
trans-Atlantic flying." 

"Although an airplane flight from San 
Francisco to Honolulu does not com­
pare in either distance or difficulty with 
a flight from New York to Paris. the 
recent exploit of two Army officers. 
Lieutenants Maitland and Hegenberger. 
is a highly meritorious performance. 
The distance covered was 2.300 miles as 

against about 3.600 miles to Paris. and 
the weather was certainly more propi­
tious than that encountered by the trans­
Atlantic flyers. The plane was a tri-mo­
tored Fokker monoplane. practically 
identical with the one used by Com­
mander Byrd. There was one respect. 
however. in which these Army flyers 
were confronted with a far more peril­
ous and perplexing task than that of fly­
ing the Atlantic. We refer to the fact that 
the Hawaiian Islands cover so little 
space in a north and south direction. or 
at right angles to the line of flight. that 
on the map they look not much larger 
than the head of a pin. Hence whereas 
the Atlantic flyers had a 1.000-mile 
stretch of continent to aim at. the trans­
Pacific flyers had to hit a target a few 
miles across or. missing the islands. fly 
fruitlessly into the unknown wastes of 
the Pacific. As it turned out the navi­
gation was magnificent. and the flyers 
struck the Hawaiian Islands 'squarely 
on the nose .

. .  · 

SEPTEMBER. 1877: "Professor 
Asaph Hall of the Naval Observatory 
recently announced the interesting dis­
covery of two satellites attendant on the 
planet Mars. At about 11 o'clock on the 
night of August 16 Professor Hall. with 
the aid of the great 26-inch refractor 
telescope. noticed a very small star fol­
lowing Mars by a few seconds. Three 
hours later he looked again and to his 
surprise found that the distance between 
the planet and the star had not in­
creased. although the former was mov­
ing at the rate of 15 seconds per hour. 
On the morning of August 17 another 
satellite appeared. and its identity was 
quickly recognized. The distance of the 
first satellite from the planet is between 
15.000 and 16.000 miles. which is less 
than that of any other known satellite 
from its primary. It was exceedingly 
small. having a diameter of not more 
than 100 miles. The second satellite is 
believed to be still closer to the planet 
and to have a period of less than eight 
hours. The discovery is a triumph both 
for Professor Hall and for Mr. Alvan 
Clark. the maker of the great telescope. 
It shows what may be expected of the 
still more colossal instrument that at no 
very distant day we hope to see estab­
lished in the Lick Observatory." 

"Muscular contraction. it is known. is 
always accompanied by electric phe­
nomena; the difference in electric poten­
tial between two points on a muscle un­
dergoes a diminution that. according to 
Bernstein. precedes by about a hun­
dredth of a second the contraction of the 
muscle. This electric variation has been 
observed on various muscles. in particu­
lar on the heart (by Du Bois-Reymond 

and KUhne). and recently M. Marey has 
represented it graphically by photo­
graphing the indications of a Lippmann 
capillary electrometer. The Journal de 
Physique states that M. De la Roche has 
tried the experiment on the heart of a 
living man. Two points on the epidermis 
of the chest were connected with the 
poles of a capillary electrometer by 
means of electrodes. each electrode 
formed of a bar of amalgamated zinc. 
with a plug of muslin at its lower end 
saturated with sulphate of zinc. Held 
with insulating handles. the bars were 
applied. one with its plug opposite the 
point of the heart. under the left nipple. 
and the other to another point on the 
chest. The mercurial column was then 
seen to execute a series of very distinct 
periodical pulsations synchronous with 
the pulse; each pulsation even marked 
the double movement of the heart (of 
the auricles and ventricles)." 

"At the recent meeting of the British 
Association. Mr. Francis Galton dis­
cussed the ideal criminal. in whom he 
detects three peculiarities of character: 
his conscience is almost deficient. his in­
stincts are vicious and his power of self 
control is very weak. Through the exam­
ination of many thousands of photo­
graphs of criminals Galton was able. by 
examining their physiognomic charac­
teristics. to divide them into three well­
marked groups. respectively perpetra­
tors of murder. manslaughter and bur­
glaries; perpetrators of felonies and 
forgeries. and perpetrators of sexual 
crimes. In this way he was able to exam­
ine how far the peculiarities mentioned 
above may be correlated with physical 
features." 

"From the statistical tables given in 
Poor's 'Manual of the Railroads of the 
United States for 1877-8' it appears that 
while the gross earnings of the roads 
have fallen off by nearly six million dol­
lars the net earnings have increased by 
nearly a million dollars. and this is as­
cribed chiefly to the great economies 
practiced in conducting the operations 
of the lines. In furtherance of this sys­
tem of economy there have been. as our 
readers are aware. reductions in the 
wages paid railroad employees. These 
reductions have been in many cases 
claimed by the persons affected to ren­
der the returns for their labor inade­
quate for a living support. and accord­
ingly the strike. the usual coercive mea­
sure adopted by employees under such 
circumstances. was resorted to. It may 
be said that in dealing with so large a 

class of employees the laws of demand 
and supply. inexorable as they are. 
should only be considered. and that phi­
lanthropy has no place. We think other­
wise. The life of a railway employee has 
its duties and dangers that cannot. mor­
ally at least. find compensation in the 
market rate of wages." 

13 

© 1977 SCIENTIFIC AMERICAN, INC



Ru n a w a y  i n f la­
tion ... high unem­
ployment ... boom­
o r-b u s t  c y c l e s  . . .  
government bail-outs 
o f  l a r g e  c o r p o r a ­
tions ... threatened in­
solvency of the Social 
Security system. 

Th e A m e r i c a n  
economy is taking a se­
vere and potentially fatal beating. 

But our capitalistic system can be made 
to work-for everyone. A Piece of the Action 
shows how every family could eventually 
own stock worth $1 OO,OOO-and, at the same 
time, our economy could get the mass pur­
chasing power it so desperately needs. 

Stuart M. Speiser argues persuasively 
for a form of capitalism that has intrigued 
conservatives and liberals alike. His plan 
shows how corporate credit power and capi­
tal expenditures could be used to provide 
every family with an economic grubstake in 
the American future. 

This is no pie-In-the-sky plpedream. It is 
a workable way to spread wealth without 
taking it away from anyone-and, at the same 
time, save the American system. 

Speiser's Universal Capitalism is an 
economic idea whose time has come. It will, 
in fact, soon be the subject of Congressional 
hearings. 

Read A Piece of the Action now. Form 
your own opinions-because you, too, have a 
stake in the future of American capitalism. 

Stuart M. Speiser, 
the senior partner in a New York-Washington 
international law firm, has dealt with the economies 
of many nations as a result of his litigation work 
arising out of airline disasters. He has written many 
works on legal subjects that have been cited as 
authority by the U.S. Supreme Court. It was his 
pioneering work with econometrics to determine 
the legal valuation of human life that led to his 
conclusion that the American economy can be 
salvaged-and that Universal Capitalism is the 
answer. 

$14.95 at booksellers 
or mail coupon below 

10-0AY 
FREE EXAMINATION 

r--------------------------, 
VAN NOSTRAND REINHOLD 
7625 Empire Driv!', Florence. Kentucky 41042 
Please send me A Piece of the Action for 10 days' 
free examination. At the end of that time I will 
remit $14.95 plus small handling/delivery cost or 
return the book without obligation. (Offer good in 
U.S.A. only. Subject to credit department ap­
proval. Payment must accompany order with 
P.O. box address.) 

(please print) 

Name ________________________ ___ 
Address ________________________ _ 
City __________________________ _ 
State Zip ____ __ 
o SAVE! Remit with order-we pay shipping/ 
handling. Same return-refund guaranteed. Local 
saleS tax must be included. 

27010-0 S 7001 
__________________________ J 
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cetRe ady 
There are hundreds of new micro-electronic 
products about to enter the consumer market . 
Here is how readers of Scientific American 
can discover them. 

If you thought the pocket calculator 
started a revolution in 1971, just wait. 

In the next twelve months more micro· 
electronic products will be introduced to 

the consumer than in any other phase of 
the micro·electronic revolution. Many of 

these products will 1) come from com· 
panies you've never heard of, 2) represent 
breakthroughs in micro·electronic tech· 
nology, and 3) provide more conveniences 
and benefits than ever dreamed possible. 

JS&A has been the company most 
sought after to introduce these new prod· 

ucts. Our national advertising campaigns 
and our system of selling directly to the 

consumer give high technology companies 
the opportunity to introduce new products 
to the market place in the most economical, 
quickest and most efficient manner. 

This article, written for readers of this 
special issue on micro·electronics, will tell 
you how we select products at JS&A. It 
will give you tips on how you can evaluate 
a new product, and it will give you an 
insight into how you can keep abreast of all 
the new and important product develop· 
ments. 

AN INDUSTRY LEADER 
Our role in micro·electronic marketing is 

a matter of record. We introduced the first 
pocket calculator, literally creating a new 
industry. We were the first company to 
nationally introduce the LCD digital watch, 
and we are at the forefront of every major 
new product introduction, including a few 
you will see in this issue. 

To achieve these results we have concen· 
trated our efforts on doing only one thing 
and doing it well-selling micro·electronic 

products directly to consumers through 
full'page advertisements in national mag· 
azines and newspapers. 

�ucts 
.... that 

thin� 

HOW WE SELECT A PRODUCT 
We have a comprehensive checklist that 

we go through for each product we select. 
The questions we ask ourselves include: 

1) Does the product use an integrated 
circuit? This has been the primary area in 
which we have concentrated. 

2) Is the product a major breakthrough 
or a new application of existing technology? 
(Both are acceptable criteria.) 

3) Is the manufacturer a solid, honest 
company providing honest value? 

4) Is the new technology in a product 
different enough to require the detail we 
supply in one of our advertisements? If it is 
not, then our pioneering efforts are not 
required and the product may not be that 
innovative. 

5) Does the product have advantages 
over the conventional version? Does it do 
its job more efficiently, faster and for less 
money? "Less money" is the most import· 
ant key. 

6) Can the consumer figure out how to 

operate it without reading the instructions? 
If not, how badly is the consumer willing 
to read the instructions? 

7) Is the warranty and back·up service 
well thought out in advance? 

8) Is the product at least one year ahead 
of all other similar products currently on 
the market? 

9) Is the product a gimmick or an honest 
contribution of useful new technology? 

10) Can our company sell enough of the 
product to make a decent profit? If the 
product appeals to too narrow a population 
segment, then we cannot sell enough of a 
product to keep our margins low enough to 
provide good value. 

DISCOVER OUR PRODUCTS 
How do you find out about these 

products? Until now, to follow our com· 
pany and its product introductions you had 
to be a reader of Scientific American or 

any of 50 national publications we adver· 
tise in or be one of our existing customers. 

JS&A will produce its first major catalog 

listing the newest consumer micro·elec· 
tronic products that we feel represent the 
best contributions to micro·electronic 
technology. 

If you are a JS&A customer, you will 
automatically receive one. If you are not, 
we will be happy to send you our first issue. 
It is called "products that think" -a collect· 
tion of the most advanced micro·electronic 
consumer products. 

In this issue of Scientific American are 
also a few of the products we are proud to 
introduce for the first time-products that 
we feel represent the quality, value and the 
innovation associated with our company. 

Finally, we owe a debt of gratitude to 
our customers and to micro·electronics­
the very science featured in this special 
issue. We are proud of our position in this 
field and we hope our contribution has 
helped both further this new technology 
and made possible the many conveniences 
now available to consumers. �NATIONAL 

O SALES 
® GROUP 

To send for your catalog, mail your name and address to: 
Catalog Department, JS&A National Sales Group, 

One JS&A Plaza, Northbrook, Illinois 60062. 
"products that think" is a registered trademark of 

the JS&A National Sales Group. 

©JS&A Group, Inc.,1977 
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TEACHINC DEVICE· ARCADE CAME· MUSICAL INSTRUMENT· HOME COMPUTER 

The handsome and highly styled Bally Library 
Computer is made of high impact clear plastic 
and imitation walnut with gold trim. It mea· 
sures 5" x 1 1" x 15" and weighs five pounds. 

The new Bally Library Computer provid es 
more entertainment and s ervices than man 

has ever dreamed p ossible from a single 
consumer product. 

This is the story of an incredible product. 
So incredible that we know of no future FUN AND ACTION ARCADE GAMES sizer, 3) record your personal belongings and 
consumer product that will have such a far· Picture nine baseball players running out their value for security purposes and add or 
reaching technological impact on society. on your TV screen to the sounds of "Take Me delete items while keeping the list in tact, 4) 

The Bally Library Computer is a small Out to the Ball Game" as you step up to bat. record all your phone numbers and then use 
console unit that resembles a programmable That's the scene with Baseball, the arcade the system to dial those numbers on your 
TV game but whose computing capabilities cartridge that plays two teams against each telephone, 5) play chess on the phone with 
resemble that of the IBM 5100 currently other with play so real that you hear all the another player and be able to see all the 

selling for $10,000. This calculating power music, sound effects and see all the action. moves on your TV screen. 
and its present and future programs will There are walks, balls, and such realism that EXCELLENT BUSINESS TOOL 
provide more convenience and benefits than the pitcher covers first base when a ball is hit With these expansion modules, business-
any other recent electronic product. to right field-just like the real game. There men will be able to do all their bookkeeping 
ELECTRONIC PRINTING CALCULATOR are double plays, walks and errors-all part of functions, payroll, inventory control and 

Imagine the computer as a printing calcu-
.nine innings of Baseball. On the same cart- billing. There will be printers, telephone 

lator with ten separate memories. You enter 
ridge are several paddle ball games but with a modems and a variety of peripheral computer 

the data on the unit's keyboard, but instead 
new twist. Players can move the paddle, not equipment that will turn your Bally Library 

of a paper tape, you use your TV screen to 
only up or down like most TV games, but Computer into a significant business tool. 

scroll out the answers similar to the credits on sideways and diagonally. And, when used in your business, your Bally 

a movie screen. You can balance your check- .-------------------, unit is depreciable like all your other capital 

book and then double check your calculations equipment. Even large corporations can use 
by scrolling back to your first entry. By the Bally for specific applications to avoid 
comparison, an electronic calculator with ten tying up their larger computer systems. 
memories alone would cost what this entire The Bally Library Computer will turn these 
computer costs-but there's much more. incredible add-on features into reality in a 

A CHALLENGING TEACHING TOOL planned program starting now. Each month, a 
new cartridge or accessory expanding the 

Your child inserts a cartridge in the Bally unit's capability will be announced. If you 
console. Three random math table problems The Bally circuit board contains 34 integrated purchase your system from JS&A, you will be 
are then flashed on your TV screen. Depend- circuits including a Z80 microprocessor. This alerted to these new accessories by mail on a 
ing on the speed and accuracy with which package represents more computing power in regular basis in advance of their availability 
those problems are answered, the Bally the hands of the consumer than was thought and before any national announcement. You 
automatically programs the computer with possible this early in the history of micro elec- may then order the accessories directly. 
your child's math level. Problems in addition, tronics. The mass production of these com-
subtraction, multiplication and division are ponents and circuit board has made possible a 

Each new cartridge or accessory will offer 

then flashed on the screen for the next three quantum leap in lowering the cost of what 
you a new way to use your system-a way 

minutes, and the computer continually normally would be a very expensive system. 
that would justify, by itself, the purchase of 

adjusts to a level slightly better than the math the entire system. 

level indicated by the previous three answers. 
Other popular arcade games include, Sea NOT JUST A TV GAME 

The math tables, therefore, remain a challenge 
Wolf, Red Barron, Tank and dozens of games Don't confuse the Bally Library Computer 

no matter how good your child becomes. 
only previously available at arcades. These with the many inexpensive programmable TV 

Psychologists, who were consulted by Bally, 
same games cost arcade owners up to two games. The Bally computer is a powerful 

helped design the cassette. They stated that 
thousand dollars each. system using the Z80 microprocessor whose 

the cassette should stimulate math learning cost per byte (the measure of computer 
and improve grades. MORE VALUE PER FEATURE 

memory power) is even lower than a home 
On the same math cartridge is a two player Let's quickly review the features-an computer. Yet it has 12,000 bytes of com-

game called Math Bingo. It adjusts to each electronic printing calculator with ten mem- puter power in its most basic system and 
player's ability so a parent can play against a ories, a teaching machine that adjusts to your you are not just limited to teaching, music, 
child or two children can compete against child's math level and an arcade center that entertainment or business applications. The 
each other at their own math levels-both replaces about $10,000 worth of electronic Bally computer can be programmed to do 
with an equal opportunity to win. You first arcade games with just a few cartridges. Use anything any mini-computer can do. A 
answer a math table problem similar to the any one of these features and you could justi- programmable TV game at any price is (and 
first exercise, and with a pistol-grip pointer fy buying this unit-but there's plenty more. will always be) just a programmable TV game. 
you move a square on your TV screen to the With all its sophistication, the Bally Library It cannot be expanded. The Bally Library 
correct answer position on your TV bingo Computer was designed to keep current with Computer is actually a computer with a 
card. The game involves both math skill and advancing computer technology no matter variety of expansion capabilities. 
dexterity. Each game is totally different since how sophisticated the development. Bally has 
the bingo cards have a million different provisions in its present system for ex pansion A COMPUTER IN EVERY HOME 

possibilities. Scoring is constantly displayed, modules. These devices wi II permit you to: 1) This is the first time a full-scale computer 
and a typical game lasts approximately three draw directly on your TV screen with an has been offered to the consumer. The home 
minutes. You can play as many consecutive electronic wand in 32 different colors and hobbyist with his home computer started the 
games as you wish. However, to start the eight shades of each color, 2) compose, record revolution a few years ago. With the specific 
score over, you press the reset button. and playback music on an electronic synthe- programs, software and accessories available 

16 

© 1977 SCIENTIFIC AMERICAN, INC



from Bally, the age of affordable consumer 
computer ownership is here now. 

INTERNAL TASK LIBRARY 

The computer you buy now has within its 
34 integrated circuits an internal library of 
over forty tasks that it performs. With such 
an extensive internal library, your computing 
power is already in the unit you buy. This 
also means that the Bally unit is a smart 
computer. (There are such things as dumb 
computers.) A smart computer can complete 
a function faster and more efficiently because 
it depends less on the data it gets and more on 
what it can already do. 

SA FE FOR YOUR TV 

The task library includes a built-in elec­
tronic timer which determines the end of 
a game or program by either score or elapsed 
time. It also times the arcade games and 
automatically turns off your unit and blanks 
out your screen if it is left on too long. Most 
TV set manufacturers have excluded sets that 
use TV games from warranty coverage be­
cause of the possible lines that appear on the 
screen from sets left on too long with the 
same picture. This is impossible with the Bally. 

I f  you get a phone call in the middle of a 
game, you press the pause control wh ich lets 
you freeze the action right in the middle of a 
play and blanks out the screen so you won't 
damage your picture tube. 

The library has sound effects so that each 
arcade game is complete-from the sound of a 
baseball bat to that of a torpedo hitting a 
submarine. It has a math program capable of 
turning your unit into a scientific, statistical 
or engineering calculator with the addition of 
the appropriate cartridge. The library contains 
the capability of creating patterns on your TV 
screen, playing music, and accepting type­
writer entries. It even has an index that 
displays everything in your library. 

The cassette cartridges add between eight to 
thirty-two thousand additional bytes of com­
puter power to the basic 12,000 byte system. 
The pistol grip arcade accessory can be used 

to play all the arcade games. 

SIGNIFICANT EXPANSION MODULES 
The most significant expansion accessory 

will be the $300 dual magnetic tape decks 
with an alpha numeric (typewriter) keyboard. 
With this accessory package, which will be 
introduced by JS&A in approximately six 
months, you can record data and software 
programs and do everyth ing you can do on 
any mainframe computer system within the 
data storage capacity of the Bally unit. 

The Bally console keyboard is used to select 
specific programs from each cassette. 

substantial company-further assurance that 
your investment is well protected. 

A FRANK DISCUSSION OF SERVICE 
The Bally unit is a solid·state computer 

with its electron ics condensed on 34 integrat­
ed circuits-all hermetically sealed and all 
pre-tested for a lifetime of service. The Bally 
Computer is also self-diagnostic. We have 
developed a cartridge that lets the unit itself 
check every integrated circuit and every 
solid-state component and which displays any 
malfunction on your TV screen. Then all you 
do is send the circuit board or your entire 
unit to Bally's service-by-mail center for 
prompt replacement. The cartridge will be 
sent free-of-charge only to JS&A customers 
shortly after you receive your unit. 

Please don't think service requirements are 
common. They're not. But we wanted to 
assure you that service was such an important 
consideration in the Bally design that the unit 
practically repairs itself. 

COMPLETE AS IT ARRIVES 
The implications of this add-on module are Each unit comes complete with four pistol 

mind-boggling. First, it adds an additional grips for use with the arcade and teaching 
16,000 bytes of memory to the powerful games, an AC adapter (batteries are not 
12,000 already in the basic system. Secondly, required ), three free arcade games, the calcu­
it provides not only more power and features lator program, its internal library of tasks, 
than are presently available in any home complete easy-to-understand instructions and 
computer, but it contains peripherals that a one year parts and 90 day labor limited 
would normally cost thousands of dollars warranty-all for only $299.95. 
extra and are considered accessories on all The arcade games include 1) Gun Fight, in 
other mini-computer systems. Thirdly, it uses which two cowboys shoot at each other 
the computer basic language which is easy to around cactus, covered wagons and other 
understand. And finally, each cassette tape in obstacles, 2) Checkmate, a one to four 
the system will contain an additional one player game in which you build walls around 
quarter million bytes of storage capability. your opponent to win and, 3) Scribble, a one 
With the tape decks and keyboard, the to four player game that utilizes the pistol 
consumer will now own the equivalent of an grip to droodle different designs on your TV 
entire computer system complete with screen (in color, if you own a color set). 
peripherals, storage and memory. A keyboard lets you use your printing 

HIGH SPEED PRINTER memory calculator and a special scroll button 
A high-speed 2200 characters per second lets you scan your entries up or down to 

printer will also be available next year. This review or check your calculations. You may 
will give you written records from your also order with your unit the Baseball and 
storage tapes. Store your most frequently Paddle Games cartridge for $24.95 or the 
called phone numbers, your income tax Math Table/Math Bingo cartridge for $19.95. 
figures, your savings account deposits, the A bulletin will accompany your unit listing all 
value of your stocks and bonds or a net worth the other cartridges and accessories that are 
statement. Then, when you need the infor- available or will be available in the near future. 

mation, press a button for a printed record. We feel so positive about this product that 
,---'-'---7:-:--:-=-:-=:--:"-:-:-:-:------, we will 1) not charge you anything for DIAL-A-BARGAIN ® 

postage and handling and 2) give you a 30 day ORDERING SYSTEM 
extended trial period to prove that the Bally 

Our technicians have programmed JS&A's is everything you expected after reading this 
main computer so you can use the Bally article. When you receive your unit, reconcile 
to access our computer directly when Bally's your checkbook with the calculator, let your 
dual tape decks become available. With a child practice with the math programs or have 
special module and cassette, you will be able 
to 1) call our computer on our toll-free 

your entire family play the arcade games. 
After you have used the system under your 

THE MAJOR BREAKTHROUGH number, 2) place an order, and 3) find out 
own conditions and have personally experi-

IN BALLY'S COMPUTER when it will be shipped. Since you com-
enced its fun and benefits, then decide if you 

I ts extensive internal library and the 
municate directly with our computer, your 

want to keep it. I f  not, return it within our 30 
tremendous power in the computer are the 

order is processed immediately and can 
day extended trial period for a prompt and 

be shipped within a few hours after receipt. 
big breakthroughs in the Bally unit. The To do this, JS&A engineers developed a $100 courteous refund. You can't lose. 
internal computer has over 12,000 bytes with hardware ordering package that will be sent Bally and JS&A have joined forces to mass 
a minimum of 8,000 bytes in its cartridges. free to those customers who order the basic market a product that will not only greatly 
This puts more computer power in the hands unit this year. influence the future of the computer indus­
of the consumer than six typical program- '-----'-:=:-:-:::-::=-======-=-----' try, but will dramatically add consumer con-
mabie TV games or an average hobbyist home THE BIG DI F FERENCE veniences never before dreamed possible. 
computer. It has the computational capabili- When you order the Bally computer today, Order your Bally Library Computer, at no 
ties of one $10,000 IBM 5100 computer, and you are making an investment in the future. obligation, today. 
each time you add a cassette cartridge you The basic unit you receive, without a single 

Unit pending FCC approval-allow 4 weeks deliverv. 
increase that capability. accessory, will provide more benefits than any 

Dial-A-Bargain is a registered trade mark of the 
Good resolution on your TV screen is one other product of its kind in history. JS&A National Sales Group. 

of the end effects of so much computer When you buy an expensive product, you 
power. By comparison, the best program- must be absolutely satisified that you get the 
mabie TV game image is projected on a service and a solid company standing behind 
screen composed of 64 dots wide by 64 dots your purchase for many years to come. The 
deep or 4,096 total dots. The Bally unit is Bally Library Computer is backed by a 
160 by 100 or 16,000 dots-four times substantial company, Bally-in business since 
more-so the Bally image is sharper and has 1931 and now the world's largest manufac­
finer detail, better resolution, smoother turer of coin-operated amusement games. 
motion, and clearer letters for math or text JS&A is America's largest single source of 
applications. space-age consumer products and also a 

I� (O)/AN�TIONAL 
�� �6up 

Dept. SA One JS&A Plaza 
Northbrook. III. 60062 (3121564-9000 

CALL TOLL-FREE .... 800 323-6400 
In Illinois call . .. .. . .. (312) 498-6900 
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Burglar Alarm 
Breakth 
A new computerized burglar alarm 
requires no installation and protects your 
home or business like a thousand dollar 
professional system. 

The Midex security computer looks like a 
handsome stereo system component and 
measures only 4" x TOW' x 7". 

It's a security system computer. You can 
now protect everything-windows, doors, 
walls, ceilings and floors with a near fail-safe 
system so advanced that it doesn't require 
installation. 

The Midex 55 is a new motion-sensing 
computer. Switch it on and you place a 
harmless invisible energy beam through more 
than 5,000 cubic feet in your home. When­
ever this beam detects motion it sends a signal 
to the computer which interprets the cause of 
the motion and triggers an extremely loud 
alarm. 

The system's alarm is so loud that it can 
cause pain-loud enough to drive an intruder 
out of your home before anything is stolen or 
destroyed and loud enough to alert neighbors 
to call the police. 

The powerful optional blast horns can also be 
placed outside your home or office to warn 
your neighbors. 

Unlike the complex and expensive com­
mercial alarms that require sensors wired into 
every door or window, the Midex requires no 
sensors nor any other additional equipment 
other than your stereo speakers or an optional 
pair of blast horns. Its beam actually pene­
trates walls to set up an electronic barrier 
against intrusion. 

NO MORE FALSE ALARMS 
The Midex is not triggered by noise or 

sound, temperature or humidity-just motion, 
and since a computer interprets the nature of 
the motion, the chances of a false alarm are 
very remote. 

An experienced burglar can disarm an 
expensive security system or break into a 
home or office through a wall. Using a Midex 
system there is no way a burglar can penetrate 
the protection beam without triggering the 
loud alarm. Even if the burglar cuts off your 
power, the four-hour rechargeable battery 
pack will keep your unit triggered, ready to 
sense motion and sound an alarm. 

DE FENSE AGAINST PEEPING TOMS 

By pointing your unit towards the out­
doors from your bedroom and installing an 
outside speaker, light, or alarm, your unit can 
sense a peeping tom, and frighten him off. 
Pets are no problem for the Midex. Simply 
put them in one section of the house and 
concentrate the beam in another. 

When the Midex senses an intruder, it 
remains silent for 20 seconds. It then sounds 
the alarm until the burglar leaves. One minute 
after the burglar leaves, the alarm shuts off 
and resets, once again ready to do its job. This 
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shut-off feature, not found on many expen­
sive systems, means that your alarm won't go 
wailing all night long while you're away. 
When your neighbors hear it, they'll know 
positively that there's trouble. 

PROFESSIONAL SYSTEM 

Midex is portable so it can be placed 
anywhere in your home. You simply connect 
It to your stereo speakers or attach the two 
optional blast horns_ 

Operating the Midex is as easy as its instal­
lation. To arm the unit, you remove a special­
ly coded key. You now have 30 seconds to 
leave your premises. When you return, you 
enter and insert your key to disarm the unit. 
You have 20 seconds to do that. Each key is 
registered with M idex and that number is kept 
in their vault should you ever need a duplicate. 
Three keys are supplied with each unit. 

As an extra security measure, you can leave 
your unit on at night and place an optional 
panic button by your bed. But with all its 
optional features, the Midex system is com­
plete, designed to protect you, your home 
and property just as it arrives in its well-pro­
tected carton. 

The Midex 55 system is the latest electron­
ic breakthrough by Solfan Systems, Inc.-a 
company that specializes in sophisticated 
professional security systems for banks and 
high security areas. JS&A first became ac­
quainted with Midex after we were burglar­
ized. At the time we owned an excellent 
security system but the burglars went through 
a wall that could not have been protected by 
sensors. We then installed over $5,000 worth 
of the Midex commercial equipment in our 
warehouse. When Solfan Systems announced 
their intentions to market their units to con­
sumers, we immediately offered our services. 

COMPARED AGAINST OTHERS 

In a recent issue of the leading consumer 
publication there was a complete article 
written on the tests given security devices 
which were purchased in New York. The 
Midex 55 is not available in New York stores 
but had it been compared it would have been 
rated tops in space protection and protection 
against false alarms-two of the top criteria 
used to evaluate these systems. Don't be con­
fused_ There is no system under $1,000 that 
provides you with the same protection. 

YOU JUDGE THE QUALITY 

Will the Midex system ever fail? No prod­
uct is perfect but judge for yourself. All 
components used in the Midex system are of 
aerospace quality and of such high reliability 
that they pass the military standard 883 for 
thermal shock and burn-in. In short, they go 
through the same rugged tests and controls 
used on components in manned spaceships. 

Each component is first tested at extreme 
tolerances and then retested after assembly. 
The entire system is then put under full 
electrical loads at 150 degrees Fahrenheit for 
a full week. If there is a defect, these tests will 
cause it to surface. 

PEOPLE LIKE THE SYSTEM 

Wally Schirra, a former astronaut and 
scientist, says this about the Midex 55, "I 
know of no system that is as easy to use and 
provides such solid protection to the home 
owner as the Midex. I would strongly recom­
mend it to anyone. I am more than pleased 
with my unit." 

Many more people can attest to the quality 
of this system but the true test is how it 
performs in your home or office. That is why 
we provide a one month trial period. We give 
you the opportunity to personally see how 
fail-safe and easy the Midex system' is to 
operate and how thoroughly it protects you 
and your loved ones. 

Use the Midex for protection while you 
sleep, to protect your home while you're 
away or on vacation. Then after 30 days, if 
you're not convinced that the Midex is nearly 
fail-safe, easy to use, and can provide you 
with a security system that you can trust, 
return your unit and we'll be happy to send 
you a prompt and courteous refund. There is 
absolutely no obligation. JS&A has been 
serving the consumer for over a decade-furth­
er assurance that your investment is well 
protected. 

To order your system, simply send your 
check in the amount of $199.95 ( Illinois 
residents add 5% sales tax ) to the address 
shown below. Credit card buyers may call our 
toll-free number below. There are no postage 
and handling charges. By return mail you will 
receive your system complete with all con­
nections, easy to understand instructions 
and one year limited warranty. If you do not 
have stereo speakers, you may order the 
optional blast horns at $39.95 each and we 
recommend the purchase of two. 

With the Midex 55, JS&A brings you: 1) A 
system built with such high quality that it 
complies with the same strict government 
standards used in the space program, 2) A 
system so advanced that it uses a computer to 
determine unauthorized entry, and 3) A way 
to buy the system, in complete confidence, 
without even being penalized for postage and 
handling charges if it's not exactly what you 
want_ We couldn't provide you with a better 
opportunity to own a security system than 
right now. 

Space-age technology has produced the 
ultimate personal security system. Order your 
Midex 55 security computer at no obligation, 
today. 

I� (0)/ A Nf-TIONAL 
�� �6up 

Dept. SA One JS&A Plaza 
Northbrook. III. 60062 (312) 564·9000 

CAll TOLL-FREE . .  _ .  800 323-6400 
In Illinois call ...... _. (312) 498-6900 
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the International Business Machines 
Corporation. He was educated at Stan­
ford University, receiving his Ph.D. in 
196 1. He then joined the Watson Re­
search Center, where he worked on 
computer logic design and in 1963 was 
made manager of a group working on 
magnetic-memory technology. Two 
years later he became interested in the 
use of microelectronic devices for com­
puter memories and was one of its earli­
est advocates. He is currently interested 
in the application of charge-coupled de­
vices to memories and in the implica­
tions of large-scale integration for sys­
tems design. An amateur trumpet play­
er, Terman is a devotee of jazz and has a 
collection of more than 2,000 jazz rec­
ords. He is the grandson of Lewis M. 
Terman, the well-known Stanford psy­
chologist. 

BERNARD M. OLIVER ("The Role 
of Microelectronics in Instrumentation 
and Control") is vice-president for re­
search and development of the Hewlett­
Packard Company and a member of the 
company's board of directors. He was 
educated at Stanford University and the 
California Institute of Technology, 
where he received his M. S. in 1936. Fol­
lowing a year of study in Germany un­
der an exchange scholarship, he re­
turned to Cal Tech and obtained his 
Ph.D., magna cum laude, in 1940. He 
then went to work at Bell Laboratories 
and over the next 12 years participated 
in the development of automatic track­
ing radar, television transmission, infor­
mation theory and coding systems. In 
1952 he joined Hewlett-Packard as di­

rector of research; he was appointed to 
his present position in 1957. Oliver 
holds more than 50 patents in the field of 
electronics, and he has served as a mem­
ber of the President's Commission on 
the Patent System. In 1966 he was elect­
ed to the National Academy of Engi­
neering and in 1973 to the National 
Academy of Sciences. 

JOHN S. MAYO ("The Role of Mi­
croelectronics in Communication") is 
vice-president of electronics technology 
at Bell Laboratories. Born in North Car­
olina, he was educated at North Caroli­
na State University, where he received 
his Ph.D. in electrical engineering in 
1955. He then went to Bell Laborato­
ries, initially doing research on transis­
torized digital computers and on the use 
of computers in defense systems. He 
also developed the method of transmit­
ting information in digital form known 
as pulse-code modulation. Later he ap­
plied the technique to the design of the 
command decoder and switching unit of 
the TeJstar communications satellite 
and to the development of the Picture­
phone system. Mayo went to his present 
job in 1975. He is responsible for direct­
ing the development of electronic com­
ponents, energy sources, power supplies 

8 PIECE CHIP CARVING SET 

Get into a fun hobby! These fine German 
carver's tools will let you make just about 
any cut you could want. Comfortable 
hardwood handles are about 6" long. 
Special knife alloy steel takes and holds a 
razor edge ..... $18.95 

6 PIECE 
CABINETMAKER'S 
CHISEL SET 

These shapes and this quality 
have been used by Europe's 
master craftsmen for two cen· 
turies! Hand·forged, ground 
and honed Tungsten·Vanadium 
steel. Marvelously comfortable 
ribbed·ash handles with 
nickelled double· reinforcing 
hoops. From lOW·12" long; set 
includes W, 'lr, W, %", I" and 
1 W widths ..... $34.95 

Don't let your fingers do 
the holding!. . .. you'll probably 

need them later for other things! 
Seven gripping surfaces and an offset head 

let you get into tight corners, stay flush with the 
surface and yet be accurate and ouchless. 8" long; 
vinyl covered handles ..... $8.95 

5 PIECE 
CABINETM AKER'S 
SCREWDRIVER SET 

Tools of this design were used by 
the 18th century masters 
Heppelwhite, Sheraton and Phyfe. 
Turned oval beech handles are just 
"fist·right". Put a wrench to the 
flattened area below the ferrule for 
your most stubborn screws. 
Lengths (ferrule to tip) 3", 4", 5", 
6" and 8" ..... $15.95 

PHONE ORDERS IN TO ASSURE 
CHRISTMAS DELNERY (216) 

Yes Ric Leichtung, 
o Please send me: (Leichtung pays all postage!) 
_ 8 pc. Chip Carving Sets @ $18.95 ....................... __ _ 
_ 6 pc. Cabinetmaker's Chisel Sets @ $34.95 ........ __ _ 
_ 7 pc. Brad Point Bit Sets @ $11.95 ..................... __ _ 
_ 5 pc. Cabinetmaker's Screwdriver Sets @ $15.95 __ _ 
_ Nail/Brad Pliers @ $8.95 ............................. ........ __ _ 

Ohio Residents add 5�% Tax __ _ 
TOTAL COST __ 

Method of Payment 
o Check 0 Bank Americard 0 Master Charge 

Card # _______ Good thrlJu ___ _ 
(For MC) Enter 4 digits below # ______ _ 

7 PIECE B RAD POINT 
WOOD BIT SET 

Made just for wood not metal. 
Brad point leads right to razor 
sharp flutes so that you drill 
the hole exactly where you 
want it . . .  perfectly straight 
and cleanly round. Excellent 
chip ejection, so no binding. 
Fit any 'MI" portable drill or drill 
press. Set includes 11", 3/16", 
W, 5/16", 'MI", 7/16" and W 
sizes. Made by German pro's 
for pro's '" and "wood·be" 
pro's ..... $11.95 
----

o Enclosed is $1.00. 
Please send me 
your 36 page 1978 
Catalog of Fine 
Tools PLUS all catalogs, 
brochures and new tool bulletins 
FOR THE NEXT TWO YEARS! 
o Enclosed is my order for 

Woodworking Tools. As my 
BONUS, please send your 36 
page 1978 Catalog of Fine Tools 
etc. for the next two years FREE! 

Name _________________ Admes,�s ___________ _ 

City _____________________ State, ____ Zip, ___ _ 

Mail to: LEICHTU INC. 701 Beta Drive #977SA 
Cleveland, Ohio 44143 
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with power to handle 
most diffioult musical pas­

circuitry to 
of 1he original 

�rformance and with the use of a Bessel 
the elimination 0fJransienf intermodulation 

., All this combined with an ease of operation 
,that is more and more appreciated with use. . 

.' Your Bang ,& . Olufsen dealer will show and demonstrate the . Beomaster 
4400 as 'a logical alternative. ·A dealer list and brochure are available by 
writing us. If you prefer, encloSe one dollar and our full color product portfolio 
and dealer. list win be' �en! by return ,1st �Iass mail. ' , 

8a"9 .. Oluf.�n of America. Inc., Dept. 13D; 515 Bu ... Rd., Elk�(ov.'VIII.g •• IL !0007 

����.�. ���----�------�--�--�����-----+-----------
, Clly:, _________________ ---'-

c.lo.M<s 
OF ENGLAND 

Handsome but rugged 
shoes for people who like 
their shoes to be tough. 
Made of genuine bull hide 

eather for strength and comfort. 
the kind of quality and crafts­

manship you get only from Clarks 
of England. Available in several 
styles for men and women in a 
natural waxy tone finish that's 
easy to care for. 

Made by skilled hands the world over. 

Clarks shoes priced from $20.00 to $50.00. For the store nearest you write Clarks, 
Box 92, Belden Station, Norwalk, Ct. 06852-De 9 SA B H 

and building-environment designs for 
the operating telephone companies in 
the Bell System. 

IVAN E. SUTHERLAND and 
CARVER A. MEAD CMicroelectron, 
ics and Computer Science") are respec­
tively director of the computer,science 
department and professor of computer 
science at the California Institute of 
Technology. Sutherland was educated 
at the Carnegie Institute of Technology, 
Cal Tech and M.LT .. receiving his 
Ph.D. in electrical engineering from 
M.LT. in 1963. He then entered the 
Army Signal Corps and was stationed at 
the National Security Agency. where he 
designed a new line of computer-display 
equipment. In 1964 Sutherland was 
made director for information-process­
ing techniques at the Advanced Re­
search Projects Agency (ARPA) of the 
Department of Defense, staying in that 
position after his discharge from the 
Army, He left ARPA in 1966 to become 
associate professor of electrical engi­
neering at Harvard University, Two 
years later he moved to Salt Lake City to 
become president of the Evans & Suther­
land Computer Corporation. of which 
he was cofounder. At the same time he 
continued his research at the University 
of Utah. where he helped to design a 
computer-graphics system that could 
create color images with lifelike shading 
and perspective. He joined the Cal Tech 
faculty in 1976. but he still is a consul­
tant for Evans & Sutherland and serves 
on the Defense Science Board, Mead 
was educated at Cal Tech, where he re­
ceived his Ph.D, in electrical engineer­
ing in 1959. His research began in the 
area of solid-state-device physics, with a 
brief foray into the biophysics of nerve 
membranes. It was during his calcula­
tion of the physical limitations on how 
small a transistor could be and still oper­
ate that he became absorbed in the prob­
lems of managing the complexity of 
large-scale integrated systems. Mead es­
capes occasionally from the world of 
high technology to raise haze In uts on his 
70-acre ranch in Oregon. 

ALAN C. KAY ("Microelectronics 
and the Personal Computer") is a princi­
pal scientist and head of the Learning 
Research Group at the Xerox Palo Alto 
Research Center. He received his B.A. 
in mathematics from the University of 
Colorado at Boulder and. after a short 
career as a professional jazz guitarist. 
studied computer science at the Univer­
sity of Utah. obtaining his Ph.D. in 
1969. He then became a research associ­
ate and lecturer at the Stanford Univer­
sity Artificial Intelligence Project. He 
moved to Xerox in 1971. "I have always 
been equally attracted to the arts and the 
sciences," he writes. "Eventually 1 dis­
covered that the world of computers 
provides a satisfying environment for 
my blend of interests," 

.. 
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HOW TO BE WELl: READ 
EVEN IF YOU AREN'T .-HEELED 

If you don't judge a 
book by its cover, why 
pay for the cover? 
Join QPB. Get great 
books by great writers 
in full-size, softcover 
editions at far less than 
hardcover prices. 

QPB is 'a book club 
people who love to reala .... _ 
and collect important 
works offiction and non­
fiction, but are stunned by 
current bookstore prices. 

1 04. Passages. Gail 
I n  hardcover : $ 1 0. 9 5 .  
QPB : $ 5 . 9 5 .  Same text, type 
size and n u mber of pages. And 
only $1 if it's part of your 3 -
book membe rship choice. 

The QPB alternative 
gives you the titles you 
want in full-size, soft­
cover editions. These are 
books printed on fine 
paper, as permanent and 
durably bound as most 
hardcover editions. 

You'll get at least one 
bonus point for each book 
or set you buy and when 
you've accumulated six 
bonus points, you will be 
able to pick another book 
or set free. 

And with QPB's care­
fully selected list, num­
bering in the hundreds 
(many available in soft­
cover only through QPB), 
no serious reader will 
have a problem finding 
books he or she has 
wanted to own. 

222 .  The Americans. Daniel J .  
Boorstin. (3 Vols.) Hardcove" $47.50 
QPB: $ 1 4.85 
228.  The Life And Work Of 
Sigmund Freud. Ernest Jones. The 
Letters Of Sigmund Freud. Edited by 
Ernst L.  Freud. (2 vols. ) Hardcover: 
$ Z 7 . 9 5  QPB : $ 1 1 .90 
253 .  The Adventures Of Sherlock 
Holmes and The Memoirs Of 
Sherlock Holmes. A. Conan Doyle 
(Z Vols.) lIIus. QPB : $7 .90 

3 7 5. The Mediterranean A nd The 
Mediterranean World In The Age 
Philip II. Volumes I and II.  Fernand 
Braude!. Translated by Sian Reynolds 
(IIlus.) Hardcove" $35 QPB : $ 1 3.90 
378.  Other Homes A nd Garbage 
Designs for Self-Sufficient Living. Jim 
Leckie, Gil Masters, Harry Whitehouse 
and Lily Young. QPB : $9.95 

260. The New Catalogue Of 
Catalogues: The Complete Guide to 
World· Wide Shopping by Mail .  Maria 
Elena De La Iglesia. (Photos) 

430. House Plants: How to Keep 'Em 
Fat & Happy. Linda Finkle·Strauss 
Illustrated by Pam Carroll .  Hardcover: 
$ 1 2 . 9 5  QPB : $6.95 

QPB: $7.95 

431 .  Colonies In Space. T.A. 
Heppenheimer. Produced by Richard C. 
Mesce. (Photos & lIIus . )  Hardcover: 
$ 1 2 . 95 QPB Ed: $6.95 

Let's try each other for 6 months. 
Quality Paperback Book Club, Inc., Middletown, Pa. 17057. 

Please enroll me in QPB and send the 3 choices I've listed below. Bill 
me $3  plus shipping charges. I understand that I am not required to 
buy another book. You will send me QPB Review ( if my account is 
in good standfng) for 6 months. If I have not bought and paid for at 
least 1 book in every six-month period, you may cancel my membership . 

Indicate by number the I I I I 3 books or sets you want . . . L. ___ -' 

�arne ______ ��-����-----7 -�Q�B-l-7-0--9 
( Please print plainly) 

Address ______________ Apt. ___ "" 16 
City _________ State _____ Zip ___ _ 
How membership works 3. Free books. For each book or 
1. You receive QPB Review 15 set you take {except the first 3 you 
times each year (about every 3V, get for $1 each) you earn Bonus 
weeks). Each issue reviews a new Points which entitle you to free books. 
Main Selection, plus scores of You pay only shipping charges. 
Alternates. All Main Selections with 4. Return privilege. If QPB 
established publisher's list prices are Review is delayed and you receive 
offered at at least 20')'0 discount off the Main Selection without having 
that list price. had 10 days to notify us, you may 
2. It you want the Main Selection return it at our expense. 
do nothing. lt will be shipped to you 5. Cancellations. You may cancel 
automatically. If you want one or membership at any time by notifying 
more Alternate books -or no book QPB. We may cancel your member-
at all - indicate your decision on the ship if you elect not to buy and pay 
reply form always enclosed and for at least one book in every six· 

399. The Crash Of '79. Paul E. 
Hardcove" $8.95 QPB Ed: $4.95 

Care Of Yourself: A 
Guide to Medical Care. 

Donald M. Vickety, M.D. ,  and James F. 
Fries. M.D. Hardcove" $9.95 
QPB: $5.95 
429. The Tao Of Physics: An 
Exploration of  the  Parallels Between 
Modern Physics and Eastern Mysticism . 
Fritjof Capra. Ollus.) Hardcover: $ 1 2.50 
QPB : $5.95 
432 .  Putting It A l l  Together:  A 
Consumer's Guide to Home Furnishings. 
Peggie Varney Collins and Shirley Wright 
Collins. Illustrations by Philip E Farrell, Jr. 
Hardcove" $ 1 0 QPB : $6.95 
434. The Discovery Of The Tomb Of 
Tutankhamen. Howard Carter and 
A.C. Mace. New introduction by Jon 
Manchip White. (Photos) QPB : $4 
1 88. Lovers And Tyrants. Francine 
du Plessix Gray. Hardcover: $8.95 
QPB Ed : $4.95 

Join now. Pick 
any 3 books or 
sets for $1 each­
with no 
obligation to buy 
another book. 
397.  The Unabridged Mark Twain 
Opening Remarks by Kurt Vonnegut, Jr. 
Edited by Lawrence Teacher 
QPB : $8.95 
I l l . The Foundation Trilogy: Three 
Classics of Science Fiction. Isaac Asimov 
Hardcover: $ 1 7 .85  QPB : $4.95 
1 32 .  Cat's Cradle, Siaughterhouse­
F ive and Breakfast Of Champions 
Kurt Vonnegut. (3 Vols.)  Hardcover: 
$ 2 3 . 8 5  QPB : $8.3 5  
1 5 1 .  The Lord O f  T h e  Rings 
J . R . R .  Tolkien. (3 Vols. ,  Boxed) 
Hardcover: $25 QPB : $8.95 
1 98. The Best Of Life. (Photos) 
Hardcover: $ 1 9.95 QPB : $8.95 
2 1 0. The World Of The Past. Edited 
by Jacquetta Hawkes. (2 Vois.) Maps and 
Photos. Hardcover: $ZO QPB: $ 1 1 .90 
433 .  The Cracker Factory. Joyce 
Rebeta·Burditt. Hardcover: $8.95 
QPB : $4.95 
207.  Starring Miss Marple. Agatha 
Christie. Hardcover: $ 1 0.95 
QPB Ed: $5.95 

-. The 
first 
book 
club 

for smart 
people who 
aren't rich. return it by the date specified. month period. 

L-l------____ L-_______ __________________ -'-________ ---l-' 
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Distinguished for the quality of service it provides and distinctively 
marked by the engine that sweeps cleanly through the tail, our DC-10 is the 
crowning achievement of 40 years of continuous airliner production. 

So widely used, and useable, it now flies to more places, more often, than any 
other wide-cabin jet. 

Airlines like the remarkable reliability and unmatched fuel efficiency of the DC-lO. 
Passengers - more than 100,000 each day - appreciate its smooth flight, wide seats, 
big windows, high ceilings, attractive lighting and the uncommon quiet of the cabin. 

DC-lOs serve 150 cities on six continents. Take one on your next trip . You'll be 
pleased - and so will we. 

Building j etliners and sp acecraft 
and fighter planes occupies much 
of our time, but it also creates a 
healthy climate for creativity that 
can yield surprising results .  For 
example, the space age technology 
that insulated and contained liquid 
hydrogen on Saturn moon rockets 
is now being applied in an 
improved method for ocean 
shipment of super-cold liquid 
natural gas (LNG ) .  The insulation 
being produced by our 

Astronautics Company p rovides 
added safety for shipment of the 
fuel, offers increased cargo loads 
for existing ship designs, or 
permits greater capacity in new 
small ship s .  We can't do it  alone.  
Our insulation material must b e  
j o ined with a metal barrier 
designed by Gaz-Transport of 
France, and of course, a ship to 
carry it .  But if you have tankers, 
or build them, ask u s  about 
insulation. We'll know what 
you mean. 

Our engineers, once concerned 
with the health of astronauts, were 
encouraged to turn their wits to 
broader problems of health care . 
The result - an au tomatic 
system for identifying infectious 
organisms in patient samples, 
such as urine. The system also 
identifies,  for attending 
physicians, the antibiotics most 
likely to counter the malady. 

You3 exped McDonnell D ouglas 

This AutoM icrob ic™ System, 
designed and b u ilt by 
McDonnell Douglas and marketed 
by Fisher Scientific,  eliminates 

to build the reliable and p opular DC-tO . . .  

. . . but would you expect us to keep 
natural gas super-cold, help train pilots 

and make electricity from the sun? 

© 1977 SCIENTIFIC AMERICAN, INC



many repetitive tasks now 
performed manually, freeing 
technicians for more useful work. 

The disposable test kits that 
receive the patient samples for 
analysis are filled with growth­
stimulating nutrients.  Growth in 
these kits i s  automatically moni­
tored and results are displayed to 
hospital p ersonnel and p rinted out 
as reports . Now being sold for 
organism identification, the system 
is awaiting FDA approval of its 
antibiotic mode. 

Fuel conservation i s  becoming a 
necessity to airlines with soaring 
fuel costs. Our Electronics division 
uses digital computers to create 
scenes through the windshield for 
pilot training simulators. They're 
so realistic that Federal regulators 

now permit ground training for a 
dozen pilot training maneuvers 
that once required costly training 
flights.  One airline, using several 
of our VITAL systems, claims fuel 
savings of 4 million gallons a year. 
Systems are now being introduced 
for military pilots to let them trai n  
for formation flying, carrier 
landings, air refuelling, even for 
combat, all without leaving the 
ground. Money is saved, time is 
saved, and safety is  enhanced.  
Early units p ermitted night 
training only. Daylight systems are 
now being demonstrated.  For 
those who are p ilots, or who train 
p ilots, it's amazing. For the rest of 
us,  the fuel  saved is  a godsend.  

Speaking of godsends,  we call 
your attention to a government 
agency really immersed in the 
energy problem. The Energy 
Research and Development Agency 
has u s  developing mirrors that 
track the sun, focu sing rays onto a 
tower-mounted boiler to produce 
super-heated steam. The steam 
passes through a conventional 
turb ine - presto - electricity. In 
another ERDA study, we focus 

ItIICDONNELL DOUGLAS 

EQUAL OPPORTUNITY IN PROFESSIONAL CAREERS. SEND RESUME: B O X  1 4526. ST. LOUIS. M O .  63178 

solar rays on a field of liquid- metal 
filled pipes to generate heat.  We're 
working hard on this, but as one 
engineering wag ob serves, "In this 
job, work stop s at sunset:'  

We would not quarrel if  you think 
of McDonnell Douglas as an 
aerospace comp any. But,  far be it 
fro m us to turn away from 
invention simply becau se it does 
not fly. To discuss the technologies 
mentioned, jot  your interest  on 
your letterhead and send it  to us. 
We 'll be in touch. Wri te : 
McDonnell Douglas, Box 14526, 
St .  Louis, MO 63178. 
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MATHEMATICAL 
GAMES 

On conic sections, ruled surfaces and 
other manifestations of the hyperbola 

by Martin Gardner 

Tewis Carroll once wrote (in The 

L Dynamics 0/ a Parti-cle): "What 
mathematician has ever pondered 

over an hyperbola, mangling the unfor­
tunate curve with lines of intersection 
here and there, in his efforts to prove 
some property that perhaps after all is 

a 

CIRCLE 

c 

a mere calumny, who has not fancied at 
last that the ill-used locus was spread­
ing out its asymptotes as a silent rebuke, 
or winking one focus at him in contemp­
tuous pity?" 

Put a large sphere, say a basketball, 
on a light-colored tabletop in a darkened 

ELLIPSE 

Shadow experimelll displays four conic-section curves 
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room. Shine a flashlight directly down 
on the ball as is shown at a in the illus­
tration on this page. The ball's shadow 
is, of course, a circle. Its center is the 
point where the ball touches the sur­
face of the table. 

Move the flashlight toward the east as 
at b in the illustration. The shadow 
stretches to an ellipse. The center of the 
circle has now split into two points that 
are the foci of the ellipse. The sphere 
rests on the focus closer to the light 
source. As you move the light farther 
east, the other focus moves west, in­
creasing the eccentricity of the ellipse. 

Lower the light source until it is level 
with the top of the ball [c). The ball still 
rests on the eastern focus, but now the 
western focus has traveled to infinity. 
The outline of the shadow is a parabola. 

Move the light until it is below the top 
of the ball [d]. The curve of the shadow 
becomes a hyperbola. The sphere still 
touches the table at the focus of the hy­
perbola but now something delightful 
has happened to the missing focus. 

Imagine that in all four pictures there 
is a counterball, identical with the 
sphere on the table but placed on the 
other side of the light source the same 
distance away. The counter ball is shown 
with a broken line in the last picture [d]. 
Note that it casts a shadow cone identi­
cal with the one produced by the ball on 
the table but turned the other way. The 
apexes of the cones meet at the light. 

In the first three pictures the counter­
ball's shadow lies above the plane of the 
tabletop. When the light source moves 
below the top of the ball , however, the 
countershadow falls on the plane to 
form a countercurve that is the eastern 
branch of the hyperbola under the ball. 
The missing focus has, so to speak, trav­
eled around infinity to return on the oth­
er side! Since the two ends of infinity are 
one and the same point, they are compa­
rable to the extremities of a ring that has 
been cut and opened out into a straight 
line. This infinite, unmutilated ring is 
the geometric metaphor behind Henry 
Vaughan's famous couplet "I saw Eter­
nity the other night I Like a great Ring 
of pure and endless light." 

Imagine the counter ball in the last 
picture moving away from the light 
source but continuously expanding so 
that it always touches the sides of the 
countercone. When the counterball is 
large enough to touch the tabletop, it 
will rest on the focus of the counter­
branch of the hyperbola. These two 
spheres of unequal size, nested in the 
cones and touching the cutting plane at 
the foci of the hyperbola, provide an 
old, elegant proof that the curves are 
indeed branches of a hyperbola. The 
proof is clearly explained on pages eight 
and nine of Geometry and the Imagina­
tion, by David Hilbert and S. Cohn­
Vossen (Chelsea Publishing Company, 
1952). If both spheres are placed in the 
same cone, a similar proof can be used 
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With it, the phone system of tomorrow 
is in Chicago today. 

A while ago, we told you light­
wave communications was just 
around the corner. Today, it's in the 
streets of Chicago. 

For the first time, the human 
voice, business data and even video 
signals are being carried by light­
waves traveling over hair-thin glass 
fibers. Instead of electric current 
traveling over copper wire. 

But without that little link you 
see on the opposite page, lightwave 
communications for such a wide 
range of services might stilI be an 
experiment in a lab. And without 
Western Electric technology, the link 
might stilI be a design on a blueprint. 

The link is an outgrowth of an 
idea from the people at BeU Labs. 
While they were putting the major 
components of the lightwave system 
together, they had to find a way to 
splice the glass fibers and get the 
light across the splice. 

A Simple Idea 

The idea they came up with was 
deceptively simple. A coupling 
device made up of tiny grooved chips, 
smaUer than the tip of your finger, 
that would guide the ends of the 
hair-thin fibers and butt them up 

in perfect alignment. 
There was only one hitch. 

Making one chip was easy. But there 
was no machinery that could mass 
produce aU the identical chips that 
would be needed for a lightwave 
system like the one in Chicago. 

Making Ideas Reality 

That's where Western Electric 
comes in. Turning ideas into tech­
nological innovations is nothing new 
at Western Electric. 

Over the years, Western Electric 
has piled up an impressive list of 
innovations that have become man­
ufacturing standards. 

It was the first company in the 
world to manufacture the transistor. 

It was the first to put the laser 
to work as a useful production tool. 

And it is the company that went 
beyond conventional machining 
techniques to make the chips for 
Chicago's lightwave system. 

Each chip is pure silicon crystal. 

pendicular planes, uniform grooves 
can be chemicaUy cut into the chip. 

By combining the science of 
chemistry and the art of lithography, 
Western Electric's Engineering 
Research Center developed a way 
to etch 12 ultra-precise, perfectly 
shaped, identical V·grooves on each 
chip. With each groove no wider than 
a hair and separated only by a hair's 
breadth from its neighbors. 

And, more importantly, they 
were able to reproduce these chips 
so that each one was a perfect double 
of the other. 

Teamwork is the Key 

The telecommunications revolu­
tion beginning in Chicago is another 
good example of how Western Electric 
and BeU Labs help put new tech­
nology into practical use for the Bell 
telephone companies, quickly and 
economically. 

Their close relationship is an 
important reason why your telephone 
system is the most efficient and 
reliable communications system in 
the world. And it's a basic reason why 

Its internal structure (a criss-cross 
arrangement of intersecting planes) 
provides a built-in blueprint for reg­
ularly spaced grooves. And 
because the crystal's diagonal 
planes etch faster than its per- @ 

innovations in technology 
are a common occurrence 
in the Bell System. 

Western Electric 
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The origind manuscript by J. S. Bach shown is 
reproduced by kind permission of The British Ubrory. 

The Tesf 
of Time. 

Critics were most generous in their 
praise when the Shure Y-15 Type 111 
phano cartridge was first introduced. 
The ultimate test, however, has been 
time. The engineering innovations, the 
uniform quality and superb 
performance of the Y-15 Type III have 
mode it the audiophile's choice os the 
source af sound for the finest music 
systems both here and abroad. 

Consider making the relatively modest 
investment of a new cartridge to 
upgrode the performance of your 
entire hi-fi system. It will make a 
difference you can hear! 

Shure Brothers Inc 
222 Hamey Ave., Evanston. IL 60204 
In Canada: 
A C Simmonds & Sons limited 

H SHURE 
® 

MANUFAQUREI\S OF HIGH ADElITY COMPONENTS. 
MICROPHONES. SOUND SYSTEMS AND RELATED CIRCUITRY 
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(see Chapter 15 of my New Mathemati­
cal Diversions from Scientific American) 
to show that a curve is an ellipse. 

The shadow experiment I have been 
describing is a way of displaying the 
four curves as conic sections. The plane 
of the tabletop is the plane that cuts the 
cones. It is apparent that the circle is a 
limiting case of the ellipse. The parabola 
is a limit of both ellipse and hyperbola. 
Like the circle, it has only one shape, 
although the shape can be enlarged or 
diminished. Both the ellipse and the hy­
perbola, however, are infinite families 
of different shapes. 

Astronomers often find it difficult to 
decide whether a comet or a meteor is 

String method of drawillg a hyperbola 

traveling an elliptical. parabolic or hy­
perbolic path. It is easy to see why. Vary 
the parabola ever so slightly one way 
and it becomes an ellipse. Vary it ever so 
slightly the other way and it becomes a 
hyperbola. Comets in permanent orbit 
around the sun move on ellipses. Those 
that enter the inner solar system and 
then leave, never to return, move on pa­
rabolas or hyperbolas. 

Since the hyperbola is a kind of ellipse 
split in half by infinity, it is not surpris­
ing that the two curves are related to 
each other in many inverse ways. An 
ellipse is the locus of all points whose 
distances from two fixed points have a 
constant sum. The two fixed points are 

Jlyperbola produced by capillary actioll 

Foldillg a hyperbola 
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called the foci of the curve. This is the 
basis for the ancient method of drawing 
an ellipse with a pencil and a loop of 
string that goes around two pins. 

The hyperbola is the locus of all 
points whose distances from two fixed 
points have a constant difference. The 
illustration at the upper left on the op­
posite page shows a string device for 
drawing one branch of a hyperbola. The 
pencil at P keeps the string taut and 
pressed against the rod as the rod rotates 
around its fixed end at focus A. The 
string is attached to focus B and to the 
rod's free end, C. BP + PC is constant-. 
therefore AP - BP must also be con­
stant. Since AP and BP are the distances 
of P from the two foci, we have proved 
that the curve must be a hyperbola. 

Ellipses and hyperbolas are also easi­
ly produced by a paper-folding method 
that points up the inverse kinship of the 
curves. Draw a circle on a sheet of trans­
lucent paper such as waxed paper or 
tracing paper. Mark a spot anywhere in­
side the circle. Fold the paper in a varie­
ty of ways each of which brings the spot 
onto the circumference of the circle. 
Each fold line is tangent to an ellipse. 
When enough folds have been made. the 
ellipse will take shape as the "envelope" 
of the tangents. The spot and the center 
of the circle are the two foci of the el­
lipse. To fold a hyperbola follow the 
same procedure with a spot anywhere 
outside rather than inside the circle. 
Both branches of the hyperbola appear 
in the lower illustration. Again the spot 
and the center of the circle are the two 
foci of the curve. 

Will a spot on the circumference of 
the circle give rise to a parabola? Unfor­
tunately it will not. We can blame this 
perversity on the parabola's lost focus. 
Each fold line goes through the center of 
the circle and is therefore tangent to a 
circle that has shrunk to a point. To get a 
parabola we need a circle expanded to 
infinity so that its circumference is a 
straight line. Rule a line on the paper 
and pick a point off the line; now the 
same folding technique will produce a 
splendid parabola. The missing focus is 
the "center" of the infinite circle. 

Of the four conic curves the hyperbo­
la is the curve least often observed in 
everyday life. Circles and ellipses are 
everywhere. We see parabolas when­
ever we water a lawn with a hose or 
watch the flight of a baseball. One of 
the few times we see a complete hyper­
bola is when a lamp with a cylindrical 
or conical shade, open at both ends, 
throws shadows on a nearby wall. Our 
forebears saw a branch of a hyperbola 
on a wall when they held near the wall a 
candle burning in a candlestick with a 
circular base. 

Scientists and mathematicians are 
constantly seeing hyperbolas as the 
graphs of various second-degree equa-

FOR THE LOVER OF FINE INSTRUMENTS ... 

The Questar 
family of 
telescopes 

<D Questar Corporation, 1977 

Because Questar's inventor loved fine 
instruments, he designed Questar for 
himself. He had ,begun dreaming about 
the kind of telescope he someday wanted 
to own, long before such a thing was 
considered a possibility. 

To begin with, of course, there was to 
be a set of optics so fine that no amount 
of money, time, or human effort could 
improve upon it. Second, since he be­
lieved that the use of a telescope should 
not be a difficult physical chore, the size 
was extremely important: it should be 
easily portable. Preferably it would be 
small enough to be used on a table, 
where a person could sit in a relaxed 
position to observe and be able to have 
a writing surface at hand. And since he 
planned to carry it in his travels, it 
would be packaged handsomely in a 
piece of leather luggage. 

Third, the accessories which were nec­
essary for the enjoyment of a telescope 
were to be built in and should have 
fingertip controls within easy reach. 

Fourth, the mechanical design must 
incorporate a means of putting the tele· 
scope into its polar equatorial position 
at a moment's notice and without the 
need of a separate tripod. 

Fifth, the versatility that he visualized 
would make this instrument equally suit­
able for nature studies in the field. It also 
should be able to focus on close objects, 
which no other telescope in the world 
could do. 

Sixth, the design must be photovisual 
so that he could record on film whatever 
these superior optics would present to 
the eye. 

And finally, the instrument must be of 
rugged construction and vibration less, 
without the aggravating oscillations of 
long-tubed conventional telescopes. 

As we have said, this was the dream, 
but one lacking the possibility of fulfill­
ment within the state of the art at that 
time. However, in the 1940's an impor­
tant discovery in optics occurred. When 
Maksutov published, in the Journal 0/ 
the Optical Society 0/ America, a paper 
on his mixed lens-mirror, or catadioptric, 
system, it was immediately apparent to 
Questar's designer, Lawrence Braymer, 
that this break-through in optics would 
make possible a miniaturized version of 
the astronomical telescope which he had 
for so long wanted to build. 

The Questar telescope reached the 
market in 1954: 3.5 inches of aperture 
with a 7 -foot focal length in a sealed 
tube only S inches long, and with all 
the built-in conveniences that he had 
planned. These included a wide-field 
finder, power changes without changing 
eyepieces, smooth manual controls in 

altitude and azimuth, safety clutches, set­
ting circles, a sidereal clock, and synchro­
nous motor drive. Moreover, a totally 
safe solar filter had become an additional 
feature created for the solar observer. 

Included, also, were legs for a table­
top polar equatorial position; and as the 
design had progressed it had come to 
include two other conveniences: a map 
of the moon anodized on the barrel and 
a chart of the stars anodized on an alu­
minum sleeve to slip over the barrel. 
The chart revolves for monthly star set­
tings and slides forward to serve as a 
dewcap. Both charts make other maps 
unnecessary during observing sessions. 

Most remarkable of all were the optics 
-this was a system so fine that it has 
consistently delivered resolution surpass­
ing its theoretical limits. Throughout its 
subsequent history, the care and preci­
sion with which every set of optics has 
been made and star tested has earned for 
the Questar telescope its reputation as 
the finest in the world. 

Other Questars have followed over the 
years-the Seven, which is twice the size 
of its world-famous predecessor, has 
twice the resolving power and four times 
the light grasp; and more recently, the 
Questar 700. The latter is an f/S tele­
photo lens for the photographer, and 
Modern Photography has simply called 
it "the best." The 700 guarantees perfec­
tion and flatness of field from edge to 
edge; also, precise focusing from infinity 
to 10 feet with a single turn of the focus­
ing ring. 

We always say that when you buy a 
Questar telescope you get the whole 
observatory. The instrument in its fitted 
case contains all that you need to enjoy 
the earth or skies, day or night. Your 
Questar need never be idle, and you can 
carry it with you wherever you go. In a 
recent letter a Questar owner called it 
"an enchanting companion." 

Our new booklet, described below, 
contains a remarkable collection of pho­
tographs by Questar owners, including 
a portfolio of our favorite pictures pub­
lished over the years. Be sure to send 
for a copy. 

QUESTAR, THE WORLD'S FINEST. MOST VERSATILE· 

TELESCOPE. PRICED FROM $925, IS DESCRIBED IN 

OUR NEW 1977 BOOKLET, SEND $1 TO COVER MAIL· 

ING COSTS ON THIS CONTINENT. BY AIR TO SOUTH 
AMERICA, $3; EUROPE AND NORTH AFRICA. $3,50; 

ELSEWHERE $4. INQUIRE ABOUT OUR EXTENDED 

PAYMENT PLAN. 

QUESTAR 
Box 20·LF, New Hope, PA 18938 

Phone (215) 862·5277 
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is no longer flat. 
AMI c reates  VMOS. This revolutionary idea revolves 
around a three-dimensional transistor, etched into the 
silicon substrate. 

The result? A circuit that's extremely fast, dense 
and inexpensive. 

It isn't blue-sky theory. The first VMOS RAM, the 1 K 
S4015-3, is in volume production now. And a reputable 
second source has committed to manufacture VMOS 
RAMs in 1978. 

Our 35 nanosecond (typical, 45 nanosecond 
maximum) 1K static memory is pin compatible with the 
fast 1 K NMOS and bipolar RAMs, and leads the way 
for the large family of VMOS products arriving soon. 
These will include: 

NEW VMOS PRODUCTS AND TYPICAL ACCESS TIMES 

4K fully static RAM (I K x 4) 80 ns 
4K fully static RAM (4K x I) 80 ns 
4K fully static low power RAM (4K x I) 45 ns 
8K fully statis: RAM (I K x 8) 125 ns 
16K ROM (2K x 8) 100 ns 
64KROM (8K x 8) 250 ns 
16K EPROM (2K x 8) 200 ns 

The density permitted by vertical short-channel FETs 
produces VMOS circuits that are much smaller than 
competitive chips, increasing the speed and lowering 
the cost. For example, the latest bipolar 1 K size is 61 % 
larger, and the new fast NMOS 1 K is 87% larger than 
AMI's S4015-3. And VMOS densities are achieved 
without stretching feature dimensions at the sacrifice of 
yields, as is necessary with bipolar and NMOS 
technologies. 

. 

"VMOS" refers to a short channel NMOS structure fabricated in ''V'' shaped grooves 
which penetrate the silicon surface and ore combined with planar NMOS devices 

In short, VMOS presents the best of all possible 
worlds. If you want to stay up to speed at a down-to­
earth price, call your nearest AMI distributor or sales 
office. Or write to AMI Marketing, 3800 Homestead 
Road, Santa Clara CA 95051. You'll be entering the MOS 
world of the future. 

VI MOS: the 
new technol� 
fromAiMil 

AMERICAN MICROSVSTEMS, INC. 
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tions. Even the simple equation ab = c, 
where c is a constant, graphs as a hyper­
bola. It is the equation of hundreds of 
physical laws (Boyle's law and Ohm's 
law, to mention two) and also the equa­
tion of many economic functions. A 
simple experiment to display ab = c can 
be made with two rectangular sheets of 
glass. Place them together at one pair of 
edges and separate the opposite edges by 
a tiny distance with a short strip of card­
board or a pair of matches. Rubber 
bands will keep the plates fixed in this 
position. Stand the device in colored wa­
ter. Capillary action will make the hy­
perbola shown in the illustration at the 
upper right on page 28. 

A typical hyperbola is shown in the 
top illustration at the left. The two color 
lines are the curve's asymptotes: the un­
reachable limits the curve's branches 
approach as they are extended. If the 
asymptotes are perpendicular to each 
other (they are not here) ,  the hyperbola 
is called equiangular or rectangular. 

The arms of a parabola quickly be­
come almost indistinguishable from 
parallel lines. In contrast, the arms of a 
hyperbola rapidly widen on their way to 
infinity, although they are forever con­
fined within the angle of their asymp­
totes. It is this beautiful property that 
has inspired many poetic and theologi­
cal metaphors. Miguel de Unamuno, 
the Spanish philosopher, called the hy­
perbola a tragic curve. "I believe that if 
the geometrician were to be conscious 
of this hopeless and desperate striving of 
the hyperbola to unite with its asymp­
totes," Unamuno wrote, "he would rep­
resent the hyperbola to us as a living 
being and a tragic one!" 

In his essay "The Immortality of the 
Soul ." however, Joseph Addison re­
garded the metaphor with optimism. 
After death the soul moves ever closer 
to God without ever becoming God. 
"We know not yet what we shall be, nor 
will it ever enter into the heart of man to 
conceive the glory that will be always in 
reserve for him. The soul. considered 
with its Creator, is like one of those 
mathematical lines that may draw near­
er to another for all eternity without a 
possibility of touching it." 

Hyperbolas have a dramatic applica­
tion in range-finding. To understand 
how this works consider a person A who 
fires a rifle at a distant gong B. Assuming 
that the ground is flat, where must one 
stand to hear the sound of the gun and 
the sound of the gong simultaneously? 

Let x be the distance sound travels in 
the length of time it takes the bullet to 
travel from the gun to the gong. A and B 
are the foci of countless hyperbolas. The 
person who hears the sounds simulta­
neously must stand on a branch of a hy­
perbola (the one nearest the target) that 
is the locus of all points the difference of 
whose distances from A and B is x. 

A distant sound can be located by two 
pairs of listening posts: A and B, C and 
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Microelectronics. 
The basis for continuing innovation. 

From the leader ... 

Thxas Instruments. 
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TI's 990/9900 First Family. 
Most cost-ef fective means of using 

microelectronics. To improve. To change. 
To innovate for today and tomorrow. 

TI's 990/9900 Family 
Software Compatibility 
from Components to 
Boards to Systems 

Not quite twenty years ago, the 
integrated circuit was born at 
Texas Instruments. And sparked 
a pervasive revolution that's im­
pacting all our lives. 

It launched the thrust toward 
today's incredible circuit com­
plexities. Causing product sizes 
to shrink as performance in­
creases. And as prices decline. 

The Kilby integrated circuit 
was the catalyst for today's 
"computer on a chip." TV games. 
Intelligent terminals. Distrib­
uted processing. Digital watches. 
The multi-function personal 
calculators now becoming as 
ubiquitous as transistor radios. 

Throughout this swift pro­
gression, Texas Instruments 
was - and remains - in the fore­
front of leadership. With a 
continuous succession of new 
technologies in materials and 
methods. Advances in circuit 
architecture. In processing and 
imaging techniques. In software. 
And in packaging. 

All making technology readily 
affordable. Giving you the means 
to employ microelectronics for 
change. For innovation. For cre­
ating new and better designs. 

The latest, most challenging 
and potentially most advanta­
geous development in microelec­
tronics from TI: the unique 990/ 
9900 First Family. 

Broad compatible choice 
Tl's 990/9900 family offers the 
broadest available selection of 
software-supported micropro­
cessors, microcomputers, mini­
computers and systems. 

All are software compatible. 
From components up through 
the minicomputers. And as tech­
nology advances, new members 
of the 990/9900 family will evolve 
to keep you up to date. 

Thus, the programs and train­
ing you develop not only apply 
today. But also in the years 
ahead. Your design and software 
investments are protected. As 
you adapt. Innovate. Move from 
application to application. 

Already, 9900 microprocessors 
are finding widespread use. To 
name a few areas: Test instru­
ments. Process controls. Data 
terminals. Cars. Distributed 
processing networks. Pro­
grammable calculators. Tele­
communications. 

First Family microcomputer 
modules suit many of these 
applications. Particularly where 
production runs are small and 
economics do not warrant de­
veloping a custom circuit board. 

The 990 mini/microcomputers 
are proving indispensable in a 
variety of data processing sys­
tems. Such as room and car 
reservations. Retail/wholesale 
order entry and inventory con­
trol. Automated manufacturing . 

Five microprocessor options 
First Family microprocessors 
utilize an advanced memory-to­
memory architecture. That lo­
cates general-purpose register 
files in memory. To give you the 
combination of cost and per­
formance best suited to your ap­
plication. 

• TMS 9900 - Single-chip N­
channel Metal Oxide Semicon­
ductor (NMOS) 16-bit micropro­
cessor with full minicomputer 
capability. 

• SBP 9900 - Single-chip 16-bit 
Integrated Injection Logic (FL) 
twin to the TMS 9900 for severe 
operating environments. 

• TMS 9980 - Single-chip 16-bit 
NMOS microprocessor incorpo­
rating 8-bit oriented memory. 

• TMS 9940 - single-chip 16-bit 
NMOS microcomputer incorpo­
rating memory and input/output 
(available soon). 

• S481 Chip Set - Transistor 
Transistor Logic (TTL) modu­
larly expandable, micropro­
grammable building blocks. 

Peripheral circuits in plenty 
A wide choice of peripheral cir­
cuits supports these micropro­
cessors. Included are parallel 
and serial communication de­
vices plus dedicated input/out-
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put components. Coming: Large­
scale controllers for high speed 
data transfers, floppy discs and 
cathode ray tubes. 

Microcomputer chip set 
When your design calls for the 
performance of a customized 
microcomputer, the logical 
choice is the First Family's S481 
microcomputer chip set. 

The S481 offers extremely fast 
throughput. And complete mi­
croprogrammability. Emulates 
9900 instructions as well as other 
instruction sets. 

Economical 
microcomputer modules 
Another way the First Family 
helps you meet time and cost 
goals effectively is through its 
series of ready-to-use microcom­
puter modules. 

The TM 990 microcomputer 
modules consist of single circuit 
boards containing a TMS 9900 
or TMS 9980 microprocessor, 
memory, input/output and other 
circuitry. Preassembled. Pre­
tested. And expandable. 

They're ideal for evaluating 
9900 microprocessors. For imple­
menting a microprocessor-based 
design where time-to-market is 
short. And, in quantity, afford­
able for production runs. 

The First Family's 990/4 mi­
crocomputer is an off-the-shelf 
answer to many production 
problems. It also comes in a 
choice of low-cost chassis. And 
with power supplies, operator's 
front panel, interfaces and pe­
ripherals to make it a complete 
microcomputer system. 
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Affordable minicomputer 
The 990/10 general purpose mini­
computer is the First Family's 
most powerful member. Provid­
ing the high performance speeds 
demanded by many applications. 
Built to give maximum process­
ing power. And backed by high­
level software languages - FOR­
TRAN IV, COBOL and multi-use 
BASIC - as well as a large se­
lection of peripherals. 

Applications 
support systems 
A variety of software and hard­
ware development aids support 
the 990/9900 spectrum. For ex­
ample, dedicated software and 
firmware development support 
is provided by the new FS 990/4 
and AMPL* systems. 

The FS 990/4 combines the 
high performance of the 990/4 
microcomputer with the low-cost 
flexibility of a floppy disc . With 
a video display terminal, inter­
active development and mainte­
nance software, and FORTRAN 
IV - an optional higher-level 
• Trademark of Texas Instruments 

language. All the features and 
components required to develop 
and execute a wide range of 
programs. 
Capitalizing on the power of the 

FS 990/4 is the AMPL Advanced 
Microprocessor Prototyping Lab. 
A dedicated design lab where 
990/9900-based systems can be 
developed in an integrated soft­
ware/hardware design and de­
bug sequence. 

AMPL features TMS 9900 mi­
croprocessor emulation. The 
interactive process allows simu­
lation/test and emulation/test. 
With minimum delay between 
identifying and implementing a 
needed design change. Result: 
Substantial savings in design 
time and cost. 

The First Family is further 
supported by nationwide time­
share and cross-support - trans­
portable assemblers and simu­
lators - for in-house computers. 

TI's original integrated cir­
cuit changed the entire charac­
ter of electronics. Judging from 
that impact, the effect of today's 
microelectronics will probably 
be far beyond anything we can 
forecast now. 

The 990/9900 First Family­
broad, compatible and growing 

. - is designed to give you the 
sound, secure basis for entering 
the microelectronics era today. 
And for remaining abreast of 
future developments. With mini­
mum redesign. Minimum re­
learning. And minimum soft­
ware reinvestment. 

Investigate the First Family's 
benefits and advan-

~ tages. Call your near- Dr est TI field sales office 
or TI distributor. 
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TI leadership in memories: 
New CCD memory. New bubble memory. 

Progress in memories at Texas the highest density of any semi­
Instruments parallels develop- conductor memory. 
ments in microprocessors. Two New 92K bubble memory 
significant memory innovations Non-volatile, Tl's new TIB 0103 
from TI offer greater perfor-. is one-up on other memories. It 
mance. Greater capacity. And remembers when the power is off. 
eliminate several serious design 
bottlenecks. 

New 65K CCD memory 
TI's new TMS 3064 is the first 
65K charge-coupled device (CCD) 
memory on the market. A low­
cost, high-performance memory 
that plugs the gap between high­
speed Random Access Memories 
(RAMs) and low-speed, serial­
access magnetic memories. 

It utilizes a unique CCD struc­
ture developed by TI to achieve 

Having a capacity of 92,304 
bits, it's the first commercially 
available magnetic bubble mem­
ory. A natural for applications 
where portability is desired in 
programmable calculators. Data 
loggers. Voice storage. Measure­
ment and test equipment. 

It's ideal for data terminals 
(see below). Word processing. 
Controllers. As an alternative to 
disc and. drum storage. With its 
microprocessor-compatible inter­
face family, the TIB 0103 can 
also handle the microprocessor 
mass memory function. 

For more information on these 
new memories, call your TI field 
sales office. 

Distributed processing: 
Putting computing power closer to the problem. 

Distributed logic and memory 
locates data bases and process­
ing at the points of greatest use. 
And promises vast potential for 
increasing productivity. 

Bubble memory terminals 
A major step forward is Tl's new 
Silent 700* Model 765 Portable 
Memory and Model 763 Memory 
Send-Receive Terminals. 
*Trademark of Texas Instruments 

Their TIB 0103 bubble mem­
ory permits data to be entered 
and stored all day long. Then, 
when phone rates are lowest, 
the data can be transmitted to 
the computer at high speeds. 

These new memory data ter­
minals have 20K bytes of bubble­
memory storage expandable to 
80K bytes - the equivalent of 16 
to 20 fully typed pages. And vir­
tually silent, non-impact print­
ing means high performance and 
reliability. 

Intelligent terminals 
The new Model 770 Intelligent 
Terminals remove a burden from 
host computers by preprocessing 
data on the spot. Errors are re­
duced and speed and accuracy 
are increased in source data 
entry applications. 

Additional savings result from 
transmitting batched data when 
line rates are lowest. 

Both the bubble memory and 
the intelligent terminals use the 
TMS 9900 microprocessor for 
control of logic functions. 

For more information on these 
terminals, call your TI sales 
office or write Texas Instruments 
Incorporated, P. O. 4Po 
Box 1444, MIS 784, 'UI 
Houston, Texas 77001. 

TEXAS INSTRUMENTS 
©1977 Texas Instruments Incorporated INCORPORATED 93183 
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Cylindrical string model (left) twists into a hyperboloid (middle) and a double cone (right) 

D. Listeners at A and B record the time 
they hear the sound. Their clocks are 
synchronized so that they can obtain 
a precise difference between the two 
times. Call the difference x. The sound 
must come from a branch of a hyperbo­
la (the one nearest the sound) that is the 
locus of all points the difference of 
whose distances from A and B is x. This 
curve is drawn on a map. Listeners at C 
and D do the same thing and plot a 
branch of another hyperbola on the 
same map. The spot where the two 
curves intersect. nearer the sound's ori­
gin. gives the "fix" of the origin. 

Hyperbolic navigation systems such 
as loran. which was developed during 
World War II. operate by a reverse pro­
cedure . Somewhere on the shore a pair 
of stations A and B-one is called the 
master station. the other the slave sta­
tion-send out simultaneous radio sig­
nals. Another pair of master and slave 
stations. C and D. do the same thing 
from another shore position. A ship or 
an airplane at sea. using the time differ­
ences in receiving the signals from both 
pairs of stations. can plot two hyperbo­
las that intersect on the map to fix its 
location. 

Mirrors with a hyperbolic cross sec­
tion are found (usually with other kinds 
of mirrors) in some reflecting telescopes 
and special-purpose cameras and be­
hind the light sources of flashlights and 
searchlights. If a light source is at one 
focus of an elliptical mirror. all the re­
flected rays converge on the other focus. 
If the light source is at the focus of a 
parabola. the reflected rays are parallel 

as they seek the lost focus at infinity. A 
hyperbolic mirror causes the reflected 
rays to diverge as is shown in the bottom 
illustration on page 32. If. however. we 
extend these diverging rays backward as 
is shown by the broken lines. they oblig­
ingly converge on the other focus. In a 
sense they have traversed the infinite 
and found the lost focus at a point just 
behind their origin. 

A lovely hyperbolic surface with 
many remarkable properties is the "hy­
perboloid of one sheet." first described 
by Archimedes. A string model of this 
surface is shown in the middle of the 
illustration above. Vertical cross sec­
tions of the surface are hyperbolas and 
horizontal cross sections are ellipses. If 
the horizontal sections are circles. it is a 
"hyperboloid of revolution of one 
sheet." so called because it is generated 
by spinning a hyperbola around its con­
jugate axis. (If a hyperbola is rotated 
around its transverse axis. it generates a 
hyperboloid of rotation of two sheets: 
a pair of domelike structures separated 
by a finite distance.) 

In 1669 Christopher Wren. the archi­
tect who designed St. Paul's Cathedral. 
reported an extraordinary discovery 
about the hyperboloid of one sheet. He 
�howed that the hyperboloid of one 
sheet is what mathematicians now call 
a ruled surface. a surface consisting of 
an uncountable infinity of perfectly 
straight lines! 

A cylinder. for example. is a ruled 
surface of parallel straight lines. A cone 
is a ruled surface of straight lines that 
meet at the apex of the cone. The hyper-

boloid is a ruled surface of two distinct 
families of straight lines. In the middle 
of the illustration above you see some 
members of one set all slanting the same 
way with no two lines intersecting. The 
other family (which is not shown) is a 
mirror-image set. slanting the other 
way. Each line of one set intersects each 
line of the other. A straight line from 
each set passes through every point on 
the hyperboloid. The pair of lines 
through a point defines the plane tan­
gent to the surface at that point. 

It is easy to see from the string model 
that a hyperboloid of one sheet is gener­
ated by the rotation around an axis of a 
straight line segment that is skew to the 
axis; that is. the line incorporating the 
segment does not intersect the axis. (If 
the rotating line segment is parallel to 

A 

B 

How to spin a hyperboloid 
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The Volvo 265 station wagon was 
designed with the knowledge that in 
addition to carrying your possessions, a 
station wagon also carries you. 

And you shouldn't have to put 
up with a station wagon that's a bore 
to drive. 

So in addition to 75 cubic feet of 
cargo space in the back (rear seat 
folded), the Volvo 265 comes with 2.7 
liters of fuel-injected V-6 engine 
up front. 

In high-speed passing, the Volvo 
265 - with its 4-speed transmission­
surpasses a BMW 320i sports sedan. 

You also get power disc brakes 
on all four wheels. Hit them, and the 
Volvo 265 (even with maximum load) 
stops in about the same number of feet 
as a BMW 320i. 

The Volvo 265 comes with rack 
and pinion steering for precise, respon­
sive handling. And an advanced sway­
bar suspension system that keeps the 
wagon steady and level even when 
you're whipping through hairpin turns. 

A STATION WAGON 
THAT REALLY MOYES. 

Even parking the Volvo 265 is a 
pleasure. Despite the room inside, it's 
no bigger outside than a Volvo sedan. 
And when it comes to turning circle, it 
has the inside track on cars like BMW, 
Corvette and the Datsun 280Z. 

You can also take comfort from 
the fact that the Volvo 265 is perhaps 
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the most comfortable station wagon on 
the road. Air conditioning is standard 
equipment. As are Volvo's famous 
orthopedically-designed bucket seats. 
You also get power-assisted steering, 
and your choice of automatic transmis­
sion or 4-speed manual with overdrive 
... all at no extra cost. 

So if you're looking for a luxuri­
ous station wagon that performs like a 
sports sedan, come in and take a look 
at the Volvo 265. 

It's the kind of station wagon 
you'll appreciate. Even when the only 
thing it's moving from one place to 
another is you. 
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the axis. it generates a cylinder; if its 
extension intersects the axis. it generates 
part of a cone.) This suggests a simple 
experiment with a pencil and a paper 
clip. Open the paper clip to form an 
acute angle and then push one end 
through the eraser of the pencil . . as is 
shown in the bottom illustration on page 
37. Turn the wire so that AB. the up­
right part. is skew to the vertical axis 
of the pencil. Place the pencil between 
your palms and spin it by sliding your 
hands rapidly back and forth. With the 
right lighting the rotating skew line will 
form a transparent hyperboloid. 

If a cube is spun on one corner. its six 
skew lines generate a similar surface. 
With a little practice you can snap a die 
between your finger and your thumb 
and make it spin on a corner. Lower 
your head to view the spinning cube 
from the side. You will see in profile a 
hyperboloid between two cones. as is 
shown in the top illustration on this 
page. 

Making the string model shown in the 
top illustration on page 37 is not difficult. 
Simply thread a string back and forth 
through holes evenly spaced around the 
rim of two cardboard or plywood disks. 
Spots of glue placed over the holes will 
keep the cord from sliding. When the 
disks are held apart to stretch the cord 
vertically. as they are at the left in 
the illustration. they model a cylinder. 
Twist one of the disks 180 degrees clock­
wise and the strings model two cones as 
is shown at the right. Between these 
two limits twists produce an infinite 
family of hyper bolo ids such as the one 
shown in the middle of the illustration. 
ruled with straight strings that slant one 
way. Twist the disk counterclockwise 
and you can run through the mirror­
image set of hyperboloids. ruled by 
strings slanting the other way. 

A much more difficult model to make. 
built of rigid wires instead of strings. is 
described in Geometry and the Imagina­
tion. pages 16 and 17. The pair of wires 
at each intersection are joined by a uni­
versal joint that allows rotation but not 
sliding. You would expect such a struc­
ture to be rigid. Instead it is flexible in a 
curious way. If the model is compressed 
in one direction. the elliptical cross sec­
tion degenerates into a straight line and 
the rods fold up into a vertical plane on 
which they form the envelope of a hy­
perbola. If the model is collapsed the 
other way. the rods fold down into a 
horizontal plane on which they form the 
envelope of an ellipse. The bottom illus­
tration on this page. based on a photo­
graph in Geometry and the Imagination. 
shows how two hyper bolo ids of revolu­
tion can provide a gear transmission be­
tween two skew axes. The cogs of each 
gear are one of its sets of generating 
straight lines. 

A striking architectural use of a hy­
perboloid of revolution of one sheet is 

provided by the McDonnell Planetari­
um at Forest Park in St. Louis [see illus­
tration on page 42]. The designer. Gyo 
Obata. chose the surface because the 
hyperbolic paths of certain comets sug­
gest. as he put it. "the drama and excite­
ment of space exploration." Note the 
straight line of the shadow thrown by 
the circular roof as sunshine slants down 
on the planetarium. Is this shadow line 
one of the generating straight lines of 
the surface. or is it a space curve that 
appears straight only when it is viewed 
from the angle shown? I shall give the 
answer next month. 

The ciphertext given last month-the 
one Edgar Allan Poe could not 

solve-has the following plaintext: 
" Mr. Alexander. 
How is it that the messenger arrives 

here at the same time with the Saturday 
courier and other Saturday papers when 
according to the date it is published 
three days previous? Is the fault with 
you or the postmasters?" 

The cipher is a polyalphabetic substi­
tution cipher working with 12 alphabets 
keyed by the words "United States." 
Each letter indicates the degree of shift 

Hyperboloid betweell cones from spinning cube 

for a Caesar cipher. Thus the alphabet 
key for M. the first letter of the plain­
text. is A = U. B = V. C ='w and so on. 
For R. the second letter of the plaintext. 
the key is A = N. B = O. C = p and so on. 

There were 16 errors in the published 
cryptogram: first. J was given as the 
third letter instead of I. and second. the 
fifth letter in the message was omitted. If 

Hyperboloidal gears transmit motion to a skew shaft 
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THE SHIP THAT 
BROUGHT AMERICA 

ITS TASTE FOR 
SCOTCH. 

December 5, 1933 was a noteworthy d(\y for 
Scotch drinkers. FOR it was the first tiMe in 13 ye(\rs 
that drinking it was legal. Prohibition was repealed. 

Perh(\ps even more noteworthy: it was the day 
CuHy SaRk landed in America. A Scots Whisky already 
le gendary in other civilised parts of the world. 

Scotch had been imported into this country before, 
but had also been large ly ignored. Cutty Sark, however, 
with its particular smoothness, soon captured a l(\rge 
and loyal following of AMericans with good taste. 

Today, whereveR you go in America, yOU will find 
the boHle with the famous ship "Cutty Sark" on the 
l(\be 1. And the distinctive Scots Whisky inside. 

Who would have thought back in )933 that some­
d(\y people would be able to cross the United States 
without changing ships? 

·cunY SARK: ··cunY." THE cunY SARK LABEL AND THE CLIPPER SHIP DEVICE ARE REGISTERED TRADEMARKS Of BERRY BROS· & RUDD LTD·. LONDON. 

ENGLAND· A6 PROOf BLENDED SCOTCH WHISKY DISTILLED AND BOnLED IN SCOTLAND· IMPORTED BY THE BUCKINGHAM CORPORATION. NEW YORK. N.Y 
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the second mistake had not been made , 
Poe might have guessed the opening to 
be " Mr.  Alexander" and the solution 
would have followed easily . The next 
issue of Crypto!ogia [see " Mathematical 
Games," SCIENTIFIC AMERICAN, August] 
will explain how ciphers of this type can 
be broken by modern methods. 

In May this department offered the 
following paradoxical game. Each of an 
infinite set of cards bears a pair of con­
secutive integers. There are 10n dupli­
cates of every card, where n is the card's 
lower number and n = 1. 2 ,  3, 4, . . . .  An 
umpire randomly selects a card, then 
writes one of the numbers on the fore­
head of one player, A, and the other 
number on the forehead of the other 
player, B. The players agree that the one 
with the lower number, k, must pay k 
dollars to the other. A, seeing m on his 
opponent's forehead, reasons: My num­
ber is m + 1 or m - 1. Since there are 10 
times as many cards with m and m + 1 
as there are cards with m and m - 1. my 
chances of winning are 10 times greater 
than my chances of losing. B, of course, 
reasons the same way. How can the 
game favor both players? 

More than 50 readers were quick to 
point out that the paradox arises from 
the false assumption that numbers can 
be randomly selected from the infinite 
set of positive integers in such a way that 
all numbers are equally likely. There are 
many ways to demonstrate the absurdi­
ty of such a procedure. Choose any 
number k. The probability is 0 that a 
"randomly" selected positive integer is 
equal to or less than k, and the probabili­
ty is 1 that it is greater than k. In other 
words, the chances are zero of selecting 
a number small enough to be written on 
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any finite surface with symbols of finite 
size, no matter how small. 

George Peter Wacktell made the 
point this way. You cannot shuffle an 
infinite deck of cards bearing all positive 
integers because if you could, the fol­
lowing contradictory theorem would 
hold: For any two cards taken from such 
a shuffled deck it is infinitely probable 
that each card bears a higher number 
than the other. In brief, the game in 
question cannot be played. Steven J. 
Brams, Elkan Halpern and Thomas 
Louis, Roger B.  Lazarus, Frederick 
Mosteller and Herbert Robbins are 
among those who sent particularly de­
tailed or interesting analyses of the 
problem. 

Assume that the deck of cards is finite , 
so that an umpire can indeed randomize 
them and pick a pair of consecutive 
numbers small enough to be written. 
The upper bound of the pairs is not 
known. At least one player will always 
refuse to play. I. Martin Isaacs, a mathe­
matician at the University of Wisconsin, 
amplified and corrected my earlier re­
marks about this game as follows: 

"If the cards are numbered ( 1,2), (2 ,3) ,  
(3.4}, . . .  (possibly with some cards 
missing and others repeated, even allow­
ing infinitely many cards and a method 
of random selection with a nonuniform 
probability distribution) , then any play­
er seeing an even number on his oppo­
nent should refuse to play. If he sees an 
odd number, he need not veto even (sur­
prisingly) if the odd number he sees is 
known to be the highest number in the 
deck. This contradicts your analysis, 
which requires a person seeing the high­
er number to cast his veto even if the 
number is odd. He may agree to play , 

The McDollllell Plalletarium ill St. Louis, Mo. 

having confidence in the rationality of 
the other participant, who, seeing an 
even number, will not allow the payoff 
to occur . 

"To prove my assertion, note that a 
player seeing 1 can only win and so need 
not veto. Thus it is rational play to veto 
on all numbers greater than 1 and play 
on seeing 1. (Of course, this is not the 
only rational way to play.) Each player , 
being rational. needs to protect himself 
against all possible rational strategies of 
his opponent. Thus if a player sees 2 ,  he 
must veto to defend against the rational 
play of 'yes on 1, no on everything else' 
that his opponent might use. It now fol­
lows that 'yes on 3, no on everything 
else' is rational. since if a player sees 3, 
he knows he is safe if he has 2 because 
his opponent must veto when he sees 2 .  
As a protection against the 'yes on 3 
only' strategy, a rational player must 
veto on seeing 4, and this makes 'yes 
on 5 only' a rational plan. Continuing 
in this way, my assertion follows by in­
duction. 

"There ' is something very curious 
here: If the card ( 1 .2) is missing from the 
deck, the above analysis remains un­
changed. However, if the umpire an­
nounces that ( 1,2) is missing, then the 
game is equivalent to the preceding situ­
ation except now one must veto on odd 
numbers. On the other hand, if each 
player secretly looks through the deck 
and discovers that ( 1,2) is missing but 
does not know that his opponent also 
has this information, then rationality 
still demands vetoing evens (except for 
2). It is again a question about whether 
'A knows that B knows . . .  .' Throughout 
I am assuming that each player casts his 
veto by a secret ballot. "  
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Here's why you're better 
off flying our 74 7B instead of 
their 74 7SP: 

Qantas 747B's clip more than 
an hour off the SP's best time. 

Our 74 7B is a bigger, 
more comfortable airplane. 

And the Qantas Australian 
Express operates three times a 
week. Every Wednesday, 
Friday and Sunday. 

We fly from San Francisco 
to Honolulu. 

Then we fly non-stop all the 
way to Sydney; with a convenient 
connection to Melbourne. 

Or you can fly our regular 
747B service which calls at 
Honolulu and Nadi, Fiji. Every 
Monday, Thursday and Saturday. 

Face it, a business trip to 
Australia can be a bear. We're out 
to make it bearable. 

Ask your Transportation 
Manager or Travel Agent. 

ORN TR5 The Australian 
Airline. 
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Take any 3 books 
all for only $3.95 
(values as high as $60.00) 
if you will join now for a trial period and agree to take only three 
more books, at member discount prices, over the next 12 months. 

(Publishers' Prices shown) 

44 900. ENCYCLOPEDIA OF COMPUTER SCI· 
ENCE. Edited by Anthony Ralston and Chester L. 
Meek. Contains 470 articles. 1550 pages of the latest 
accurate information on hardware. software, systems, 
theory, economic, social, and professional issues, by 
20gleading experts. COUIiIS as 3 ofyour 3 books. $60.00 

82560. TECHNIQUES OF PROGRAM STRUC· 
TURE AND DESIGN. Edward Yourdon. Over 300 
illustrative problems, 90 valuable references, and four 
demonstration projects. $16.95 

30820. ABEND DEBUGGING FOR COBOL PRO· 
GRAMMERS. Berllard H. Boar. Examines three 
major abends: problem programs, data management, 
and supervisor. $12.95 

54450. THE IBM 5100 PORTABLE COMPUTER: A 
Comprehensive Guide for Use ... and Programme .... 
Harry Kanan. Jr. Includes sample BASIC and APL 
programs for payroll and inventory control applications. 

$19.95 

35450. AUTOMATIC DATA PROCESSING 
HANDB OOK. The Diebold Group. Line practitioners 
report on the latest technology: auxiliary memory, 
peripherals. systems design, consultant services, 
software packages. Counts as 2 of your 3 books. $29.50 
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84385. TOP·DOWN STRUCTURED PROGRAM· 
MING TECHNIQUES. Clement McGowan and John 
R. Kelly. Practical solutions in actual code serve to 
introduce the revolutionary new concept of structured 
programming. $14.95 

73191. QUEUEING SYSTEMS. Volume II. Compu. 
ter Applications. Leonard KJeil/rock. Takes informa­
tional processing theories and demonstrates how they 
can be used to solve real-world problems. Counts as 2 of 
your 3 books. $25.00 

41665. DATA PROCESSING PROJECT MAN· 
AGEMENT. Thomas R. Gildersleeve. A step-by· step 
guide to the development of a data processing system. 

$14.95 

83400. THEORY AND DESIGN OF SWITCHING 
CIRCUITS. Arthur D. Friedman alld Premachandrall 
R. Menon. Covers practical solutions to optimization 
problems for large-scale systems. plus flip-flop memory 
elements. mathematical models. $19.95 

66010. OPERATING SYSTEMS: A Systematic 
View. William S. Davis. Covers everything from cpu's 
to number systems, with specifics on multiprogram­
ming. job control. and specialized systems for partIcular 
applications. $15.95 
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82180. SYSTEMS PROGRAMMING: Concepts of 
Operating and Data Base Systems. Dal'id K. Hsiao. 
Covers assembly systems, input/output operations, 
batch processing operating systems. data base managers, 
more. $16.95 

70110. PRINCIPLES OF DATA-BASE MANAGE­
MENT. james Martill. Covers data structures, security, 
file storage, real-time vs. non-real-time, more. $18.50 

39970. COMPUTER ARCHITECTURE. Caxtoll C. 
Foster. Covers microprogramming. switching circuitry, 
memory speed increases in mainframes, tessellated 
computers, much morc. $16.95 

59920. MANAGEMENT: Tasks, Responsibilities, 
Practices. Peter F. Drucker. A brilliant task-focused 
handbook of the skills. techniques and tools a good 
executive needs to stay effective in modem manage­
ment. $17.50 

6 2640. MICROPROCESSORS AND MICROCOM­
PUTERS. Branko Soucek. Offers a thorough account of 
the general programming and interfacing techniques 
common to all microcomputers anll a complete rundown 
of all major microprocessor families. Counts as 2 of your 
3 books. $23.00 

SYSTEMS 
PROGRAMMING 

ConceptS of 
Operating and 

Data Base Systems 
O,t.VIO_."JI.r.o 

62620. MICROCOMPUTER HANDBOOK. Charles 
J. Sippi. Detailed reference to the technology and apr,li­
cations of microprocessors. Covers software to the ef: ect 
of micro technology on mainframe users. $19.95 

APPUED 
Dm,---==-== 

tMR4GEMEMr ' 

QMRLES T. fIIEIIX1N 

58805. LOGICAL DESIGN OF DIGITAL SYS­
TEMS. Arthur D. Friedman. Basic reference to gate 
level logic design, combinational circuits, sequential 
circuits, register transfer languages, more. $16.95 

34150. APPLIED DATA MANAGEMENT. Charles 
T. Meadow. A practical approach to data bases. Covers 
data structures. commumcation, organization, design 
and management, and more. $17.95 

5S415. INFO RMATION AND DATA IN SYSTEMS. 
Borje Langefors and Kjell Samuelson. Covers basic re­
trieval functions, processing techniques, design 
methodology. more. $14.95 

58085. LEARNING TO PROGRAM IN STRUC­
TURED COBOL. Edward Yourdoll. Treats COBOL as 
a foreign language. and offers several dramatic, easy 
techniques to help you learn the basics of structured 
programming-process, decision. loop, CASE. $17.95 

If the reply card has been removed, please write to 
The Ubrary or Computer 

and Inrormation Sciences 
Dept. 7-2AM, Riverside, N.J. 08075 

to obtain membership infonnation and an application. 
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BOOKS 
Scripts, tongues, the opening three minutes 
of the universe, Roman roads and chimaeras 

by Philip Morrison 

CORPUS OF MAYA HIEROGLYPHIC IN­
SCRIPTIONS, VOLUME 1: INTRO­
DUCTION TO THE CORPUS, by Ian 

Graham. Peabody Museum of Archae­
ology and Ethnology, Harvard Univer­
sity ($7.50). CORPUS OF MAYA HIERO­
GLYPHIC INSCRIPTIONS, VOLUME 2: PART 
1. by Ian Graham and Eric von Euw. 
Peabody M useum of Archaeology and 
Ethnology, Harvard University ($7.50). 
THE BOOK OF A THOUSAND TONGUES, 
second edition, edited by Eugene A. 
Nida. United Bible Societies, distribut­
ed by Landmark Book Co., New York 
($16.95). The momentum of the old En­
lightenment and the romance of the new 
Greek Revival moved the Academy of 
Sciences in Berlin to commission a not­
ed classicist to form and to publish a 
definitive collection of all surviving in­
scriptions of Hellas. In 1828 August 
Bockh brought out the first volume of 
his great Corpus Inscriptionum Graeca­
rum. Volumes of that series in direct de­
scent continue to appear to this day, a 
monument of classical epigraphy. But 
the world learned something of the in­
scriptions of a very different culture, the 
Maya, only recently; all Maya epigra­
phy is more recent than Bockh's classi­
cal volumes. 

There are two good reasons for recall­
ing the old Corpus. Growing scholarship 
and new tools-the computer-have 
sounded a note of optimism for current 
efforts to decipher Maya glyphs. More 
than that, the scattered sites of the Maya 
have for more than a decade been the 
prey of organized airborne plunderers, 
who make their way to the lonely places 
and break up and remove anything at­
tractive and portable. The work of the 
Maya is attacked with saws, rock drills, 
fire-even explosives. M uch sculpture 
has been forever destroyed by "looters 
completely devoid of expertise trying to 
'thin' stelae for easy remova1." They are 
tough men, and they have even physical­
ly attacked the occasional lone watch­
man. Pirates! They are only the first link 
in a golden chain that connects "respect­
able" dealers from Zurich to Los Ange­
les, and through them greedy collectors 
and insensitive museums (antimuseums, 
perhaps?). 

Ian Graham has for a decade of study, 
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promotion and arduous work, both in 
the field and among the foundations, set 
himself the task of finding, describing 
and preserving the Maya texts on paper. 
The work is still in active progress. 
These first parts were published in 1975, 
and this year several more will appear. 
The plan calls for the introduction and 
five comprehensive volumes, each in 
three parts, recording geographical area 
by geographical area every known 
Maya text, save those on pottery or pa­
per: "jade, shell, bone, wood, stucco and 
painted walls." Stone carvings of course 
form the bulk of what we have; when­
ever hieroglyphics and representational 
art are together, the complete design 
will be recorded. The work is spare, 
even dry: carefully scaled photographs 
(some stereographic), meticulous line 
drawings and site maps, without much 
commentary. 

Graham's colleague von Euw joined 
the project in 1971 to begin his "ini­
tiation into the twin mysteries of hi­
eroglyphics and the management of 
mules." These tropical texts are not in 
museums or on the Acropolis; for the 
most part they lie barely accessible in 
swamp and forest. Take the 18-kilo­
meter loggers' road to Naranjo on the 
border between Guatemala and Belize. 
"With some labor this road can usually 
be made passable for vehicles with four­
wheel drive in the dry season." The 
big pages of these inexpensive 60-page 
books present their stelae at a scale of 
one to 10. Not many readers will want 
the entire corpus, but a good many 
should enjoy owning a favorite site or 
two as the right volumes appear. 

We pass from a scholar's museum of 
texts in one enigmatic tongue to a re­
markable field guide of language at 
work. Here, with a modest but expert 
apparatus of historical and linguistic 
comment, we are presented with the evi­
dence of Babe1. The Book of a Thousand 
Tongues sets before the reader about 
1,400 samples, language by language, 
mainly of the same text, from the Gos­
pel according to St. Mark. One citation 
will identify that text, readable by most 
English-speaking people, taken from the 
disciplined and expressive tongue of the 
Gulf of Guinea, here called Pidgin En-

glish of Cameroun but also known as 
Wescos and Krio (No. 1. 051 of the 
1,399 tongues listed): "1. Di fos tok fo di 
gud nyus fo Jesus Christ God yi Pikin. 2. 
I bi sem as i di tok fo di buk fo Isaiah." 
The volume reports as of 1970 the status 
of that extraordinary evangelical enter­
prise, which continues the work begun 
among the Jewish community of Alex­
andria, whose members during the third 
century B.C. caused their Hebrew Testa­
ment to be rendered into good Hellenis­
tic Greek. In the ninth century A.D. St. 
Cyril devised his alphabet to turn the 
Bible text into the Russian language, as 
before him Mesrop had done for the Ar­
menians and Wulfila for the Visigoths. 
One can view here the verses from Mark 
in Cyrillic (old and new versions), in Ar­
menian (an ancient version and two 
modern versions, one for the dialect of 
the Armenian S.S.R., the other for that 
of the Diaspora) and even in old Wul­
fila's alphabet (quite unrelated to the 
black-letter type we call Gothic). 

Chinese? To be sure, in a couple of 
dozen versions: old characters and new; 
Romanizations; phonetics in Chinese 
built, like the Japanese syllabary, out of 
fragments of characters; dialects for 
many provinces, and a number of the 
languages of non-Han minorities in Chi­
na. Dakota, Quechua, Kiswahili, Roma­
ny, Manchu and the Pitjantjatjara of the 
hunters in the desert of western Austra­
lia might serve to mark the continents. 
There are the great languages, such as 
Arabic, in a dozen varieties, and the lit­
tle ones. Take that of the Siriono, once 
the "nomads of the long bow" in the 
headwaters of the Amazon, some 500 
strong, now settled on plantations, or 
Suki, the language of a Papuan peo­
ple, "notorious headhunters until the 
1940's." There are examples of general 
linguistic phenomena: the lingua franca, 
such as Police Motu (Port Moresby) and 
Kituba (Lower Congo); the old tongues 
grown sacred, such as Latin and San­
skrit (in the 1961 Indian census "about 
2,500 people named Sanskrit as their 
mother tongue"); the invented lan­
guages, such as Esperanto and Volaplik 
(its Germanic counterpart). 

In the mountains of southwestern 
China and over the border in Laos, 
Thailand and Vietnam there are scat­
tered a couple of million people known 
for a long time now (in Chinese) as the 
Black, White, Blue, Red or Flowered 
Miao. It is not their skin colors that 
prompt the distinction but their charac­
teristic costumes; the women of the 
Miao are world-famous for their textile 
artistry. Their texts are in Pollard script, 
a syllabary made by the mission there in 
Edwardian times. In Canada a good 
century ago another emulator of st. 
Cyril made heroic steps toward a print­
ed Cree gospe1. James Evans' work is a 
legend: he had no paper, ink, type or 
press. He carved out of wood the sym-
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There's a good way to 
be sure employees 

are getting the most 
out of a Savings­
Investment Plan. 

Talk with Metropolitan. 
At Metropolitan, we have a quiet but unshakable belief that we're better 

than anybody in setting up tax-qualified Employee Savings-Investment plans 
(and profit sharing plans), and in managing the funds involved. 

It's not just the dependability of a Metropolitan contract-such as a guaran­
teed rate of return, or the guarantee of principal for each participant, or the 
guaranteed participation in any excess earnings. 

N or is it just those advantages plus the flexibility features you get with a 
Metropolitan Life contract, such as our annuity options (with Federal estate tax 
advantages available). Or the clear-cut cancellation options. 

When you factor in Metropolitan's dual-investment expertise-in both fixed 
income and equity investment performance-and top it off with our administra­
tive capability and pluses like ERISA assistance, even then it's not the 
whole story. 

The big reason we think Metropolitan will do a better job for you is that we 
are really committed to leadership in this field. So we have to outperform the 
other people. 

All we ask is a chance to show you what we can do to give employees a 
better, more flexible Savings-Investment plan. 

If you wish, we'll gladly furnish you detailed information on available 
contracts, applicable interest rates and Metropolitan's financial statements for 
the past two years. Just write to James B. Weil, Metropolitan, One Madison 
Avenue, New York, N.Y. 10010. 

Metropolitan. If you haven't seen our proposal, maybe you've missed the 
best one. 

o Metropolitan 
Where the future is now 
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"Okay. 
Butwtiich 

k- d?" In . 
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A genial, balanced guide to microprocessor 
selection from Advanced Micro Devices. 
We are not without an axe to grind. We just 
happen to make both kinds of axes. 

Microprocessing is a way of doing some­
thing. Simple or very, very complex. 

Let's say you want to control traffic. You're 
going to build a traffic light at Third & 
Main to keep the Third people and the Main 
people from banging into one another. You 
need, "Stop. Co. Wait:' Period. 

You want fixed-instruction-set micro­
processors. You should use them whenever 
the task and the design will permit. They're 
simple and inexpensive. 

Fixed-Instruction-Set Microprocessors 
We tell theln how. You tell them what. 

They do it. 

Now you have a new assignment, a new 
traffic control problem. It's a major United 
States airport. Five planes a minute, 1440 
minutes a day. Three dimensional traffic 
plus speed and weather and priority and 
radar and memory to make the problem 
more interesting. 

You want a microprogrammable micro­
processor. It's faster, much more complex; 
much, much more versatile and - honesty 
compels us to note­
more expenSIve. 

"Microprogrammable" 
means you design the 
instruction set, the archi­
tecture and the mix of 
components for only one 
purpose, to solve only 
one problem: yours. 

Microprogrammable Microprocessors 
You tell them how. You tell them what. 

They do it. 

W hy are we telling you this? W hat's in it 
for Advanced Micro Devices? 

Two things: A nice, warm feeling and 
untold riches . As previously disclosed, we 
make both kinds of microprocessors. We 
are the inventors, producers and marketers 
of the world's leading family of micro­
programmable bipolar microprocessors: the 
Am2900 series. We are the leading 
alternate source for 8080A-type fixed­
instruction-set MOS microprocessors. We also 
make all the critical peripheral and support 
devices - memories, buffers, control logic, 
communication devices and so on. 

Our present good fortune is more than a 
happy accident. We designed our destiny. 

We are a young, publicly held, leading­
edge technology company. (Every part we 
sell- commercial or military - is processed 
to the higher, military standard at no cost 
to the customer.) 

Our principal products are the hard to 
make, easy to use, large-scale integrated 
circuits for the computation, communica­
tion and instrumentation markets. 

So, tomorrow or the 
next day, when you're 
talking about micro­
processors and how to 
do something, and some­
one says, "Okay. But 
which kind?" You say: 

"That's easy. Advanced 
Micro Devices:' ..,.. 

Advanced Micro Devices 
901 Thompson Place, Sunnyvale, California 94086 

Telephone (408) 732-2400 

© 1977 SCIENTIFIC AMERICAN, INC



bois he invented, stamping clay molds 
with his wood punches. Into those molds 
he poured molten lead from the lining of 
tea chests; his printing press was a fur 
press, his ink was fish oil and lamp soot, 
his paper was birch bark. The book was 
sewn with leather thong and bound with 
deerskin. 

This set of examples of language is a 
serious working collection; each text 

aims at living readers, so that the diffi­
cult distinction between languages and 
dialects is faced more or less operation­
ally. Fewer than a tenth of the listings 
seem of doubtful individuality; most of 
them are the texts in more than 60 dia­
lects of the chief European tongues that 
were prepared in about 1860 for Prince 
Louis Lucien Bonaparte, Napoleon's 
nephew. They are more antiquarian 

Drawings of two Maya stelae, from Corpus of Maya Inscriptions 
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than utilitarian. One such famous text 
reads, in the dialect of the miners of 
Tyneside: "How! Zion's dowters, a' turn 
oot! King Solomon is here! Leuk at his 
bonny goolden croon." 

The devoted work of the missionaries 
has by now put part of the Bible into the 
native tongue of about 97 percent of the 
world's people. The task is one of print­
ing as well as of translation. The goal is 
cheap dissemination. The missionaries 
do not see the work as being complete. 
There are at least 1,000 languages to go, 
and "even now there are translators at 
work in more than 500 of these lan­
guages." The diminishing return of new 
readers is of course visible. In 1968, 25 
additional languages were given their 
portion of the Bible, but none of them 
had more speakers than does KiZaramo, 
a Bantu tongue of Tanzania, with a mil­
lion, and most of them were much 
smaller local languages, such as those of 
the polyglot New Guinea highlands or 
of the remote mountains of Oaxaca. 

Four periods can be traced. The early 
Christians translated into the dominant 
languages on the marches of the ancient 
world: Coptic, Syriac, Ethiopic, Geor­
gian and the like. The Reformation saw 
the rise of the national tongues of Eu­
rope. Then came the classical missionar­
ies, who spread with empire to all the 
world, to the Indians of America, to Per­
sia and Bengal, to China and Japan. 
Now there is a fourth wave, drawing 
more clearly on trained nationals than 
on foreigners of evangelical zeal. The 
first Bible translation into a major Af­
rican language "carried out by local 
Christians" was the Y oruba Bible com­
pleted under Samuel Ajayi Crowther, 
Bishop of Niger, in the 1850's. Crowther 
had been sold into slavery as a boy, but 
the slaver was intercepted by British na­
val patrols and Crowther was returned 
to Freetown in Sierra Leone, where he 
formed the "dream that he would return 
to and evangelize his own people." 

An astonishing 70 distinct scripts ap­
pear in this book, plus about 75 more 
languages that use the roman script with 
a considerable number of special char­
acters added. There is a good deal of 
irony in this chronicle of zeal. Here is a 
facsimile text, the letters rather broken, 
printed in 1685 at the press of Samuel 
Green, the former president of Harvard 
College. It bears the passage from Mark 
in the translation of John Eliot of Rox­
bury, who worked 15 years to learn the 
language of the Massachusetts. "I have 
had a longing desire, if it be the will of 
God, that our Indian language might be 
sanctified by the translation of the Holy 
Scriptures into it." He persevered, and 
in 1663 the first edition of his work be­
came the first Bible printed in North 
America. The Massachusetts had the 
good news at last, but by then smallpox, 
the axe and the gun had brought them 
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sonal computing systems! Play exciting 
and challenging computer games, exer­
cise your imagination and Ingenuity with 
do-it-yourself creative programming, 
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mathematics and scientific problems al-
most instantly, control your home appliances for best 
energy savings and efficiency - literally thousands of fas­
Cinating, exciting and practical applicatons. The Heathkit 
computer systems are low-priced, versatile and reliable­
they're the ones to have for REAL power and performance! 

Heath Company, Dept. 036-331 
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news of quite another kind. Few are they 
who read the word in the Massachusetts 
tongue today. 

THE FIRST THREE MINUTES: A MOD­
ERN VIEW OF THE ORIGIN OF THE 

UNIVERSE, by Steven Weinberg. Basic 
Books, Inc., Publishers ($8.95). THE 
RED LIMIT: THE SEARCH FOR THE EDGE 
OF THE UNIVERSE, by Timothy Ferris. 
William Morrow and Company, Inc. 
($10). The cow Audhumla licked the 
forms of the first humans out of the pri­
mordial ice. It is the Norse cosmology of 
the Younger Elida that informs the first 
paragraphs of Professor Weinberg's 
compact, lucid book, a strong distillate 
of the "standard big bang" of today's 
cosmology. In eight brief chapters, 
aimed at a reader who is "a smart old 
attorney who does not speak my lan­
guage, but ... expects . . .  to hear some 
convincing arguments," Weinberg rap­
idly sketches the expansion of the uni­
verse of galaxies, gives an account of 
the discovery of the uniform microwave 
background, and on that builds, with a 
few graphs and numbers but without 
equations, a detailed story of the hot big 
bang. He runs a film in words before our 
eyes, six frames not equally spaced in 
time but rather in temperature, each 
frame showing a universe cooler by a 
factor of three. 

The film opens-that would be some­
what after the start of matter and time­
on a hot expanding universal soup of 
electrons and positrons, photons and 
neutrinos, and the sprinkling of nucle­
ons that makes the matter of the present 
world. In the second frame, a tenth of a 
second later, things are still cooling and 
little has changed. In the third frame the 
neutrinos fly free of matter; matter has 
become too thin to catch them. In the 
next frame, not yet 15 seconds into the 
story, the electrons and positrons are re­
combining into radiation, and deuterons 
are being formed out of colliding pro­
tons and ne utrons. It is still too hot for 
deuterons to persist. In the fifth frame 
only photons and the free neutrinos are 
left. the neutrons are beginning to de­
cay, and shortly after this frame, at a 
temperature some tens of times that in 
the center of our present sun, the deuter­
ons can hold together. Deuterons that 
collide with protons or neutrons, or with 
one another, build up rapidly to helium 
nuclei. in one or two steps. The remain­
ing neutrons are thus swiftly cooked into 
helium, but no heavier nucleus can 
form; helium cannot pick up neutrons 
or protons to make a stable nucleus, and 
two helium nuclei cannot bind together. 
The synthesis of matter stops at helium 
until, long afterward, in the dense and 
lasting center of certain stars three heli­
um nuclei can sometimes find one an­
other. Carbon is so born and, long af­
terward, life. 
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On the standard model-to be sure, 
the numbers are uncertain-three min­
utes 46 seconds have passed since the 
first frame. Why we might believe this 
tale, stranger than Audhumla's, and 
where it might go wrong (there are cer­
tain troubles relating to isotropy that 
still puzzle us) is the topic of the rest of 
the book. Professor Weinberg is one of 
the most productive theorists in Ameri­
can physics today; he has managed to 
convey that curiously palatable flavor 
of specific, coherent calculation that de­
lights the theorist. The theory might be 
wrong, but it is rich enough to be defi­
nite. There are greater doubts about the 
earlier times; the first hundredth of a 
second is discussed in the light of hope­
ful speculations out of emerging particle 
physics. The profound symmetry of the 
particles, now broken and obscure, may 
have been whole then. The universal 
heat might have caused all the four 
forces of nature to take on the same 
effective strength. In those times the 
"physical phenomena dires;tly exhibited 
the essential simplicity of nature. But no 
one was there to see it." What is yet to 
come-dilution forever, or a return to 
the fiery furnace-is still unclear. 

To this small book there is added a 
glossary of terms, a careful bibliogra­
phy at several levels of technicality and 
a dozen pages of a mathematical supple­
ment, so that those who want the alge­
braically simple if deep formulas on 
which the arguments depend can see the 
basis of cosmology. 

The Red Limit is not by a theorist but 
by a reflective and penetrating science 
journalist. It leans toward the personal 
side of modern cosmology as much as 
Weinberg inclines to the logical and 
quantitative, although the two authors 
unite in telling of the accidents and per­
sonalities that surround the key discov­
ery of the universal microwave back­
ground radiation, as tangled a tale as 
any to be found in science of lost oppor­
tunity, overlooked predictions, pains­
taking experiment and in the end un­
shaken and grand conclusions. Ferris 
writes with real grace. and he has inter­
viewed nearly a score of the men and 
women of telescope. amplifier and 
equation who represent the entire 
spread of contemporary cosmology in 
this country. It is a pleasure and a reve­
lation to read of M aarten Schmidt and 
Jesse Greenstein on the day in February. 
1963, when Schmidt walked down the 
corridor to Greenstein's office at Cal 
Tech to explain that the enigmatic qua­
sar spectra they had both puzzled over 
for a year simply showed unprecedented 
red shifts. Schmidt's solution triggered 
Greenstein to immediate concurrence: 
somewhere in his mind he had already 
reached the right conclusion without 
consciously knowing it. and at once he 
spoke out the analogous shift. correct to 

two places, for his particular example, 
before they checked that plate in the 
files. Here is Halton Arp, cosmological 
skeptic, who chooses his objects for the 
200-inch telescope "with an artist' s  eye." 
Where Allan Sandage-"a man of abso­
lute integrity," the devoted continuator 
of Hubble' s  grand program-seeks con­
stancy among the galaxies, Arp is al­
ways after novelty. 

There are no graphs and very few 
numbers in the Ferris book; it sets out 
the foundations of the modern view 
over a wide historical range, from Fried­
mann and Hubble to Wheeler and 
Hoyle. The intimacy of its reportage 
and the thoughtful framework in which 
the author sets the issues mark this book 
as exceptional. particularly for readers 
far from the physical sciences. These 
two very different books, by two men of 
very different background and personal­
ity, end on a concordant note, with an 
echo of Pascal. For Weinberg the effort 
to understand the universe gives our hu­
man life "some of the grace of tragedy." 
For Ferris, a little less melancholy, the 
comprehensibility of nature is an asser­
tion of faith. He quotes A. S. Eddington: 
"There is nothing wrong in that. After 
all, we are part of the universe . . . .  That 
faith is part of the universe too." 

DOMAN ROADS, by Raymond Cheval­
.ft. lier. Translated by N. H. Field. Uni­
versity of California Press ($25). "All 
roads lead to Rome," they say. Indeed, 
there is no clear source for that wise 
dictum; maybe Cicero? This learned 
and yet lighthearted text by a Tours pro­
fessor of Latin studies makes admirable 
reading because of its liveliness and va­
riety, not unlike the trip along the Ap­
pian Way to Brindisi that Horace de­
scribes, full of cheerful stopovers, occa­
sional quarrels, little disappointments 
and a great deal to learn. 

There were 54,000 miles of main 
roads:  "Roman power has given the 
world unity," wrote Pliny the Elder 
proudly. The roads were a chief instru­
ment of that unity, political and military 
in the first instance. Chevallier calls the 
Roman fortified zone that covers south­
ern Algeria, 60 to 80 kilometers deep 
and 300 wide, linked roads and aban­
doned fortlets by the thousand, a 
scheme "grander than either the Great 
Wall of China or the Maginot Line." Its 
study and analysis owe much to the mili­
tary expertise of Colonel Baradez, who 
investigated it, as Father Poidebard 
(also a reserve officer), the pioneer of 
aerial photography in archaeology, in­
vestigated the similar network in the 
Syrian desert. 

These studies near the limites tell 
much of the Roman system. Roman 
roads are typically straight, built not 
on ridge lines but just below them, at 
the "military crest," where troops can 
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As a dramatic introduction to membership in the 
BOOK-OF-THE-MONTH CLUB� 

EVER SINCE THE FIRST VOLUME of this 
remarkable magnum opus appeared forty-

one years ago, it has been hailed as a literary 
achievement as well as an epic history of civ ilization. 
As such it certainly deserves a place in every 
library, especially in homes where there are young 
people of school age. Each volume. including 
the recently published Age of Napoleon, has been 
given not only extraordinary critical acclaim but 
wide general readership throughout the world. 

'Our century has produced no more successful attempt 
to narrate the whole common story of mankind' -CLIFTON FADIMAN 

I. Our Oriental Heritage. Ancient Egypt 
and the Near East. The Far East. early to 
modem times. 

II. The Life of Greece. Explores all facets of 
Greek life from prehistoric times to the 
Roman conquest. 

III. Caesar and o.rut. The rise of Rome and 
Christianity and the collapse of classic civ­
ilization. 

IV. The Age of Faith. Christian, Islamic and 
Judaic civilizations, 325 to 1300, including 
the Crusades. 

V. The Renaissance. Italy's golden age, 1304 
to 1576. A turbulent world of intrigue and 
great art. 

VI. The Reformation. Europe's religious 
conflicts. from two centuries before Luther 
to Calvin. 

VII. The Age of Reason Begins. Europe, 
1558 to 1646. The age of Shakespeare, 
Rembrandt, Galileo. 

VIII. The Age of Louis XlV. The brilliant era 
of the "Sun King," Milton, Cromwell, Peter 
the Great. 

IX. The Age of Voltaire. Europe from 1715 
to 1756. The world of Frederick the Great, 
Wesley, Bach. 

X. Rousseau and Revolution. Europe from 
the Seven Years' War to the storming of the 
Bastille. 

XI. The Age of Napoleon. France's domi­
nation of European history, from the fevers 
of the French Revolution to the time of 

. Napoleon's ignominious defeat at Water­
loo. A history of European civilization 
from 1789 to 1815. 

Includes the latest 
-and probably 
final-volume 

of this great work: 

THE AGE OF 
NAPOLEON 

BOOK-OF-THE-MONTH CLUB, INC., Camp Hill, Pennsylvania 17012 
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Signetics 
microprocessor 
having the equivalent 
of 10,000 transistors, all fabric 

on this 4 x 5 mm silicon chip. Chip 
background shows 60x magnification. 
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When electrons first 
went to work in 

sources of light so 
did we: in 1891. 
Now Philips is active 

in virtually every 
aspect and every 

area of electronics: 
from components to 
complete, multi­
million dollar projects; 
from consumer areas 

like audio and television through to 
avionics and medical electronics. 

Our products are found in many 
homes and our systems are installed 
world-wide. Look inside them and 
you'll find many of our own compo­
nents hard at work, including today's 
advanced Large Scale Integration 
(LSI) ICs. 

The widest range in the 
world. 
In 1975 one of 
the leaders in 
IC technology, 
the Signetics 
Corporation, 
became part of 
the U.S. Philips 
Trust. The com­
bined forces of 
Philips and Signetics 
now offer the world's 
largest IC choice. 

In digital technologies we have a 
comprehensive range of micropro­
cessors and memories, in both MOS 
and bipolar, all the popular logic 
families plus LOCMOS, our own 
high-performance CMOS range. In 
analog we have an unmatched range 
of ICs for both professional and 
consumer applications: one that 
includes many proprietary types. 
With television receivers, for 
example, Philips has pioneered the 
development and use of ICs, which 
has led to dramatic reductions 
in cost and improvements in 
color fidelity, picture stability 
and receiver reliability. 

Applications unlimited 
Modern electronics and in parti­
cular LSI microelectronics offer a 
range of applications limited only by 
man's imagination. For example the 

Electronic 
Components 
and Materials 

microprocessor shown opposite 
contains the equivalent of 10,000 
transistors, all fabricated on a 

. 

4 x 5 mm chip. It markets for around 
$10, will last a lifetime and con­
sumes just 350 milliwatts of energy. 
Twenty years ago the 
equivalent computing 
power would have cost 
around $1 million and 
consumed many kilo­
watts. 

Microprocessors 
are just one example 
of the powerful perfor­
mance that LSI can 
provide in a single, 
low- cost, ultra-
reliable package. 
This technology has 
given us new products 

MIcroelectronics eliminate 
tedious household chores 

such as the digital watch and hand-
held calculator that we 

already take for granted. 
Many homes have TV 
games, microwave 
ovens, cameras and even 
sewing machines, all 
controlled by microcom-

puters. Cars now have 
ICs to control their 

energy-saving fuel 
injection systems. 

But this is only the 
beginning, the tip of 

the LSI iceberg. 
Designs for the control of 

many more automotive 
functions are on the 
drawing board. And 
with vehicle radar 
sensing, automatic 
accident prevention 

areas of 
information and education and 
eventually reshape our entire con­
cept of the individual environment. 

Signetics Corporation 
811 East Arques Avenue 
Sunnyvale, California 94086 
Philips Industries 
Electronic Components 
and Materials Division 
Eindhoven, The Netherlands 

PHILIPS 
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march without being seen yet can see 
well enough over the ridge. Down main 
roads hurried or dawdled the travelers 
and the commerce of the Empire. on 
horseback.  in comfortable litters borne 
by men or mules. in gigs or coaches.  on 
heavy wagons drawn by many teams or 
on foot. The legions tramped 10.000 
paces a day. 15 kilometers .  on regu­
lar march. twice that when they were 
on magnum iter. (A soldier got one day 
in four for rest.) With heavy baggage-­
the "artillery"--the troops were slowed 
down. The imperial post carried officials 
and their messages in horse-drawn 
chaises. changed at prepared relays. at a 
speed of some 75 kilometers per day. 
There were bronze diplomatic credit 
cards. and forgeries too. 

The heart of this book is the nature of 
evidence. All kinds of it exist. There are 
the writings of the poets and diarists. the 
legislation. the histories (which are often 
not much help because of their political 
emphasis). Then there are inscriptions 
on the uniform stone milestones. We 
have some 4. 000 milestones inscribed in 
Latin. more than half of them in Africa. 
Few are in place; they have had to be 
searched out in the villages.  where over 
the centuries they made fine rollers or 
hones for axes or. a little hollowed out. 
stoups for holy water. It is no easy task 
to match the marked stones with the sev­
eral itineraries and maps we have from 
Rome. some in medieval copies.  a few 
inscribed on silver goblets or enameled 
cups. Place-names and pilgrims' tales.  a 
few road signs (authenticity uncertain) 
and the lives of saints preserve the old 
roads on paper. 

The ground is of course the surest 
source. but it is not an easy one. The city 
roads and bridges give hints. town gates 
are j unctions. field boundaries preserve 
alignments long after the road itself is 
gone. The fields of Gaul declare the old 
roads. even on maps and in recent deeds 
and boundaries. Aerial photography is 
of course a powerful tool. It is clear that 
the roads generally followed a straight 
line but not blindly so; they show a ra­
tional engineering practice. "respecting 
the lie of the ground" so that the line is 
bent in places. The construction was not 
the simple buried wall dear to the text­
books. The roads were always carefully 
based and drained.  built up in manytay­
ers and not always paved.  The builders 
paid great attention to local conditions. 
particularly to sources of materials and 
to wetlands. They often resorted to 
causeways. Where there are streams to 
cross one finds fords. stations for the 
rafts of professional ferrymen and. on 
the biggest roads. bridges. 

Aerial photographs of the landscape 
of Europe often brilliantly display the 
roads of Rome. There are pitfalls. how­
ever. A disused narrow-gauge railway 
can simulate a Roman road; it had to 
solve the same problems. The track 
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WbJdoso � 
astute business lea{fers 

pay $20 a year for the 
American Express Card? 

It's worth a 
great deal more! 

The American Express Card is tougher 
to get and costs more than most cards. 
$20 a year. But for astute businessmen 
and women the bottom line is- "it 
gives you more." More convenience. 
More security. More emergency protec­
tion than other cards- or even cash! 

Take it along on your next trip. It's 
recognized at leading restaurants, hotels, 
motels and fine stores. It's welcomed by 
all the world's major airlines a:1d car 
rental agencies. You can buy gifts with 
it. Send flowers. Cable money abroad. 
Even host dinners when you can't be 
there to pick up the check. 

But, there's much more to the 
American Express Card. For example: 

Instant 
Travelers Cheques. 

At the last minute or in an emergency, 
you can now obtain up to $500 in 
American Express Travelers Cheques. 
The secret is a network of automated 
Trave lers Cheque Dispensers in selected 
major U.S. airports, exclusively for 
Cardmembers. It works in a minute, 
24 hours a day, every day of the year. 

Emergency check 
cashing. worldwide. 

You can cash your personal check of 
up to $50 at any participating hotel or 
motel where you're a registered guest. 
Just by showing the Card. 

C1Amencan Expres,sCompany, 1977 

You can also write a personal check 
and get $50 in cash and as much as $450 
in Travelers Cheques, at most offices of 
the American Express Company, its 
subsidiaries and Representatives. 

Your home 
away from home. 

When you're away from home, you can 
turn to American Express for help. 
American Express Company, its sub­
sidiaries and Representatives have more 
than 600 Travel Service offices all 
around the world. 

You can use them for all sorts of 
things. To hold your mail. Plan or 
change your travel arrangements. 
Charge travel, theater or tour tickets. 

No preset 
spendmg limit. 

The American Express Card doesn't set 
a limit in advance for the amount 

you can charge. As a result, you set the 
pattern on spending limits with the 
Card as you use it. 

Some other cards lim i t you to as Ii ttle 
as $500. T his can be trouble on a trip if 
you find you've exceeded the set limit. 

T he special Membership Brochure 
you receive when the Card is issued de­
scribes many additional benefits. They're 
all yours for just $20 a year. 

To apply for the American Express 
Card, just fill out and mail the attached 
application. If someone has been here 
before and the application isn't attached, 
just jot down this toll-free number­
-800-528-8000. We'll send you an appli­
cation without delay. 

The American Express Card. Don't leave home without it: 
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A great big park with a city in it. 
Eleven square miles of the ravines and parklands and island playgrounds, the green space Toronto 

grew up around grows on to this day, But you know it's a city-Opera and Ballet. the best of Broadway and much 
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seeks a straight course, makes good use 
of embankments, avoids little settle­
ments and runs beside a major road of 
today. Only the wide curve it must make 
on slopes betrays it to the photointer­
preter : "There is nothing more like a Ro­
man road in lay-out, color, width and 
general appearance." 

This is not so much a reference book 
as a rich and discursive account by a 
man in love with the problem; its care­
fully classified bibliography should be a 
help to anyone who wants more. The 
general reader will enjoy the trip. The 
illustrations are fresh and cogent, al­
though the road maps of the regions of 
the Empire are rather small. 

MAMMALIAN CHIMAERAS, by Anne 
McLaren, F.R.S. Cambridge Uni­

versity Press ($ 19.95). REGENERATION; 
by Priscilla Mattson. The Bobbs-Mer­
rill Company, Inc. ($4.95). A father and 
a mother contribute equally to the many 
inborn properties of every one of us. We 
develop from a single egg, that cell new­
ly endowed with a father's packet of 
chromosomes. We grow by a dynamic 
and intricate pageant of fission and near­
fusion through 40 stages of cell division 
to a developed adult organism; "every 
mammal is an organized patchwork of 
different kinds of cell." If human skin is 
cut or bone is broken, the process begins 
again locally, and new skin or bone 
grows into a near-original state. Let a 
little newt lose even an entire leg and 
two months later another leg is back in 
place, either quite normal or somewhat 
small. 

Experimental intervention into this 
process is of long standing; it goes back 
to old Lazzaro Spallanzani and remains 
vigorous as a research specialty world­
wide ; it is particularly strong in the 
U.S.S.R. In regeneration the track of de­
velopment is essentially reentered a sec­
ond time. Even more remarkable, the 
entire track can be begun in an unex­
pected way. The chimaera is a compos­
ite animal. normal in size and shape, a 
patchwork of two (or more) distinct 
populations of cells, each set typically 
having ultimately two parents of its 
own. The phenomenon is experimental­
ly some 15 years old; it has attracted a 
few dozen specialized investigators who 
have been steadily fascinated by the 
"questions that one never dreamt exist­
ed in the days when an individual had 
two parents only." 

In the great museum in Florence the 
visitor can see a fine chimaera with signs 
of unusual regeneration. It is a lion with 
a serpent for a tail and a goat's neck and 
head arising from its back, the work of 
an unknown Etruscan artist in bronze 
(with expert repair by Cellini). In Mam­
malian Chimaeras, a fast-paced but high­
ly technical monograph (with a compre­
hensive bibliography) by a British lead­
er in the work, the reader can see plenty 

... the ideal way 
to buy your presents from 
The Metropolitan Museum 

Every three months-four times a year-the Museum will announce 
by mail remarkable new objects-exact copies of Museum originals: 
sculpture, decorative art, tableware, and ornaments. 

""-t, The variety will be extraordinary: ancient jewelry in gold and sil­
ver; Oriental and European porcelain; early American glass in crystal 
and rare colors; bronze from Egypt, Greece, China, and the medieval 
world; silver, pewter, brass, and pottery from Colonial America. 

""-t, These copies, often produced by the same techniques used for 
the originals, are made by artist-craftsmen working under the Mu­
seum's direct supervision. The care taken in production frequently lim­
its the quantity, and the majority of reproductions can be bought only 
by mail or at the Museum. (Above: Hippopotamus, bright blue faience 
decorated with lotus flowers. Length 8", $19.75 plus $1.25 shipping.) 

""-t, To receive all of the advance announcements to be issued during 
the next year, send the coupon below with one dollar to cover mailing. 

r-t, You will receive immediately the 116-page Christmas Catalogue. The bril­
liant array of new presents includes an Egyptian jasmine flower necklace; 
a golden Buddha; a medieval silver bowl; stained glass; jade and bronze 
horses from ancient China; an 18th-century porcelain dinner service; new 
needlework kits from the Unicorn Tapestries; snowflakes, stars, and bells in 
gold and silver; and an unparalleled selection of Christmas cards. An addi­
tional 24-page full-color catalogue introd.uces the Museum's Costume Insti­
tute "originals"-line-for-line recreations of designs from the past which 
bring unusual flair to contemporary fashion. Among these is the first copy 
ever made of the fabulous Imperial Russian "100,000 gold ruble" shawl. This 
outstanding reproduction in fine wool challis, with its bold stripes and intri­
cate floral patterns retains the more than 50 colors of the original. It measures 
21" X 96"; the price is $35.00. 

THE METROPOLITAN MUSEUM OF ART 
255 Gracie Station, New York 10028 
Please send me all advance catalogues of new objects to be issued by the 
Museum during the next year. $1.00 to cover mailing is enclosed. 

NAME __________________________________________________________ _ 

ADDRE55 ______________________________________________________ ___ 

________________________________________ ZIP ____________________ _ 
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There they sit. 
Five products with no 

intelligence whatever. 
And you can't blame the 

people who made them. 
Because until now, nobody 
had the technology to make 
these products actually think. 

ture, humidity, and air purity. 
But it could also water the 
lawn, warn of fire, scare 
intruders, tum off the lights, 
and figure the family budget. 

Inside your TV set, it 
could tum on your favorite 

So we've had cars that can 
only respond to their drivers' 
commands, while they charge 

�������l programs automatically, 

:= serenade you with music 
when the commercials come 

on, read bedtime stories to the 
kids, and do your income tax. inefficiently on. 

Homes that know only if 
it's too hot or too cold, 
while all hell breaks loose in 
the front yard. 

TV sets that can only 
reproduce what the station 
tells them to reproduce. 

Telephones that can only 
send your voice from point A 
to point B. 

And toasters that can't tell 
the difference between an Eng­
lish muffin and a split bagel. 

The fact is, these prod­
ucts haven't really changed in 
more than 20 years. 

But what if there were a 
miniature computer that could 
make them think? A little 
brain that could make them 
sense a situation, make a 
decision, and do something 
about it? 

Hidden in the air cleaner 
of your car, this computer 
could adjust your car's engine 
mixture to compensate for 
changes in temperature, 
humidity, air pressure and fuel , 
volatility. To give you optimum 
gas mileage and minimum 
pollution anywhere, anytime. 

Recessed in a wall of your 
home, it could do the obvious 
things like control tempera-

Concealed in your 
telephone, it could tum your 
kitchen into a voting booth, 
call the fire department 
automatically, time your calls, 
inventory your food, start the 
coffee, mix your drinks. 

And in your toaster, it 
could create the impossible : 
a perfect piece of toast. 

What if? 
Well, it's not a "what if,' it's 

here now. 
In a miniature computer 

no bigger than a pack of 
cigarettes. 

It's called a microprocessor, 
and we're the first company 
to sell one for as little as $5.00. 

It's already been ordered 
by hundreds of manufacturers. 

Including people who 
make appliances, automotive 

I equipment, and TV sets. 
So it looks like some of the 

products on this page won't be 
dumb for long. 

And if you'll write 2900 
Semiconductor Drive, Santa 
Clara, CA 95051, for our free 
booklet - maybe we can make 
your product disappear from 
this ad. 

� National Semiconductor 
Makers of the 8080A, SC/MP and PACE microprocessors. 
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The latest discoveries and 
mysteries of the solar system 

" Each chapter is the work of a scientist who is also a 
fine sf writer; each does an admirable job, 
and indulges in a little speculation 
about future explorations 
and uses of the planets. 

- Library Journal " 
A Literary Guild 
Alternate Selection 

222 pp. illus. $ 1 5 .00 

In CLOSEU P: N EW WORLDS ..• 
• Joe Haldeman peers through the 
best equipment avai lable for a look at 
Mercury's bl inding surface 
• Richard Hoagland and Ben Sova 
examine the origin  of the solar system 
• G. Harry St ine explores the endless 
mysteries of Tel l  us, a.k.a Earth 
• Jerry Pournelle discusses the fact and 
fiction behind our knowledge of Mars 
• Gregory Benford investigates the 
irony of Venus as a planet of love 
• Hal Clement hazards some educated 
guesses about Jupiter's weather 
conditions 
• George Harper star-gazes beyond the 
p lanets in his chapter, "Styx and Stones 
& Maybe Charon Too:' 

Sf. Martln"S Press 
175 Fifth Avenue 
New York. New York 10010 

Plant  a THINK TANK anywhere 
and watch th e minds grow! 

Unique instructional games designed by uni­
versity professors to make learning fun 
through brain-ta-bra i n  action.  Beginning games 
can be mastered by young chi ldre � fi nal game� 
will cha l lenge intel l igent adults. These are 
the famous GAMES FOR THI N K E RS from 
WFF ' N  P ROOF Publ ishers. 

WFF 'N PROOF ( logic)  

Q U E R I ES 'N THEORIES (scie nce) 
EQUAT IONS (mathematics)  

ON·SETS (set theory) 

PROPAGANDA (soc i o l  studies)  

ON· WORDS (word structu res) 

CONFIGURATIONS (geometry) 
T R I · N I M  (problem sol v i ng )  
REAL NU MBERS (or i th metic)  

WFF (beg i n ner's logic)  
QWIK·SANE (puzzle)  
TAC-TICKLE ( p u re strotegy) 
Teachers M a n u a l  

T H I N KERS Bookends 

1 2 · K i t  THINK TANK & Teochers M o n u o l  

1 3 . 00' 
1 3 . 00 '  

1 0. 00' 

1 0 . 00' 

1 1 .00' 
1 0 .00' 

6 . 7 5 '  
5 . 75 '  

2 . 2 5 '  
2 . 2 5 '  

2 . 25 '  
1 . 7 5 '  
1 . 2 5 '  

1 6 . 0 0 '  

W i t h  T H I NKERS Booke nds (sove $ 1 0 . 75)  9 4 . 50' 

W i t hout Bookends (sove $ 4 . 75)  8 4 . 50 '  
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* posfoge & h a n d l i n g  i n c l uded 

Orde r from. WFF 'N PROOF 
1 4 9 0-HF.  South Boulevard. Ann Arbor. Mi. 4 8 1 04 

G,fts tllat  are a COMPLIMENT to rece,ve'  

kits for radio control. Send 
$1 .00 for information to: 

Vortex Model Engineerin, 
Department SA 

210 Easl Ortega "Slreel 
Sanla Barbara, CA 93101 

of chimaeras in flesh and blood, mouse 
and man alike. In Regeneration. a well­
informed but simple and popular little 
book by a young research worker at 
Case Western Reserve, we see a strange 
supernumerary newt limb, among a va­
riety of regenerated structures from half 
flatworms to deer antlers.  Growing tis­
sue turns out to be about as plastic as 
bronze once the craft is learned .  The two 
books in their distinct styles are engross­
ing, and both make it quite clear that we 
do not know much more about how it all 
works than the skillful Etruscan knew of 
the phase diagrams of copper and its 
alloys. 

If you would induce in a salamander a 
limb not specified in the blueprint, the 
way is clear. Cut up a region of chest 
muscle, causing tissue damage about 
like that left behind in the stump of a 
severed limb. Lead to this area a few 
major limb nerves.  their ends cut free 
and allowed to lie against the torn mus­
cles. In "forty days a small, but other­
wise perfect, extra limb complete with 
well-formed skeleton and musculature 
was well established . "  Even some mam­
mals-newborn opossums-can be in­
duced to regenerate hind limbs by an 
implant of nervous tissue at the site of 
amputation. Some substance released 
by nerve cells (we know a few things it is 
not) is essential to regeneration. To 
j ump to a very different lineage. a single 
cell from the root hair of a carrot. in no 
way embryonic. was a dozen years ago 
nurtured into a full-grown flowering 
carrot plant, the cell dedifferentiated by 
culturing it in a medium containing the . 
embryo-related substance coconut milk. 
Asparagus and tobacco have now been 
found to display the same capability, 
and a fully known synthetic medium can 
be used. The obvious extrapolation to 
any single cell of any organism (each 
bears the complete tape of the organ­
ism's DNA) is far from proved,  but who 
would forecast its impossibility? 

The four-parent mouse is a more re­
cent biologist's tour de force. The stan­
dard technique is done in mice by ex­
tracting the earliest embryos, each a mi­
croscopic mass consisting of perhaps 
eight cells. Two such cell masses (it 
works even up to the 32-cell stage) are 
treated with an enzyme that removes a 
thin protective membrane. Pushed gent­
ly together, the two embryos aggregate 
into one mass. After a day or two of 
culture in vitro the growing mass is deli­
cately transferred to the uterus of a 
mouse foster-mother. In due course a 
mouse is born; with a high rate of suc­
cess it matures into an adult mouse of 
normal size and shape. That mouse, 
however, is curiously double in its con­
stitution: there are two genetically dis­
tinct cell populations in one pelt (some­
times rather stripy). Rats, rabbits and 
sheep have also been employed, with 
varying success. No rat-mouse or other 

© 1977 SCIENTIFIC AMERICAN, INC



Introducing the 
new generation of programmable 

calculators .. with revolutionary 
Solid State SoitlVare™ 

... f rom Texas Instruments. 
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The world's most 
advanced programmables. 

Per formance. Capability. 
Quality. Value. 

5,000 program steps in a tiny, plug­
in module. The TI Programmable 
58 and TI Programmable 59 intro­
duce a major technological ad­
vance in handheld programmable 
calculators - Solid State Soft­
ware"'''. Each prerecorded program 
library contains up to 5,000 steps, 
providing significant additional 
program memory capability and 
programming flexibility. 

The TI Programmable 58 and TI 
Programmable 59 offer the most 

advanced features available. Any­
where. Use interchangeable Solid 
State Software'" modules, or enter 
programs you develop right from 
the keyboard. (The TI Program­
mable 59 also has magnetic .card 
read/write capability.) 

Both programmables feature 
computer-like power and versatil­
ity with subroutines, looping, 
flexible addressing, editing capa­
bilities- and much more. And 
both can be quickly converted to 

powerful alphanumeric printers 
with TI's optional PC-IOOA (see 
back page). 

The Master Library software 
module, induded with the TI Pro­
grammable 58 and 59, provides 25 
prewritten programs in math, sta­
tistics, finance, and other applica­
tion areas. Additional libraries are 
available from a selection of 
optional Solid State Software'\! 
modules. 

The TI Programmable 58. The TI Programmable 59. 
The advanced key programmable calculator 
with plug-in Solid State Software'" libraries. 

$124.95* 
The super-powerful card programmable with 
Solid State Software"! libraries and 
magnetic cards. $299.95* 
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The TI Pl'Ogrammable 58 and T I  

I 'rogTammable 59  present a signifi­
cant new flexibility in pl'ogram step/ 
memol'y allocation. Flexible stor­
age lets you vary the allocation 
between program steps and mem­
ory. The TI Programmable 58 pro­
vides up to 480 program steps or 
up to 60 memory registers: 

PROGRAM STEPS 
400 

320 I 20 
240· I 30· 

1 60 I 40 
80 I 50 

60 M E M O R I ES 
' Calculator in th is  conf igu ration when turned on 
May be changed from the keyboard or in a p rog ram . 

480 

I 1 0  

The TI Programmable 59 provides 
up to 960 program steps or up to 
1 00 memory registers : 

PROGRAM STEPS 960 

· Calcu lator in  th is  config u ration when turned o n . 
May be changed from the keyboard or in a p rog ram . 

These p artitioning fe atures allow 
you to tailor program step/memory 
r e s o u r c e s  to m e e t  y o u r  re q u i r e ­
ments.  

Plus,  features to help you easily 
h a n d l e  c o m p l e x  math prob l e m s .  
B oth calculators utilize Tl's AOSHI 

Personal 
Programming 

Step-by- step learni ng 
guide shows you 
how to get the most 
out of your 
TI Programmable 
58 or 59. 

P e 1's o 1wl  P I 'og l'a m m i 1 l g  replaces 
the traditional owner's man ual and 
allows you to put your TI Program­
mable 58 0 ]' TI Programmable 59 
to work more quickly. In a critical 
review by R o n  Sny d e t' of Th e 
Was h i n gto n S t a l ', it was described 
as a " n ew standard in writing- own­
er's manuals . . . .  You a r e  swept 
away into what previously seemed 
to be a totally forbidden world and 
find yourself enjoying- and under­
standing e v e ],y mome n t  of the 
trip . "  

In step-by-step fashion, P e nw ll a l  

P l'og l 'a m m i ll g  takes you through a 
self-paced course, from simple 
techniques to advanced program­
ming details. You'll learn how to 
put the programs in your Master 
Library Module to work immedi­
ately. How to teach the calculator 
to remember and execute your pro­
grams. And, how to use its power 
when programs aren't needed, A 
comprehensive selection of exam­
ples allows you to apply the power 
of programming to your particular 
personal or professional interests. 

Prove to yourself how easy and 
effective programming can be with 
this easy to understand learning 
guide. 

AOS'DI . 
Texas I n struments 
unique algebraic 
operating system 
makes the calculator 
part of the solution,  
not part of the 
problem. 

What i s  AOS? 
AO S is more than just algebraic 
entry. It's afull mathematical hier­
archy coupled with multiple levels 
of parentheses. This means more 
pending operations, as well as easy 
left-to-rig-ht entry of expressions ­
both numbers and functions. 

Mathematical hieral·chy. 
This is the universally recognized 
order of performing calculations. 
Functions fi l'st. Powers and roots. 
Multiplication or divisio n .  Then 
addition or su btraction .  AO S per­
fOl'ms calculations in this ordel' 
automatically. But, you have the 
option to chang-e the order when­
ever you wish by usi n g- the paJ'en­
theses keys. 

A O S I ' e m e m b e l ' s  the numbers 
a 1 l ci functions in its pending opera­
tion stack .  And processes them 
according to mathematical hiel'­
archy, As more operations become 
pending, the stack fills up. As op­
erations are completed, the stack 
empties into the display. 

P E N D I N G  
O P E RAT I O N S  

STACK  

D I S P LAY 

0 
0 
0 
0 
1 
2 

2 , 5 
3 
1 

+ 

x 

Y'( 

The case for A O S  is strong. 
That's why TI chose it, We think 
you'll prefer AO S. Because you 
begin using it immediately. There's 
no new language to learn. And, 
even if you are already conditioned 
to some other form of entry sys­
tem, the added value and power of 
TI's programmable calculators 
with unique AO S is well worth the 
easy transition. 
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Compare the power and features of the 
TI Programmable 58 and 59 with any other 
programmable calculators available today. 

TI -58 TI-59 TI-58 TI-59 

M E M O R I ES B r a n c h  addressing types 

Program m e m o r y  A b s o l u t e  · · 

M ax i m u m  n u m b e r  of steps 480 960 R e l at ive 

E x p a n d a b l e  · I n d i rect · · 

M e rg i n g - f u l l y  m e rged L a b e l  · · 

s e m i  m e r g e d '  · S h o rt f o r m  · 

Sol id-state softw are · · Label  addressing 

N u m be r  of  steps 5,000 5 ,000 U s e r  d ef i n e d  keys 1 0  1 0  
P r o g ra m  d o w n  l o a d  i n to R A M  · N o .  poss i b l e  l ab e l s  · 72 72 
U s e a b l e  as s u b ro u t i n e  to e x p a n d  U s e r  control keys 

program m e m o ry s i ze · 
N O P  · · 

U s e a b l e  as sepa rate p r o g r a m  · 
C l e a r  P r o g r a m  · · 

Data m e m o r y  C l e a r  t reg i st e r  · · 

R S T  · 
M a x i m u m  n u m be r  of reg i sters 60 100 

P r o g r a m  step/data m e m o ry
' 
r e p a rt i t i o n  · · 

E x p a n d a b l e  · · 

A d d ress i n g  - a bs o l u te · · 
M A G N ETIC I/O 

- i n d i rect · · 
C a p a city per  card - steps 480 

- max.  n o .  of  i n d e x  reg i sters 60 100 
- reg i sters 60 

- s h o rt f o r m  · · 
R e ad/write progra m/data · 

- E X C H  · · 
Autoload with override · 

- i n c re m e n t/ d e c r e m e n t  
reg i sters · · 

P R I NT I N G  
P r i n t  a l p h a ,  plot, l i s t  l a b e l s  . " · .. 

P R O G R A M M I N G  Pr int  n u m e rics,  l i st, trace · .. · .. 

Progra m edit  - SST/ BST,  pause · · 

P rog r a m  edit  - i n sert/d e l ete · · O P E RAT I N G  SYSTEM 
Entry system AOS AOS 

P R O G R A M  C O N T R O L  N o .  of  pen d i n g  operat i o n s  8 8 
Conditi o n a l  b r a n c h i n g  N o .  of s e t s  of p a r e n t h eses 9 9 

N u m e r i c  c o m p a r i s o n s  N o .  of s t a c k  r e g i sters 9 9 
x-=-t, x '  t .  x ·  t .  x - 1 .  x=o 

x / O .  X 0 ,  X '0 (t  reg i st e r  0) · F U N C T I O N S  
I n d e p e n d e n t  c o m p a r i s o n  (t  reg i ster)  · Scie ntific, tr ig,  D R G ,  pol/rect, O M S  · · 

F l a g s  ( B o o l e a n  c o m p a r i s o n )  
I n teger, fraction,  a bsol ute v a l u e  · · 

N u m be r  of f l a g s  1 0  1 0  
Set/reset f l a g ,  test f l a g  · L i n e a r  regression,  trend l i n e ,  

Test o n  e r r o r  ( i f  e r r o r / i f  not  e rror)  · correlation coeff icient · · 

Loop control D I S P LAY FO R M AT 
I n c re m e n t / d e c r e m e n t  ( b ra n c h  on zero)  · · 

V L E D  C h a racters 8+2, 10  8+2, 10 
I n c re m e nt/decre m e n t  

( b ra n c h  o n  not  zero) · 

N o .  of i n d e x  reg i sters ( d i rect a d d ress) 1 0  
N o .  o f  i n d e x  reg i sters ( i n d i rect add ress) 60 m a x. 

U n condit ion a l - N o .  of l e v e l s  
of s u b ro u t i n e  

. M e m o ry a d d ress.  second f u n c t i o n s  a n d  o t h e r  k e y  seq u e n ces.  

··With o p t i o n a l  p r i n t e r. 

6 

· Scie ntif ic notation 

10 
E n g i n e e r i n g  notation · 100 max. 

O P E RATI NG C H A RACTE R I STICS 

6 I nternal  digits 13 

� - - - - - - - - - - - - - - - - - - - - - - - -

FREE-Leisure Library. 
When you buy a 
TI Programmable 58 or 59. 
A $35 value if you act now. 
Leisure Library includes plug--in Solid State 
Software module, l ibrary manual ,  q u i c k­
reference g-uide, label cards, and library wallet. 
1 9  fun prog-rams: F ootball Predictor. Bowling­
Scorekeeper. Golf Handicapper. Bridg-e. Chess 
Ranking-s. Code breaker. Black Jack. Acey Ducey. 
Craps. Mars Lander. Jive Turkey. Nim. Sea Bat­
tle. Quarterbac k. Photo I and II. F or use in con­
junction with the PC-100A there's Hang-man, 
Memo Pad, Biorhythm, Computer Art. 

Offer good fl'Om August 1 5  to October 3 1 ,  1 9 7 7. 

Fil l  out this coupo n .  Return 
it to T I  with your serialized 
Customer I nformation Card 
(packed in  Ihe box) . along 
wilh a copy of a daled p roal 
of p u rchase showing the 
serial n u m ber. IMPORTANT 
You r  envelope must be 
postmarked no later than 
Oclober 31 . 1977 .  __________ � Texas Instruments leisure l�b��% �ffer __________ 
P. O. Box 53, lubbock, Texas 79408 

Name 

Address 

City 

State Zip 

Texas Instruments reserves the right to substitute software libraries of 
equal value based on availability. Please allow 30 days for delivery. 
Otfer good in Un ited States and Canada only. Otfer void where prohibited by law. 

SA9 

· 

· 

1 3  

L _ _ _ _ _ _ _ _ __ _ _ __ __ _ _ __ _ _ _ _ _ _ _ _ _ _ � 
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Solid State Software: 
Plug-in library modules give you up to 
5,000 additional program steps! 

A new dimension i n  
m i c l'o-memory technol ogy, 
TI 's state-of-the-art So lid State Software ' \! 
libraries combine the advantages of pre vVl'itten 
progra m s  with the c o n v e n ie n c e  of c o m pact, 
easy-to-use, plug-in modules. I nform ation that 
once required up to 25 magnetic c a rds can be 
contained in one small module. Simply insert 
the desired module and access a program in 
seconds, with just a few keystrokes. They bring 
the power of programming within easy reach, 
even if you have never program med before .  Use 
the 5,0 00-step module by itself. O r, use it as a 
base and call subroutines from your magnetic 
card 0 1' keyed-in program . You can also use your 
program as a base and call subroutines from the 
module. And much more. 

M aster L i b l'ary, 
The M aster Libra r y  So l id State Software '" 
module is included with the TI Program mable 
58 and TI Program mable 59. A selection of 25 
prewritten programs in mathematics, statistics, 

fi nan ce, and other application areas, it provides 
the professional with a "tool kit" of prepro­
grammed solutions to a wide variety of problems. 

Optional l i bral' i e s ,  
Optional Solid State Software '\ !  plug-in libraries 
let you customize your TI Programmable 58 or 
TI Program mable 59 into a specialized problem 
solver. Choose from Statistics, Real Estate and 
I n vest m e n t, Sur v e y i n g, A v iatio n ,  M arine 
Navigation . 

PPX-59 lets you share programs.  
TI 's Professio nal Program E x c ha n ge ( P P X )  
makes hundreds of programs available t o  you. 
Programs developed, tested, and submitted by 
your professional peers. And, you can submit 
programs you develop for possible inclusion. 
Your yearly PPX-59 membership provides you 
with a source catalog, 3 free programs of your 
choice, a bi-monthly newsletter, and a member's 
guide and program submission forms. 

Send for free 
16-page brochure. 

Want to know more? This 1 6-page color brochure is packed 
with information on TI's new handheld programmables. Con­
tains detailed descriptions and specifications on these excit-
ing calculators, For your free copy write to: Brochure Offer, 
Texas Instruments, P. O. Box 53, Lubbock, TX 79408.  
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Print alphanumerics. 
Plot data. 

The PC-IOOA turns 
your TI Programmable 
58 or 59 into a quiet, 
high-speed 
printing/plotting 
calculator. 

Simplifies 
program editing. 
The PC- 100A prints fast. Over 6 0  
characters/second with its quiet 
thermal printer. So you get listings 
fast. Just push the LIST key for a 
printout of the entire program 
memory. 
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See each program 
step executed. 
Push the TRAC E  key. Now every 
calculation that's p e r formed in 
your program is printed. The full 
number and the operation. 

· U . S .  su ggested retail pr ice,  may vary elsewhere.  

All  tape p r i ntouts shown a p p r o x i m a t e l y  

60% of a c t u a l  s i z e .  

Program headings.  
P rinte d head ings f o r  y o u r  pro­
grams provide easy reference and 
identification. You can even anno­
tate data on printouts. 
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User prompting. 
Use the alpha printing capability 
of the TI Prog rammable 58/5 9 /  
PC - 1 00A combination to enter 
prompting messages right in your 
program. 
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Data plotting. 
The PC-1 00A allows you t o  input 
data from your TI Programmable 
58 or 59 and plot curves and histo­
grams. You can make a plot of data 
directly from the calculator key­
boa r d  or automatically from a 
program. 

'3 I t i E  C U F:, \' E  F' L D T  
S A M P L E D  E V E R Y  3 0  D E G  
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And other features .  
List registe rs.  P rog-ram labels. 
There's even a handy, built-in bat­
tery charger for your calculator's 
battery pack.  Whether for school, 
technology, 0 1' business and finance, 
the uses for the PC-100A are lim­
ited only by your imagination. 

C ontinuing revolutionary advances from Texas Instruments 
. . .  the leader in electronic technology. 
W h e n  you j u dge the value of a high-te c h n o l ogy 
product,  it  pays to look c l o s e l y  at the c o m p a n y  
b e h i n d  t h e  p r o d u c t .  T I  i n vented the origi n a l  
i ntegrated c ircuit  a n d  the " c a l c u l ator-on-a­
chip" that ignited the c a l c u l atol' revol u t i o n .  

A s  t h e  w o r l d ' s  l e a d i n g  producer of i ntegrated 
c i r c u i t s ,  T I  holds the basic patent on the m i n i ­
a t u r e  c a l c u l ator i t s e l f .  . .  a n d  i s  a w o r l d  l e a d e r  
i n  t h e  production of electronic  c a l c u l ators.  
Perfo r m a n c e .  C a p a b i l ity. Q u a l ity. Val u e .  T I .  

TEXAS I N S T R U M E N T S 
Pr inted in U . S . A  I N C O R P O R A T E D  45523 
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inter species aggregation has survived 
beyond birth. Spontaneous chimaeras 
are known in human beings; a double 
genetic legacy from at least one parent 
has been demonstrated.  A number of 
mechanisms are possible , the most plau­
sible being the fertilization by a second 
spermatozoon of the normally discard­
ed smaller polar body formed along 
with the egg, and a later aggregation of 
the two lines to form one embryo. 

Clearly the chimaera offers a sharp 
tool for research. That work is coming 
fast; the task is to use the distinct inter­
mingled cell populations to reveal the 
mechanisms of development. Markers 
of the cells are needed; they can be visi­
ble pigment, sex-determination chromo­
somes, antigens, tumor-inducing genes 
or gene patterns that are usually not .ex­
pressed but that can be "rescued" by the 
activity of the unexpressed genes' part­
ners.  Mouse chimaeras that carry differ­
ent coat-color genes show a coat pattern 
of transverse dark and light bands, each 
rather neatly occupying one or the other 
half of the back of the animal. to the left 
or right of the spinal column. The initial 
suggestion that one sees here the primi­
tive decisions made by one or another 
individual cell's becoming the color-de­
terminer by cloning for an entire seg­
mental portion of the animal seems 
oversimplified. The lateral division sug­
gests the possibility that the coat-cell 
clones were fixed before the neural folds 
of the embryo had fused:  at that time no 
cells could pass the center line . The 
number and the distribution of the 
stripes appear too complex to bear out 
the simplest model. 

The spermatozoa of chimaeras re­
semble those of one component strain or 
the other, without intermediate forms. 
The retinas of pigment chimaeras, how­
ever, show a patchwork of pigmented 
and nonpigmented cells; the size and the 
distribution of the retinal patches seem 
to require cell adhesion, lots of random 
mingling and some cell division during 
development. Alternate periods of cell 
mingling and cell proliferation are quite 
general ; step by step "sampling events" 
then allocate cell groups to new organs 
and tissues.  If mingling precedes clonal 
growth, all patches will be pure, with a 
pigment marker, dark or light; if clonal 
growth precedes mingling, we expect 
both pure and brindled patches .  The 
hope lies in finding lots of markers for 
intermediate stages and special struc­
tures ,  not in powerful statistical means 
of analyzing the wide variety of patterns 
one sees . In mammals cells are not fully 
independent, and they both proliferate 
and migrate; in the fruit fly, by way of 
contrast, cells initiate clones to build up 
tissues and organs, and their progeny 
tend to remain in place. A fly is a group 
of long-settled,  stable mountain vil ­
lages; a mammal is a mobile , interacting 
and shifting metropolitan population . 

I 

�� o 
512 Kou�5 aF 
PRiME TiME. ON " 
if1ALANX OF ABACUSE5 

( A5J\Ci ?J 
ONE 
FULL-YEAR 
MEMBERSHIP 
IN THE IEEE 
COMPUTER 

SOCI ETY 

\ 
�---

O rga n i zed a n d  i ntrod u c e d  by o u r tec h n i c a l  ed i to r, t h i s  v o l u m e 
c a r r i es a b a l anced s e l ect i o n  of everyth i n g  we've p u b l i s h e d  i n  

COMPU TER a b o u t  m i c ros ove r t h e  past two yea rs .  

F i l l  ou t and ma i l  the  form below. 
F i n d out why m e m b e rs h i p  in the I E E E  Co m p u te r  Soc i ety is o n e  

of t h e  best i nvest m e nts y ou ' l l  eve r  m a ke .  

* Offer Exp i res December 3 1 ,  1 977 

,------------------------- , 
I Qu i c k-send me everyt h i ng I n eed to know a b o u t  j o i n i ng the I E E E  Computer  I 
I Socie t y . You can send me my f r ee copy of " M i croprocessors a n d  M ic rocomputers " I w h e n  I jo i n .  

I Name I 
I I 
I �� I 
I I 
I N ote : Offer  e x p i r e s  D ecember 3 1 , 1 9 7 7 .  I 
I 

0 Please send a copy of the C o m p u t e r  Society P u b l i ca t i o n s  C a t a l o g .  I M A I L T H I S  F O R M  TO : 

I I E E E  C o m p u t e r  S oc i e ty 5855 N a p l es P l aza  L o n g  B e ac h ,  C a l i f o r n i a  90803 I 
'-______________________ !! J  

�� IEEE COM PUTER SOCIETY A I N S T I T U T E  OF E L E C T R I C A L  A N D  'V® E L E C T R O N I CS E N G I N E E R S 

6 1  

© 1977 SCIENTIFIC AMERICAN, INC



© 1977 SCIENTIFIC AMERICAN, INC



SCIENTIFIC 

Established 1845 
AM E RI CAN 

September 1977 Volume 237 Number 3 

Microelectronics 
Introducing an issue on the microelectronic revolution, in which 

putting large numbers of electronic elements on silicon "chips" 

has profoundly increased the capabilities of electronic devices 

T
he evolution of electronic technol­
ogy over the past decade has been 
so rapid that it is sometimes called 

a revolution. Is this large claim justified? 
I believe the answer is yes. It is true that 
what we have seen has been to some 
extent a steady quantitative evolution: 
smaller and smaller electronic com­
ponents performing increasingly com­
plex electronic functions at ever higher 
speeds and at ever lower cost. And yet 
there has also been a true revolution: a 
qualitative change in technology, the 
integrated microelectronic circuit, has 
given rise to a qualitative change in hu­
man capabilities. 

It is not an exaggeration to say that 
most of the technological achievements 
of the past decade have depended on mi­
croelectronics. Small and reliable sens­
ing and control devices are the essential 
elements in the complex systems that 
have landed men on the moon and ex­
plored Mars, not to speak of their simi­
lar role in the intercontinental weapons 
that dominate world politics. Micro­
electronic devices are also the essence of 
new products ranging from communica­
tions satellites to hand-held calculators 
and digital watches. Somewhat subtler, 
but perhaps eventually more significant, 
is the effect of microelectronics on the 
computer. The capacity of the computer 
for storing, processing and displaying 
information has been greatly enhanced. 

• 

by Robert N. Noyce 

Moreover, for many purposes the com­
puter is being dispersed to the sites 
where it is operated or where its output 
is applied: to the "smart" typewriter or 
instrument or industrial control device. 

The microelectronics revolution is far 
from having run its course. We are still 
learning how to exploit the potential of 
the integrated circuit by developing new 
theories and designing new circuits 
whose performance may yet be im­
proved by another order of magnitude. 
And we are only slowly perceiving the 
intellectual and social implications of 
the personal computer, which will give 
the individual access to vast stores of 
information and the ability to learn 
from it, add to it and communicate with 
others concerning it. 

This issue of Scientific American de­
voted to microelectronics explores the 
nature of microelectronic circuit ele­
ments, the design and fabrication of 
large-scale integrated circuits, a broad 
range of their applications and some of 
their implications for the future. Here I 
want primarily to show how the evolu­
tion of microelectronics illustrates the 
constant interaction of technology and 
economics. The small size of microelec­
tronic devices has been important in 
many applications, but the major im­
pact of this new technology has been to 
make electronic functions more repro­
ducible, more reliable and much less ex-

MICROELECTRONIC DEVICES arrayed on the opposite page are microprocessors, each 
the equivalent of the central processing unit of a small computer. The photograph shows a por­
tion of a "wafer," a thin slice of silicon on which the devices have heen fabricated, enlarged 10 
diameters. An individual device, or chip, is shown at its actual size (.164 inch by .222 inch) 
above this caption. After the devices have been fabricated on the wafer and tested they are sep­
arated, fitted with leads and packaged. This microprocessor is the Intel Corporation's 8085, a 
general-purpose device that has 6,200 transistors and can execute 770,000 instructions per sec­
ond, Smaller chip at the far right is used for testing wafer at various stages of its manufacture. 

pensive. With each technical develop­
ment costs have decreased, and the ever 
lower costs have promoted a widening 
range of applications; the quest for tech­
nical advances has been required by 
economic competition and compensat­
ed by economic reward. 

I
t all began with the development 30 

years ago of the transistor: a small. 
low-power amplifier that replaced the 
large, power-hungry vacuum tube. The 
advent almost simultaneously of the 
stored-program digital computer pro­
vided a large potential market for the 
transistor. The synergy between a new 
component and a new application gen­
erated an explosive growth of both. The 
computer was the ideal market for the 
transistor and for the solid-state inte­
grated circuits the transistor spawned. a 
much larger market than could have 
been provided by the traditional appli­
cations of electronics in communica­
tions. The reason is that digital systems 
require very large numbers of active cir­
cuits compared with systems having an­
alogue amplification. such as radios. In 
digital electronics a given element is ei­
ther on or off. depending on the input. 
Even when a large number of elements 
are connected, their output will still be 
simply on or off; the gain of the individ­
ual stage is unity, so that even cascading 
several stages leaves the gain still unity. 
Analogue circuits. on the other hand . 
typically require amplification of the in­
put. Since the gain of each amplifier 
may typically be 10. only a few stages 
can be cascaded before the practical 
limit of voltage levels for microelec­
tronic elements is reached. An analogue 
system therefore cannot handle large 
numbers of microcircuits. whereas a 
digital system requires them; a pocket 
calculator contains 100 times as many 
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FOUR DIVERSE CHIPS suggest the wide range of purposes served 
by microelectronic devices and the patterns characteristic of those 
purposes. At the left is a large-scale integrated circuit: a microproc­
essor made by the Rockwell International Corporation. In addition 

to the logic elements of a central processing unit it incorporates in­
put-output circuitry and a read-only memory (regular area at upper 
right). Second from the left is another Iarge-scale integrated circuit: 
a semiconductor memory made by Fairchild Semiconductor. Its reg-

transistors as a radio or a television re­
ceiver. 

In spite of the inherent compatibility 
of microelectronics and the computer, 
the historical fact is that early efforts to 
miniaturize electronic components were 
not motivated by computer engineers. 
Indeed, the tremendous potential of the 
digital computer was not quickly appre­
ciated; even the developers of the first 
computer felt that four computers, 
more or less, would satisfy the world's 
computation needs! Various missile and 
satellite programs, however, called for 
complex electronic systems to be in­
stalled in equipment in which size, 
weight and power requirements were se­
verely constrained, and so the effort to 
miniaturize was promoted by military 
and space agencies. 

The initial approach was an attempt 
to miniaturize conventional compo­
nents. One program was "Project Tin­
kertoy" of the National Bureau of Stan­
dards, whose object was to package the 
various electronic components in a stan­
dard shape: a rectangular form that 
could be closely packed rather than the 
traditional cylindrical form. Another 
approach was "molecular engineering." 
The example of the transistor as a sub­
stitute for the vacuum tube suggested 
that similar substitutes could be de­
vised: that new materials could be dis-
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covered or developed that would by 
their solid-state nature allow electronic 
functions other than amplification to be 
performed within a monolithic solid. 
These attempts were largely unsuccess­
ful. but they publicized the demand for 
miniaturization and the potential re­
wards for the successful development of 
some form of microelectronics. A large 
segment of the technical community 
was on the lookout for a solution of 
the problem because it was clear that 
a ready market awaited the successful 
inventor. 

What ultimately provided the solu­
tion was the semiconductor integrated 
circuit, the concept of which had begun 
to take shape only a few years after the 
invention of the transistor. Several in­
vestigators saw that one might further 
exploit the characteristics of semicon­
ductors such as germanium and silicon 
that had been exploited to make the 
transistor. The body resistance, of the 
semiconductor itself and the capaci­
tance of the junctions between the posi­
tive (P) and negative (n) regions that 
could be created in it could be combined 
with transistors in the same material to 
realize a complete circuit of resistors, 
capacitors and amplifiers [see "Micro­
electronic Circuit Elements," by James 
D. Meindl. page 70]. In 1953 Harwick 
Johnson of the Radio Corporation of 

America applied for a patent on a 
phase-shift oscillator fashioned in a sin­
gle piece of germanium by such a tech­
nique. The concept was extended by G. 
W. A. Dummer of the Royal Radar Es­
tablishment in England, Jack S. Kilby of 
Texas Instruments Incorporated and 
Jay W. Lathrop of the Diamond Ord­
nance Fuze Laboratories. 

S
everal key developments were re­

quired, however, before the exciting 
potential of integrated circuits could be 
realized. In the mid-1950's engineers 
learned how to define the surface config­
uration of transistors by means of pho­
tolithography and developed the meth­
od of solid-state diffusion for introduc­
ing the impurities that create p and n 
regions. Batch processing of many tran­
sistors on a thin "wafer" sliced from a 
large crystal of germanium or silicon be­
gan to displace the earlier technique of 
processing individual transistors. The 
hundreds or thousands of precisely reg­
istered transistors that could be fabricat­
ed on a single wafer still had to be sepa­
rated physically, assembled individually 
with tiny wires inside a protective hous­
ing and subsequently assembled into 
electronic circuits. 

The integrated circuit, as we con­
ceived and developed it at Fairchild 
Semiconductor in 1959, accomplishes 
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ular pattern is characteristic of memory devices. Third from the left 
is a smaU-scale integrated circuit: an "op amp," or operational ampli­
fier, made by the RCA Corporation. It is a variable amplifier whose 
output is linked to its input so that it can serve as an adaptable build-

ing block in various feedback applications. At the far right is a power 
device: a high-gain "Darlington transistor" made by Motorola Semi­
conductor Products Inc. In it two transistors provide enough power 
to drive the horizontal-deflection circuitry of a television receiver. 

the separation and interconnection of 
transistors and other circuit elements 
electrically rather than physically. The 
separation is accomplished by introduc-

. ing pn diodes. or rectifiers. which allow 
current to flow in only one direction. 
The technique was patented by Kurt Le­
hovec at the Sprague Electric Company. 
The circuit elements are interconnected 
by a conducting film of evaporated met­
al that is photoengraved to leave the 
appropriate pattern of connections. An 
insulating layer is required to separate 
the underlying semiconductor from the 
metal film except where contact is de­
sired. The process that accomplishes 
this insulation had been developed by 
Jean Hoerni at Fairchild in 1958. when 
he invented the planar transistor: a thin 
layer of silicon dioxide. one of the best 
insulators known. is formed on the sur­
face of the wafer after the wafer has 
been processed and before the conduct­
ing metal is evaporated onto it. 

Since then additional techniques have 
been devised that give the designer of 
integrated circuits more flexibility. but 
the basic methods were available by 
1960. and the era of the integrated cir­
cuit was inaugurated. Progress since 
then has been astonishing. even to those 
of us who have been intimately engaged 
in the evolving technology. An individu­
al integrated circuit on a chip perhaps 

a quarter of an inch square now can em­
brace more electronic elements than the 
most complex piece of electronic equip­
ment that could be built in 1950. To­
day's microcomputer. at a cost of 
perhaps $300. has more computing ca­
pacity than the first large electronic com­
puter. ENIAC. It is 20 times faster. has 
a larger memory. is thousands of times 
more reliable. consumes the power of a 
light bulb rather than that of a locomo­
tive. occupies 1/30.000 the volume and 
costs 1/ 10.000 as much. It is available 
by mail order or at your local hobby 
shop. 

In 1964. noting that since the produc­
tion of the planar transistor in 1959 the 
number of elements in advanced inte­
grated circuits had been doubling every 
year. Gordon E. Moore. who was then 
director of research at Fairchild. was the 
first to predict the future progress of the 
integrated circuit. He suggested that its 
complexity would continue to double 
every year. Today. with circuits contain­
ing 218 (262. 144) elements available. we 
have not yet seen any significant depar­
ture from Moore's law. Nor are there 
any signs that the process is slowing 
down. although a deviation from expo­
nential growth is ultimately inevitable. 
The technology is still far from the fun­
damental limits imposed by the laws of 
physics; further miniaturization is less 

likely to be limited by the laws of phys­
ics than by the laws of economics. 

T
he growth of the microelectronics 
industry illustrates the extent to 

which investment in research can create 
entrepreneurial opportunity. jobs and a 
major export market for the U.S. After 
the introduction of the integrated circuit 
in the early 1960's the total world con­
sumption of integrated circuits rose rap­
idly. reaching a value of nearly $ 1  bil­
lion in 1970. By 1976 world consump­
tion had more than tripled. to $3.5 
billion. Of this total U.S.-based compa­
nies produced more than $2.5 billion. 
or some 70 percent. about $ 1  billion of 
which was exported to foreign custom­
ers. The impact on the electronics in­
dustry is far greater than is implied by 
these figures. In electronic equipment 
less than 10 percent of the value is in 
the integrated circuits themselves; a 
$ 10.000 minicomputer contains less 
than $ 1.000 worth of integrated circuits. 
and a $300 television set contains less 
than $30 worth. Today most of the 
world's $80 billion electronics industry 
depends in some way on integrated cir­
cuits. 

The substitution of microelectronic 
devices for discrete components reduces 
costs not only because the devices them­
selves are cheaper but for a variety of 
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MICROCOMPUTER, THE IMSAI 8048, is made by the IMSAI 
Manufacturing Corporation, which assembles integrated circuits with 
other devices on an eight-by-l0-inch board. The microprocessor is 
the square chip in the center of the light gray package about a third 
of the way from the bottom. The 16 packages at bottom right consti­
tute a 2K-byte (l6,384-bit, or binary-digit) random-access memory; 
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the light-colored package next to them provides programmable 2K­
byte read-only memory in addition to the lK-byte program memory 
in the microprocessor. Nine light-emitting diodes (to left of the key­
board) provide an alphanumeric display. This is a control computer 
that can, for example, monitor an operation and throw switches in 
order to control it by means of high-current relays (large black boxes). 
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other reasons. First, the integrated cir­
cuit contains many of the interconnec­
tions that were previously required, and 
that saves labor and materials. The in­
terconnections of the integrated circuit 
are much more reliable than solder 
joints or connectors, which makes for 
savings in maintenance. Since integrated 
circuits are much smaller and consume 
much less power than the components 
they have displaced, they make savings 
possible in such support structures as 
cabinets and racks as well as in power 
transformers and cooling fans. Less in­
termediate testing is needed in the 
course of production because the cor­
rect functioning of the complex inte­
grated circuits has already been en­
sured. Finally, the end user needs to 
provide lessfioor space, less operating 
power and less air conditioning for the 
equipment. All of this is by way of say­
ing that even if integrated circuits were 
only equivalent in cost to the compo­
nents they have displaced, other savings 
would motivate the use of fewer, more 
complex integrated circuits as they be­
came available. 

T
he most striking characteristic of the 
microelectronics industry has been a 

persistent and rapid decline in the cost 
of a given electronic function. The 
hand-held calculator provides a dramat­
ic example. Its cost has declined by a 
factor of 100 in the past decade. A por­
tion of the rapid decline in cost can be 
accounted for in terms of a "learning 
curve": the more experience an industry 
has, the more efficient it becomes. Most 
industries reduce their costs (in constant 
dollars) by 20 to 30 percent each time 
their cumulative output doubles. Exam­
ining data for the semiconductor indus­
try, we find that integrated-circuit costs 
have declined 28 percent with each dou­
bling of the industry's experience. Be­
cause of the rapid growth of this young 
industry these cost reductions have 
come at a much more rapid pace than in 
mature industries; the electronics indus­
try's experience has been doubling near­
ly every year. The cost of a given elec­
tronic function has been declining even 
more rapidly than the cost of integrated 
circuits, since the complexity of the cir­
cuits has been increasing as their price 
has decreased. For example, the cost per 
bit (binary digit) of random-access 
memory has declined an average of 35 
percent per year since 1970, when the 
major growth in the adoption of semi­
conductor memory elements got under 
way. These cost declines were accom­
plished not only by the traditional learn­
ing process but also by the integration of 
more bits into each integrated circuit: in 
1970 a change was made from 256 bits 
to 1,024 bits per circuit and now the 
number of bits is in the process of jump­
ing from 4,096 per circuit to 16.384. 
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NUMBER OF COMPONENTS per circuit in the most advanced integrated circuits has dou­
bled every year since 1959, when the planar transistor was developed. Gordon E. Moore, then 
at Fairchild Semiconductor, noted the trend in 1964 and predicted that it would continue. 

The hundredfold decline in prices for 
electronic components since the de­
velopment of the integrated circuit is 
unique because, although other indus­
tries have shown similar experience 
curves, the integrated-circuit industry 
has been unique in its annual doubling 
of output over an extended number of 
years. Rather than serving a market that 
grows only in pace with the gross nation­
al product or the population, the indus­
try has served a proliferating market of 
ever broadening applications. As each 
new application consumes more micro­
electronic devices more experience has 
been gained, leading to further cost re­
ductions, which in turn have opened up 
even wider markets for the devices. In 
1960, before any production of integrat­
ed circuits, about 500 million transistors 
were made. Assuming that each tran­
sistor represents one circuit function, 
which can be equated to a logic "gate" 
or to one bit of memory in an integrated 
circuit, annual usage has increased by 
2,000 times, or has doubled 1 1  times, in 
the past 17 years. This stunning increase 
promotes continual cost reductions. 

T
he primary means of cost reduction 
has been the development of in­

creasingly complex circuits that lower 
the cost per function for both the circuit 

producer and the equipment manufac­
turer. The main technical barrier to 
achieving more functions per circuit is 
production yield. More complex cir­
cuits result in larger devices and a grow­
ing probability of defects, so that a high­
er percentage of the total number of de­
vices must be scrapped. When the cost 
of scrapping exceeds the cost saving in 
subsequent assembly and test opera­
tions, the cost per function increases 
rather than decreases. The most cost-ef­
ficient design is a compromise between 
high assembly costs (which are incurred 
at low levels of integration) and high 
scrapping costs (which are incurred at 
high levels of integration). 

Technological developments have 
concentrated primarily on increasing 
the production "yield," either by reduc­
ing the density of defects or by reduc­
ing dimensions, Meticulous attention to 
process control and cleanliness has been 
necessary to red uce defect density. A 
dust particle in any critical process is 
enough to make a device worthless, so 
that most operations must be carried out 
in "clean rooms." Reduction of the di­
mensions of the basic circuit elements, 
which enables one to crowd more com­
plex circuits within a given area, has 
been accomplished by improving the 
resolution of the photoengraving proc-
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esses. Now optical limits are being 
reached as dimensions in the circuit pat­
terns enter the range of only a few wave­
lengths of light, and methods in which 
electron beams or X rays are substituted 
for visible light are being developed in 
order to reduce the dimensions even fur­
ther [see "The Fabrication of Micro­
electronic Circuits," by William G. Old­
ham, page 11 0]. 

The reduction in size of the circuit ele­
ments not only reduces the cost but also 
improves the basic performance of the 
device. Delay times are directly propor­
tional to the dimensions of circuit ele­
ments, so that the circuit becomes faster 
as it becomes smaller. Similarly, the 
power is reduced with the area of the 
circuits. The linear dimensions of the 
circuit elements can probably be re­
duced to about a fifth of the current size 
before any fundamental limits are en­
countered. 

In an industry whose product declines 
in price by 25 percent a year the motiva­
tion for doing research and develop­
ment is clearly high. A year's advantage 
in introducing a new product or new 
process can give a company a 25 percent 
cost advantage over competing compa­
nies; conversely, a year's lag puts a com­
pany at a significant disadvantage with 
respect to its competitors. Product de­
velopment is a critical part of company 
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strategy and product obsolescence is a 
fact of life. The return on successful in­
vestment in research and development is 
great, and so is the penalty for failure. 
The leading producers of integrated cir­
cuits spend approximately 10 percent of 
their sales income on research and de­
velopment. In a constant-price environ­
ment one could say that investment for 
research and development buys an an­
nuity paying $2.50 per year for each dol­
lar invested! Clearly most of this annui­
ty is either paid out to the purchasers of 
integrated circuits or reflected in price 
reductions that are necessary to develop 
new markets. 

I
n this environment of rapid growth in 

market, rapid technological change 
and high returns on the successful devel­
opment of a new product or process, a 
great number of entrepreneurial oppor­
tunities have been created and exploit­
ed. It is interesting that whereas the U.S. 
has led in both the development and the 
commercialization of the new technolo­
gy, it was not the companies that were in 
the forefront of the vacuum-tube busi­
ness that proceeded to develop its suc­
cessor, the transistor. Of the 10 leading 
U.S. producers of vacuum tubes in 
1955, only two are among today's top 10 
U.S. semiconductor producers; four of 
the top 10 semiconductor companies 
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were formed after 1955, and those four 
represent only a small fraction of the 
successful new ventures in the field. 
Time and time again the rapid growth of 
the market has found existing compa­
nies too busy expanding markets or 
product lines to which they were already 
committed to explore some of the more 
speculative new markets or technolo­
gies. And so the door was left open for 
new ventures, typically headed (origi­
nally at least) by an entrepreneur with a 
research or marketing background who 
had enough faith in the new market and 
technology to gamble. Fortunately for 
the U.S. economy capital was readily 
available in the late 1950's and the 
1960's to finance these ventures, and ap­
proximately 100 new companies were 
formed to produce semiconductor de­
vices; many of them made significant 
contributions to the development of mi­
croelectronics. Two such contributions 
in which I was directly involved were 
the development of the planar transistor 
and planar integrated circuit at Fair­
child when that organization was only 
two years old, and the development of 
the microprocessor at the Intel Corpora­
tion only two years after that company 
was founded. There are many more ex­
amples. The environment for entrepre­
neurial innovation in the U.S. is not 
matched in other industrialized nations, 
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INDUSTRY'S ACCUMULATED EXPER IENCE (MIL L IONS OF UNITS) 

PRICES OF INTEGRATED CIRCUITS bave conformed to an ex­
perience curve common to many industries, declining about 28 per­
cent witb eacb doubling of tbe industry's cumulative experience (as 
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measured by tbe number of units produced). It is tbe particularly rap­
id growtb of tbe microelectronics industry tbat bas made tbe rate of 
decline in prices appear to be bigher than .the rate in other industries. 
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and it has been a major contributor to 
America's leadership in the field. 

The growth of microelectronics has in 
turn created other opportunities. A host 
of companies have been established to 
serve the needs of the integrated-circuit 
producers. These companies supply ev­
erything from single-crystal silicon to 
computer-controlled design aids to au­
tomatic test equipment and special tool­
ing. Often the novel consumer products 
that are spawned by developments in 
microelectronics have been manufac­
tured and marketed initially by new 
companies. The digital watch and the 
television game are familiar examples. 

W
hen the integrated circuit was still 
an infant, Patrick E. Haggerty of 

Texas Instruments called attention to 
the increasing pervasiveness of electron­
ics and predicted that electronic tech­
niques would continue to displace other 
modes of control, reaching into nearly 
all aspects of our lives. Just such a dis­
placement has been taking place. pri­
marily because the microelectronics in­
dustry has been able to make ever more 
sophisticated functional elements at 
ever decreasing costs. Mechanical ele­
ments of the calculator and the watch 
have been displaced by integrated cir­
cuits that are less expensive and also of­
fer more flexibility. Now the electrome­
chanical functions of vending machines. 
pinball machines and traffic signals are 
being displaced. In the near future the 
automobile engine will be controlled by 
a computer. with a consequent improve­
ment in efficiency and reduction of pol­
lutants. All these applications are sim­
ply extensions of the traditional appli­
cations of electronics to the task of 
handling information in measurement. 
communication and data manipulation. 
It has often been said that just as the 
Industrial Revolution enabled man to 
apply and control greater physical pow­
er than his own muscle could provide. so 
electronics has extended his intellectu­
al power. Microelectronics extends that 
power still further. 

By 1986 the number of electronic 
functions incorporated into a wide 
range of products each year can be ex­
pected to be 100 times greater than it is 
today. The experience curve predicts 
that the cost per function will have de­
clined by then to a twentieth of the 1976 
cost. a reduction of 25 percent per year. 
At such prices electronic devices will be 
exploited even more widely. augment­
ing mail service. expanding the library 
and making its contents more accessi­
ble. providing entertainment. dissemi­
nating knowledge for educational pur­
poses and performing many more of the 
routine tasks in the home and office. It is 
in the exponential proliferation of prod­
ucts and services dependent on micro­
electronics that the real microelectronic 
revolution will be manifested. 
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COST PER BIT of computer memory has declined and should continue to decline as is shown 
here for successive generations of random-access memory circuits capable of handling from 
1,024 (1K) to 65,536 (65K) bits of memory. Increasing complexity of successive circuits is pri­
marily responsible for cost reduction, but less complex circuits also continue to decline in cost. 
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ANNUAL UTILIZATION of electronic functions (transistors, logic gates and bits of mem. 
ory) worldwide has increased some 2,000 times since the integrated circuit was developed in 
1960, Utilization can be expected to increase by another factor of 100 in the next 10 years. 
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Microelectronic Circuit Elements 

The basic functional element of a modern electronic circuit 

is the transistor. Microelectronic technology has made it 

possible to employ large numbers of them in a single circuit 

An electronic device is made up of 
.fl. "active" circuit elements. such as 

transistors. in combination with 
other components such as resistors. ca­
pacitors and inductors. It was once the 
universal practice to manufacture each 
of the components separately and then 
assemble the complete device by wiring 
the components together with metallic 
conductors. The advent of microelec­
tronic circuits has not. for the most part. 
changed the nature of the basic func­
tional units: microelectronic devices are 
also made up of transistors. resistors. 
capacitors and similar components. The 
major difference is that all these ele­
ments and their interconnections are 
now fabricated on a single substrate in a 
single series of operations. 

The primary material of microelec­
tronic circuits is silicon. and the devel­
opment of microelectronics has there­
fore depended in large measure on the 
invention of techniques for making the 
various functional units on or in a crys­
tal of this semiconducting material. In­
deed. methods have been developed for 
fabricating most of the standard devic­
es. although inductors cannot conve­
niently be employed. The designs of the 
earlier and bulkier technology. howev­
er. have not merely been adopted and 
miniaturized. With a change in scale has 
come a change in the resources avail­
able to the designer. followed by a 
change in the way those resources are 
deployed. In particular. a growing num­
ber of functions have been given over to 
the circuit elements that are most easily 
fabricated in silicon and that perform 
best: transistors. Several kinds of micro­
electronic transistor have been devel­
oped. and for each of them families of 
associated circuit elements and circuit 
patterns have evolved. 

An important distinction can be made 
between active circuit elements. exem­
plified by transistors. and all other elec­
tronic devices. which by contrast can 
be called passive. An active element 
can change its state in response to an 
external signal; resistors. capacitors and 
inductors have no such capability. 
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Any material that carries an electric 
current-even a straight wire-exhibits 
all the characteristics of the passive cir­
cuit elements: resistance. capacitance 
and inductance. Useful devices simply 
possess one of these attributes in larger 
measure. The electrical resistance of a 
metal wire can be interpreted as the dis­
ruption of the orderly movement of 
electrons by interactions with the atom­
ic structure of the material. Resistors 
constructed as discrete components gen­
erally employ a medium with a relative­
ly high resistance per unit length. such 
as carbon or the alloy nichrome. 

Capacitance and inductance are ef­
fects that can be attributed to the elec­
tromagnetic field generated by an elec­
tric charge or current. Capacitance is a 
measure of the electric field surrounding 
a conductor. The largest values of ca­
pacitance are attained when extensive 
areas of conductors bearing opposite 
electric charges are brought close to­
gether. and so discrete capacitors are of­
ten made of metal plates or foils sepa­
rated by a thin layer of insulator. Induc­
tance represents the energy stored in the 
magnetic field set up by an electric cur­
rent. In order to concentrate the magnet­
ic field. inductors are made by winding a 
conductor into a coil. sometimes with a 
core of a ferromagnetic material. 

In a microelectronic device the car­
bon or nichrome of a resistor. the inter­
leaved conductors of a capacitor and the 
windings of an inductor simply are not 
available. All the components of the cir-

cuit must be fabricated in a crystal of 
silicon or on the surface of the crystal. 
Silicon is far from being an ideal materi­
al for these functions. and only modest 
values of resistance and capacitance can 
be achieved. Practical microelectronic 
inductors cannot be formed at all. On 
the other hand. silicon is a material 
without equal for the fabrication of 
transistors. and the abundance of these 
active components in microelectronic 
devices more than compensates for the 
shortcomings of the passive elements. 

The one property of transistors that 
makes them indispensable in microelec­
tronics is the capacity for gain. or ampli­
fication. This property can be under­
stood by considering both passive and 
active circuit elements as "black boxes" 
whose internal workings are immaterial 
and whose behavior can be examined 
only at their input and output terminals. 
A signal applied to the input terminals 
of a black box containing a resistor. a 
capacitor or an inductor can be trans­
formed in a number of ways. but invari­
ably the signal is reduced in power. A 
black box that contains a transistor. on 
the other hand. can transform a low­
power signal into a high-power one. 

In order to understand how transistors 
and other circuit elements can be 

made from silicon. it is necessary to con­
sider the physical nature of semiconduc­
tor materials. In a conductor. such as a 
metal. current is carried by electrons 
that are free to wander throughout the 

PAIR OF LOGIC CIRCUITS in the photomicrograph on the opposite page were fabricated 
as a unit in the surface of a silicon chip. The circuits consist of several interconnected transis­
tors, which are by far the most important circuit elements in microelectronic devices. Of the 
four aluminum conductors that encircle the device and approach it from the right, the top one 
makes contact with one region of a transistor in which current flows parallel to the surface of 
the chip, emerging through the conductor that terminates on the bright blue horizontal bar. 
Under this conductor are three more transistors of a different type; in these, current flows up 
from the substrate to the row of contacts below the blue bar. The circuit is an example of the 
semiconductor technology called integrated-injection logic, or I2L. A distinguishing feature 
of I2L circuits is that some regions of the chip function as elements of more than one transistor. 
In the blue bar the surface of the chip can be seen; the pebbly texture elsewhere is poly crystal­
line silicon. Variations in color are not intrinsic to the silicon but are caused by interference in 
the layers of silicon dioxide that cover the surface. The device was made in the author'S lab­
oratory at Stanford University by Roderick D. Davies and was photographed by Fritz Goro. 
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atomic lattice of the substance. In an 
insulator all the electrons are tightly 
bound to atoms or molecules and hence 
none are available to serve as carriers of 
electric charge. The situation in a semi­
conductor is intermediate between the 
two: free charge carriers are not ordi­
narily present. but they can be generated 
with a modest expenditure of energy. 

An atom of silicon has four electrons 
in its valence. or outermost. shell of 
electrons; in solid silicon. pairs of these 
electrons. shared by neighboring atoms. 
are arranged symmetrically so that each 
atom is surrounded by eight shared elec-
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MICROELECTRONIC 
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n-TYPE 
SEMICONDUCTOR 

trons. Since all the electrons are com­
mitted to the bonds between atoms. a 
crystal of pure silicon is a poor conduc­
tor of electricity. 

Semiconductor devices are made by 
introducing controlled numbers of im­
purity atoms into the crystal, the proc­
ess called doping. For example. part of 
a silicon crystal might be doped with 
phosphorus. an element whose atoms 
have five electrons in the valence shell. 
A phosphorus atom can displace a sili­
con atom without disrupting the crystal 
structure. but the extra electron it brings 
has no place in the interatomic bonds. In 

CAPACITOR 

ELECTRIC FIELD 

CONDUCTOR 

SEMICONDUCTOR 

the absence of an external stimulus the 
extra electron remains in the vicinity of 
the impurity atom. but it can be mobi­
lized by applying a small voltage across 
the crystal. 

Silicon can also be doped with boron. 
an element whose atoms have three va­
lence electrons. Each boron atom insert­
ed in the silicon lattice creates a deficien­
cy of one electron. a state that is called a 
hole. A hole also remains associated 
with an impurity atom under ordinary 
circumstances but can become mobile 
in response to an applied voltage. The 
hole is not a real particle. of course. but 

INDUCTOR 
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CURRENT 

PASSIVE CIRCUIT ELEMENTS employed in electronic devices 
include resistors, capacitors and inductors. Resistance represents the 
energy dissipated by electrons as they move through the atomic struc­
ture of a conductor. Capacitance measures the energy stored in the 
electric field that surrounds a charged conductor. Inductance mea­
sures the energy stored in the magnetic field set up by an electric cur­
rent. Resistors constructed as discrete components consist of carbon 
or some other substance that conducts electricity poorly, such as the 
alloy nichrome; a resistor that forms part of a microelectronic as­
sembly consists of a thin ribbon of one type of semiconductor sur-

rounded by semiconductor of the opposite type. A discrete capacitor 
is made of many interleaved conducting and insulating lay!!rs; a mi­
croelectronic capacitor is made by forming on the surface of a semi­
conductor crystal a thin layer of insulator foUowed by a layer of met­
al. Only small values of capacitance can be obtained in this way. A 
discrete inductor consists of a coiled wire, often wound on a core of 
ferromagnetic material; no satisfactory method for building micro­
electronic inductors has been devised. The symbols for each of the 
passive elements are shown at the bottom along with the signal cur­
rents that flow through them in response to an applied signal voltage. 
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merely the absence of an electron at a 
position where one would be found in a 
pure lattice of silicon atoms. Neverthe­
less. the hole has a positive electric 
charge and can carry an electric current. 
The hole moves through the lattice in 
much the same way that a bubble moves 
through a liquid medium. An adjacent 
atom transfers an electron to the impuri­
ty atom. "filling" the hole there but cre­
ating a new one in its own cloud of elec­
trons; the process is then repeated. so 
that the hole is passed along from atom 
to atom. 

Silicon doped with phosphorus or an­
other pentavalent element is called an n­
type semiconductor. the n representing 
the negative electric charge of the con­
duction electrons. Doping with boron or 
another trivalent element gives rise to a 
p-type semiconductor. the designation 
referring to the positive electric charge 
of the holes. 

The simplest semiconductor device is 
a diode made up of adjoining n-type and 
p-type regions in a single crystal of sili­
con. When a positive voltage is applied 
to the p-type region and a negative volt­
age to the n-type region. countercur­
rents of electrons and holes are estab­
lished. The holes in the p-type region are 
repelled by the positive charge applied 
to the p terminal and are attracted to 
the negative terminal. so that they flow 
across the junction. Electrons in the n­
type region are propelled in the opposite 
direction. The large current that results 
is called the forward diode current. 

If the connections to the diode are re­
versed. holes are pulled back toward the 
terminal of the p-type region. which now 
has a negative charge. and electrons are 
drawn back into the n-type region 
toward the positive terminal. No cur­
rent flows across the junction. Actually 
a very small "reverse" current is always 
observed. carried by a few electrons 
found in the p-type silicon and by holes 
in the n-type. Such "minority" carriers 
are always present. but their concentra­
tion is low. 

A
�iode is not capable of g�in. a!ld s? 
It cannot serve as an actIVe CirCUIt 

element; on the other hand. it has a 
property that distinguishes it from other 
passive devices. Resistors. capacitors 
and inductors are all symmetrical devic­
es: their effects on a signal are the same 
no matter what the polarity of the signal 
and no matter which way they are con­
nected in a circuit. The most conspic­
uous property of the diode is its asym­
metry: it presents a low resistance to 
a signal of one polarity and a high resist­
ance to a signal of the opposite polarity. 

A transistor can be made by adding a 
third doped region to a diode so that. for 
example. a p-type region is sandwiched 
between two n-type regions. One of the 
II-doped areas is called the emitter and 
the other the collector; the p region be­
tween them is the base. In structure. 
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SEMICONDUCTOR DEVICES from which microelectronic circuits are constructed include 
the diode (left) and the transistor. Both devices are made of apposed regions of silicon doped 
with impurity elements; the two kinds of doped silicon are called n type and p type. The essen­
tial property of the diode is its asymmetry: connected as shown here, it transmits a signal of pos­
itive polarity but blocks a negative one. In this respect the transistor is also asymmetrical, but 
it has an additional property of greater importance. A transistor is capable of amplification; by 
drawing on an external power supply it can convert a low-power slgnaJ into a high-power one. 
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ELECTRONIC STRUCTURE of metals, insuiators and semiconductors determines their elec­
trical properties. Each of the electrons in a substance occupies a discrete, unique state, and the 
available states are filled in order, beginuing with the one of lowest energy. Conduction re­
quires electrons of relatively high energy. (For simplicity the minimum energy for conduction 
is shown here as if it were the same in all materials, although in fact there are substantial dif­
ferences.) In a metal the highest filled electron state is at an energy exceeding the minimum for 
conduction, so that conduction electrons are always present; they wander freely through the 
atomic lattice of the metal. In an insulator there is a large gap between the highest electron ener­
gy and the energy needed for conduction; this gap can be interpreted as the energy needed to 
pull an electron free from the atom to which it is bound. There is also a gap in the electron 
structure of a semiconductor, but it is a small one. When they are undisturbed, electrons in a 
semiconductor remain in the vicinity of particuiar atoms, but they can be freed by a small 
expenditure of energy, such as that represented by the voltage applied to a diode or a transistor. 
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DOPING OF SILICON with impurity atoms alters the electronic structure of the substance in 
such a way that carriers of electric charge are easily freed from the atomic lattice. A silicon 
atom (gray) has four electrons in its valence, or outermost, shell, and in a pure crystal these elec­
trons form pairs that are shared by adjacent atoms. As a result each atom is surrounded by eight 
electrons, an inherently stable confignration. An n-type semiconductor can be made by re­
placing a few atoms of silicon with those of an element, such as phosphorus (color), that has 
five electrons in its valence shell. The extra electron has no part to play in the bonds between 
the atoms of the crystal and so it readily becomes a mobile charge carrier. In a p-type semicon­
ductor the impurity introduced is an element, such as boron (black), with three electrons in its 
valence shelL Each impurity atom gives rise to a deficiency of one electron, called a hole. A hole 
has a net positive charge, and under an applied voltage it can move from atom to atom through 
the crystal structure. The designations n and p refer respectively to the negative and positive po­
larities of the charge carriers. Here the concentration of impurity atoms is greatly exaggerated. 

then. the transistor can be regarded as 
two diodes joined back to back on a sin­
gle crystal of silicon. As might be ex­
pected from this analysis. the operation 
of the transistor depends on the relative 
voltages applied to the three regions. 

As a point of reference the n-type 
emitter can be assigned a potential of 
zero volts; we shall then assume that the 
p-type base has a small positive voltage 
and the n-type collector has a larger pos­
itive voltage. With this arrangement of 
voltages the emitter and the base repre­
sent a diode operating in the forward 
direction: holes are drawn into the emit­
ter and electrons are injected into the 
base. The voltages on the base and the 
collector. in contrast. are of the wrong 
polarities for conduction. and so only a 
negligible reverse current flows through 
that junction. The collector is not idle. 
however: electrons injected into the base 
by the emitter are transported to the col­
lector by a diffusion process similar to 
the mixing of two gases. In a well-de­
signed transistor almost all the injected 
electrons diffuse all the way through the 
base. and a large current flows from the 
emitter to the collector. 

If the positive voltage on the base is 
reduced to zero or if the base is given a 
negative potential, the forward diode 
current from the emitter to the base is 
halted. Because electrons are no longer 
injected into the base. the emitter-to-col­
lector current also stops. Hence the col­
lector current is controlled by the base 
current. By changing the polarity of the 
base voltage the collector current can be 
switched on or off; between these two 
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states the collector current is roughly 
proportional to the base current. If the 
doped regions of the transistor have the 
proper dimensions and arrangement. 
the collector current can be much larger 
than the base current. so that the transis­
tor exhibits gain. The ratio of collector 
current to base current is commonly as 
high as 100. and current gains greater 
than 1.000 are attainable. 

The most important dimensional con­
straint on the design of such a transistor 
is that the base must be narrow so that 
virtually all the electrons injected by the 
emitter are transported across the base 
to the collector. A narrow base also re­
duces the transit time for an injected 
electron and therefore increases the 
speed at which the transistor can change 
from one state to the other. 

The transistor I have described is 
called an npn transistor. the term denot­
ing the sequence of doped regions in the 
silicon. A complementary device. the 
pnp transistor. is made by inserting an n­
type base between p-type regions that 
define the emitter and the collector. The 
principles of operation are the same for 
a pnp transistor. but all polarities are 
reversed. so that for normal operation 
the base and the collector must be nega­
tive with respect to the emitter. The po­
larities of the charge carriers within the 
device are also reversed: the current 
from emitter to collector consists of in­
jected holes. 

The npn and pnp transistors make up 
the class of devices called junction tran­
sistors. They are also known as bipolar 
transistors because charge carriers o{ 

both polarities are involved in their op­
eration. It is the bipolar transistor that 
was invented in 1948 by John Bardeen. 
Walter H. Brattain and William Shock­
ley of the Bell Telephone Laboratories. 

A
second basic kind of transistor was 
actually conceived almost 25 years 

before the bipolar devices. but its fabri­
cation in quantity did not become prac­
tical until the early 1960·s. This is the 
field-effect transistor. Of the several 
types that have been devised. the one 
that is common in microelectronics is 
the metal-oxide-semiconductor field-ef­
fect transistor. The term refers to the 
three materials employed in its con­
struction and is abbreviated MOSFET. 

In a typical MOSFET two islands of 
n-type silicon are created in a substrate 
of p-type material. Connections are 
made directly to the islands. one of 
which is called the source and the other 
the drain. On the surface of the silicon 
over the channel between the source and 
the drain a thin layer of silicon dioxide 
(Si02) is formed. and on top of the oxide 
a layer of metal is deposited. forming a 
third electrode called the gate. Silicon 
dioxide is an excellent insulator. and so 
the gate has no direct electrical connec­
tion with the semiconductor substrate. 
The gate is coupled to the silicon. how­
ever. by capacitance. that is. the electric 
field generated by any charge placed on 
the gate electrode can influence the mo­
tion of charge carriers in the semicon­
ductor channel. 

In a common mode of operation the 
source and the substrate are connected 
by an external conductor and both are 
h�ld at a potential of zero volts. The 
drain is then given a positive voltage. No 
current flows between source and sub­
strate because they are both grounded; 
between the drain and the substrate 
there is only the negligible reverse cur­
rent of a diode. In the quiescent condi­
tion. with no voltage applied to the gate. 
the p-type channel under the gate con­
tains a majority of holes and few elec­
trons can be attracted to the positive po­
tential of the drain. When a positive po­
tential is applied to the gate. the electric 
field attracts a majority population of 
electrons to a thin layer at the surface of 
the crystal immediately under the gate. 
Because of the presence of numerous 
electrons in a region that is normally p 
type. the surface is said to be inverted. 
The inversion creates a continuous n­
type channel from source to drain and 
large currents can flow. Like the bipolar 
transistor. the MOSFET is capable of 
amplification. although the gain is usu­
ally measured in terms of a voltage ratio 
instead of a current ratio. 

It should be noted that whereas both 
electrons and holes participate in the 
base current of a bipolar transistor. es­
sentially only one kind of charge carrier 
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is present in the inverted channel of a 
MOSFET. In the device I have de­
scribed these carriers are electrons. and 
the transistor is called an n-channel 
MOSFET or simply an noMOS transis­
tor. The complementary device can also 
be built; it consists of two islands of p­
type material in an n-type substrate. 
with the same capacitance-coupled gate 
over the channel. All polarities are re­
versed in this device. and the charge car­
riers are holes rather than electrons. It is 
called a p-MOS transistor. 

Still another kind of MOSFET is 
made by connecting two islands of n­
type material with a thin but continuous 
n-type channel under the gate capacitor. 

Since a conduction channel is naturally 
present. current flows from the source to 
the drain in this device when the gate is 
not energized. A negative potential ap­
plied to the gate drives electrons from 
the channel and halts the current. turn­
ing off the transistor. Such a device is 
called a depletion-mode MOSFET. and 
of course the corresponding transistor 
with a p-type channel can also be con­
structed. Transistors whose conduction 
is turned on by a gate voltage are called 
enhancement-mode devices. All togeth­
er. then. there are four types of MOS 
transistor: n-channel and p-channel 
types of both enhancement-mode and 
depletion-mode devices. 

COLLECTOR BASE EMITTER 

. 
. 
.. .. ...... .................. --
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Dimensions are of importance in the 
fabrication of MOS transistors just as 
they are in bipolar technology. For a 
MOSFET the critical dimensions are 
the thickness of the oxide layer under 
the gate electrode and the distance sepa­
rating the source and the drain regions; 
the sensitivity of the transistor's re­
sponse to a gate voltage varies inversely 
as the thickness of the oxide layer. 

T
he primary materials of a microelec­
tronic device are areas of a silicon 

chip doped with various concentrations 
of n-type or p-type elements. In addition 
there are conductors. which can be 
made either of a metal. such as alumi-

p 
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MICROELECTRONIC TRANSISTORS are fabricated in a single crystal of silicon through a series 
of operations that require access to only one surface of the silicon chip. In the example shown here 
the entire chip is doped with a p-type impurity, then islands of n-type silicon are formed. SmaUer p­
type and n-type areas are next created within these islands in order to define the three fundamental 
elements of the transistor: the emitter, the base and the coUector. In an npn transistor (left) a positive 
voltage is applied to the base and the coUector, and as a result holes flow from the base to the emitter 
and electrons are injected by the emitter into the base. Many of the injected electrons, however, mi­
grate aU the way through the base to reach the coUector, and this emitter-to-coUector current can be 
much larger than the emitter-to-base current. The device exhibits gain because a smaU signal applied 
to the base can control a large one at the coUector. For simplicity in manufacturing, a pnp transistor 
(right) is generally constructed according to a different plan, in which the emitter-to-coUector current 
is lateral rather than vertical. The principles of operation are the same except that aU polarities are re­
versed. Connections to the circuit elements are made through aluminum conductors deposited over 
an insulating layer of silicon dioxide; some areas of n-type silicon are heavily doped to improve their 
conductivity. The large n-type islands are required to isolate the transistors. Because charge carri­
ers of both polarities participate in the operation of these devices they are called bipolar transistors. 
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num, or of heavily doped polycrystal­
line silicon, which has a fairly high con­
ductivity. Finally, silicon dioxide serves 
as a good insulator. 

The fabrication of the circuit must be 
accomplished entirely from the surface. 
Areas to be doped, for example, are de­
fined photolithographically, then the ap-

propriate element is allowed to diffuse 
into the silicon structure. The process 
must be repeated several times in order 
to create all the needed doped regions, 
which are often nested one inside anoth­
er. Areas of oxide are laid out in a simi­
lar way, and are formed from the sub­
stance of the chip itself, by heating it in 
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FIELD-EFFECT TRANSISTORS, made by the metal-oxide-semiconductor (MOS) tech­
nique, differ from bipolar ones in that only one kind of charge carrier is active in a single de­
vice, Those that employ electrons are called noMOS transistors; those that employ holes are p­
MOS transistors. In an noMOS device (top) two islands of n-type silicon, caUed the source and 
the drain, are formed in a p-type substrate. Over the channel between the source and the drain 
is a metal electrode, the gate, that is prevented from making contact with the semiconductor by 
a thin layer of silicon dioxide. In an enhancement-mode transistor (top left) a positive poten­
tial at the drain exerts an attractive force

' 
on electrons available from the source, but the elec­

trons cannot pass through the p-type channel, which is rich in holes. When a positive charge is 
applied to the gate, however, the resulting electric field attracts electrons to a thin layer at the 
surface of the channel and current flows from the source to the drain. In a depletion-mode n­
MOS transistor (top right) there is a continuous channel of n-type silicon between the source 
and the drain, so that the transistor normally conducts; only when a negative voltage is applied 
to the gate is the current halted, since electrons are then expeUed from the channel. By forming 
islands of p-type material in an n-type substrate the corresponding p-MOS devices (bottom) 
can be constructed; here the charge carriers are holes. Because MOS transistors require no iso­
lation islands they can be packed more densely on a chip of silicon than bipolar transistors. 
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the presence of oxygen. Conductors are 
deposited over a thick mat of oxide that 
covers the entire chip, breaking through 
the insulating barrier only where it is 
necessary to make electrical contact 
with the silicon. 

A limited selection of passive circuit 
elements can be fabricated by these 
techniques. A resistor is formed by de­
fining a thin ribbon of p-type silicon 
within an island of n-type material. Cur­
rent flowing through the device is con­
fined to the ribbon by maintaining it at a 
negative potential with respect to the n­
type island so that only reverse current 
flows across the pn junction. 

Doped silicon would be an unlikely 
choice of material for a resistor to be 
manufactured as a discrete component. 
It simply does not have enough of the 
desired property: electrical resistance 
per unit length. Practical values of re­
sistance can be obtained in microelec­
tronic circuits only because the pre­
cision of the fabrication technology 
makes it possible to form a ribbon of 
material with a very small cross-section­
al area. Even so, resistors of large value 
are cumbersome. 

Another disadvantage of the silicon 
resistor is that its ultimate value cannot 
be predicted with great precision. Cir­
cuits incorporating the resistors must 
therefore be designed to tolerate consid­
erable variation. The manufacture of an 
entire integrated circuit in a single se­
quence of processes can compensate in 
part for such wide tolerances. Since all 
the resistors on a chip are formed at the 
same time, they all tend to depart from 
their specified values by roughly the 
same amount: moreover, the resistance 
values vary in concert with some of the 
properties of the transistors on the same 
chip. By arranging for the deviation of 
one component from its nominal value 
to be balanced by that of another, excel­
lent performance of the circuit as a 
whole can be achieved. 

The structure of a microelectronic ca­
pacitor is much like that of the gate elec­
trode in a metal-oxide-semiconductor 
transistor. When the device is to func­
tion only as a capacitor and not as part 
of an active circuit ele�ent, the area of 
silicon under the electrode is doped very 
heavily in order to increase its conduc­
tivity. A thin layer of oxide is then 
formed, followed by a layer of alumi­
num. As in the case of resistors, this 
method of construction would not be 
employed in making discrete compo­
nents. The silicon dioxide layer cannot 
be made as thin as some other insulators 
without the risk of a short circuit. More­
over, the total area of the conductors is 
very small: discrete capacitors are made 
up of many interleaved conductors, 
whereas the microelectronic equivalent 
is limited to a single pair of plates. For 
these reasons the values of capacitance 
available in microelectronic circuits are 
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small, seldom more than a ten-thou­
sandth the value of a typical capacitor in 
a discrete-component circuit. 

If capacitors are difficult to shrink to 
the scale of microelectronic devices, in­
ductors have so far proved impossible. 
The helical coils and ferromagnetic core 
materials of the discrete inductor are 
simply incompatible with silicon tech­
nology, and no substitute has been 
found. If an inductor is required, it must 
be supplied as a discrete component. 

Improvements in the technology of 
fabrication will no doubt increase the 
selection of passive elements available 
to the designer of a microelectronic cir­
cuit. The potential for improvement is 
even greater, however, through the sim­
ple elimination of many passive compo­
nents in favor of active ones. 

The case of resistors is particularly 
dramatic: they can often be eliminated 
by direct substitution. A transistor can 
be regarded as a current-controlled or 
voltage-controlled resistor. It follows 
that if a suitable current or voltage is 
available to set the resistance, a transis­
tor can be inserted into a circuit at al­
most every point where a resistor might 
be employed. This practice would never 
be adopted in a circuit made up of dis­
crete components because discrete tran­
sistors are more expensive than discrete 
resistors. In a microelectronic circuit, on 
the other hand, the main cost of a com­
ponent is the area of silicon it occupies, 
and that is at least as great for the resis­
tor as it is for the transistor. 

The replacement of other passive cir­
cuit elements with active ones involves 
more elaborate stratagems. In a sense 
the most elaborate of all is the sudden 
prominence in recent years of digital 
electronics. Many of the large capaci­
tances and inductances of traditional 
electronic circuitry are employed to en­
sure the faithful reproduction of the 
continuously varying voltages and fre­
quencies of analogue signals. Even in 
those circuits the large passive elements 
can often be replaced by a network of 
active ones, but the passive components 
are much more readily dispensed with in 
the processing of digital signals, which 
have only discrete levels. In most cases 
there are only two recognizable levels: 
high voltage and low (or zero) voltage. 
In such circuits transistors are operated 
as switches, which also have only two 
states-on or off-and in the switch­
ing mode they require fewer auxiliary 
devices. 

T
he two basic types of transistor, bi­
polar and MOSFET, divide micro­

electronic circuits into two large fami­
lies. The bipolar devices were the first to 
be developed, and a great variety of bi­
polar technologies have evolved. Today 
the greatest density of circuit elements 
per chip can be achieved with the newer 
MOSFET technology, but that is not to 
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COMPLEMENTARY MOS DEVICE includes botb noMOS and p-MOS transistors on a 
single cbip of silicon. If tbe circuit is fabricated in an n-type substrate, as it is bere, tben a p­
cbannel transistor can be made in tbe normal way, but an n-cbannel device requires an island 
of p-type material. Tbe need for sucb islands adds anotber step to tbe manufacturing proc­
ess and also reduces tbe packing density, and tbus tbe total number of transistors tbat can be 
fitted onto a single cbip. Complementary MOS devices can be arranged to achieve low power 
consumption. In tbe circuit sbown bere tbe gates of botb transistors are connected to a single 
input; since tbe two transistors require signals of opposite polarity for conduction tbey are nev­
er turned on at tbe same time and little current flows from tbe power supply (V + ) to ground. 

say that bipolar circuits are likely to be­
come obsolete. 

In the construction of a typical bipo­
lar integrated circuit the entire chip is 
first given an overall doping with a p­
type contaminant. In this ocean of p­
type silicon separate n-type islands are 
then created for each transistor (and for 
other circuit elements such as resistors 
as well). These islands serve the function 
of isolation; the circuit is designed in 
such a way that all of them are main­
tained at a positive voltage with respect 
to the substrate, so that no current ex­
cept the small reverse diode current 
flows between them. In order to make an 
npn transistor a lake of p-type material is 
introduced into the n-type island, and 
finally a smaller island of n-type semi­
conductor is built within this lake. The 
small. innermost island is the emitter; 
the p-type lake is the base and the main. 
isolation island 'serves as the collector. 
The electrons that make up the collector 
current flow down from the emitter, 
across the base and into the compara­
tively large volume of the collector. 

A pnp transistor of a similar design 
could be constructed in the same chip, 
but it would require adding one more 
doping operation to a schedule that al­
ready includes at least four. Once again 
an island of n-type material would be 
created in the p-doped sea. Then would 
be added in succession a lake of p-type 
semiconductor. a smaller island of the n­
type material and finally within this 
small island a puddle of p-type silicon. 
Only the last three regions would partic­
ipate in the operation of the transistor; 
the main island would serve for isola­
tion only. 

In order to avoid this complexity the 
pnp transistor is constructed according 
to a different plan, in which the current 
flow is lateral rather than vertical. In this 
design the n-type isolation island be­
comes the base and two separate p­
doped regions are introduced. They are 
often formed in an annular arrange­
ment, with the collector forming a ring 
around the emitter. The characteristics 
of the lateral pnp transistor are inferior 
to those of the vertical npn one because 
the base region separating the emitter 
from the collector is inevitably wider. 
As a result the current gain and the 
switching speed of the lateral transistor 
are reduced. 

A metal-oxide-semiconductor transis­
tor can also be fabricated at the surface 
of an ocean of p-type silicon. but in 
MOS circuits no isolation diodes are re­
quired. In order to build an enhance­
ment-mode n-channel MOSFET it is 
sufficient to create two small islands of 
n-type material to serve as the source 
and the drain; then, of course, the oxide 
layer and the gate electrode must be 
formed on the surface of the chip over 
the channel. Isolation islands are not 
needed because the voltages applied to 
the source and the drain ensure that no 
current can flow between them and the 
substrate. The transistor isolates itself 
from all other elements on the chip. 

An n-channel microelectronic device 
operating in the depletion mode is built 
in much the same way, except that a 
permanent channel of n-doped silicon is 
laid down between the source and the 
drain. MOS devices employing the p 
channel are most conveniently formed 
in a substrate that has been treated with 
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an n-type dopant. The polarities of all 
the semiconductor regions and the po­
larities of all the voltages applied to 
them must of course be reversed. 

In microelectronic circuits employ­
ing metal-oxide-semiconductor technol· 
ogy the decision to employ n-channel 
or p-channel devices is usually a funda­
mental one because all the transistors on 
a single chip employ the same type of 
channel material. It is possible. how­
ever. to manufacture a chip containing 
both kinds of MOSFET. but only at the 
cost of increased complexity and lower 
density. Complementary MOS circuits 
are made. for example. by isolating all 
the p-channel devices within islands of 
n-type silicon. The complementary inte­
grated circuits are more difficult to man­
ufacture. but in some applications their 
convenience is worth the added cost. 
The particular advantage of the comple­
mentary MOS (CMOS) devices is the 
potential for low power consumption. 

It is mainly because isolation islands 
are not required in conventional noMOS 
and p-MOS devices that these transis­
tors can be packed more densely than 
bipolar ones. The difference is a sub­
stantial one: roughly four times as many 
MOS transistors will fit on a given area 
of silicon as bipolar ones. For this rea­
son MOS technology has come to domi­
nate the manufacture of large-scale inte­
grated circuits. in which tens of thou­
sands of active elements are incorporat­
ed into a single device. A majority of 
one-chip microprocessors are built with 
metal-oxide-semicond uctor technology. 
as are almost .all semiconductor mem­
ory chips. 

The most important virtue of bipolar 
circuits is higher speed of operation. 
The speed with which a bipolar transis­
tor can change its state is determined 
mainly by the width of the base; the de­
lay being measured depends on the time 

DIGITAL LOGIC CIRCUITS employing bi­
polar semiconductor devices have evolved to­
ward a state in which transistors are adopted 
for almost all functions. Digital logic operates 
with signals that have only two recognizable 
levels (such as high voltage and low voltage); 
logic circuits accept such signals as inputs and 
transform them according to fixed rules to 
generate an output. The first families of bipo­
lar logic circuits were constructed from dis­
crete components. In transistor-resistor logic 
(TRL) the number of resistors was maximized, 
since they were the cheapest devices. In diode­
transistor logic (DTL) performance was im­
proved by substituting semiconductor diodes 
for many of the resistors. Resistor-transistor 
logic (RTL) was the first microelectronic tech­
nology; a transistor was supplied for each in­
put and only a few resistors with smaU val­
ues were required. Transistor-transistor logic 
(TTL) is today the commonest form of bi­
polar microelectronic technology. Transistors 
are abundant and are coupled directly togeth­
er. The circuit illustrated here includes a de­
vice, the multiple-emitter transistor, that has 

.. no equivalent among discrete components. 
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required for electrons to diffuse from 
the emitter to the collector. In the verti­
cal design generally employed for npn 
transistors the base can be quite narrow, 
substantially more so than the narrow­
est line that can be resolved photolitho­
graphically on the surface of the chip. In 
a MOS device the width of the gate 
plays a similar role, but because MOS 
transistors are lateral devices that width 
cannot be reduced below the limit of 
resolution. The mobility of the charge 
carriers also has an effect on the speed of 
a MOS transistor: electrons move faster 
than holes, and so n-channel devices 
tend to be faster than p-channel ones. 
Finally, the speed of a MOS device is 
lim i ted by the capacitor made up of the 
gate . the oxide layer and the substrate. 
which requires a finite time for charging 
and discharging. Reducing the capaci­
tance speeds operation, but it also re­
duces gain. 

O
ver the past two decades the devel­

opment of microelectronic circuits 
has made high-quality transistors pro­
gressively cheaper and more abundant , 
while providing only a meager selection 
of resistors and capacitors and no induc­
tors at all. As a result circuit configur­
ations have evolved that exploit the 
strengths of the technology and adeptly 
skirt its limitations. The trend can be 
traced in the evolution of digital logic 
circuits. 

The fundamental units of electronic 
logic are circuits called gates (not to be 
confused with the gate electrode in an 
MOS transistor). Each kind of gate ac­
cepts a signal at its input terminals and 
transforms it according to a rule embod­
ied in its internal wiring, the trans­
formed signal appearing at the output 
terminals. Many gates accept more than 
one input and determine the output ac­
cording to the combination of input sig­
nals. At the heart of every gate is at least 
one active circuit element. which acts as 
a switch; the switch controls the output 
of the circuit and is ultimately con­
trolled by the input. 

Among the families of logic circuits 
developed in the mid- 1 9 50's was one 
called transistor-resistor logic (TRL). 
The circuits were assembled entirely 
from discrete components and the num­
ber of resistors was maximized because 
resistors were the cheapest and most re­
liable devices. A typical gate with three 
inputs consisted of one transistor and 
five resistors. 

In the late 1 950's and early 1 960's 
semiconductor diodes. also packaged 
as discrete components. became cheap 
enough to compete with resistors; the 
result was diode-transistor logic (DTL). 
The diodes were employed to isolate the 
input signals from one another and to 
shift voltage levels. A typical gate still 
relied on a single switching transistor, 
along with three resistors and five 
diodes. It offered both lower power con-
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MOS LOGIC CIRCUITS were developed later than bipolar ones and for the most part have 
been built only in microelectronic form. Each of the circuits here performs the function of in­
verting a signal, so that if the input is high, the output is low, and vice versa. In each case the in­
put is applied to the gate of an enhancement-mode noMOS transistor; the circuits are distin­
guished by the choice of a load element needed to limit the current through this transistor. The 
simplest choice is a resistor (a), but it also gives the poorest performance. A second enhance­
ment-mode noMOS transistor (�) is the easiest to fabricate; a depletion-mode noMOS tran­
sistor (c) gives the highest packing density. Finally, by adding an enhancement-mode p-chan­
nel device (d) the low power consumption of a complementary MOS circuit can be achieved. 

sumption and higher speed than the 
equivalent transistor-resistor network. 

The next generation of logic designs. 
prevalent in the early and mid- 1 960·s. 
introduced the first microelectronic log­
ic circuits. The family of devices was 
given the name resistor-transistor logic 
(RTL), but the resistors had values 
much smaller than those of earlier cir­
cuits and transistors were employed 
much more generously. In a typical gate 
each of three inputs was allotted its own 
switching transistor. Once again both 
power consumption and speed were im­
proved. Integrated RTL circuits were 
manufactured with one gate or a few 
gates on a chip. 

The fourth major logic family to be 
introduced remains today the common­
est form of bipolar digital technology. 
It is called transistor-transistor logic 
(TTL). and as the term implies it dele­
gates most functions to active circuit el­
ements. TTL gates were the first com­
mercially important ones to incorporate 
a microelectronic circuit element that 
could not have been assembled from 
discrete components. That element is 

the multiple-emitter transistor, in which 
two or three emitters share a common 
base and collector. In a TTL gate each 
of the emitters accepts an input signal. 
The multiple-emitter transistor controls 
a single switching transistor, and that in 
turn drives a network of three output 
transistors. Compared with the previous 
family of RTL gates. TTL circuits pro­
vide greater output power (so that more 
gates in the next stage of an array can be 
driven), less stringent tolerances in man­
ufacturing and greater immunity to spu­
rious voltages. or electrical noise. Inte­
grated circuits containing several hun­
dred TTL gates are now common. 

Perhaps because metal-oxide-semi­
conductor technology developed lat­

er, its evolution has been less complicat­
ed. As a rule newly introduced logic 
families have not completely displaced 
older ones; rather. each of the families 
has found applications for which it is 
best suited. 

The first MOSFET microelectronic 
circuits employed p-channel devices ex­
clusively because they are the easiest to 
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INTEGRATED-INJECTION LOGIC, often abbreviated J2L, compresses a complete logic 
circuit made up of two transistors into a single unit. The substrate serves as the emitter of an npn 
transistor (right) in which current Bows upward through the base to multiple coUeetors. The 
substrate is also the base of another transistor, a pnp device in which the current Bow is lateral. 
By this arrangement of elements isolation islands that are normally required in bipolar tech­
nology are eliminated and packing .densities similar to those of MOS circuits can be attained. 
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CHARGE-COUPLED DEVICE is a microelectronic circuit element whose function could 
not be duplicated by a practical assembly of discrete components. The device enn be regarded 
as a stretched MOS transistor with a long string of gates (perhaps as many as 1,000) between 
the source and the drain. In the p-channel device shown here a charge packet, consisting of a 
concentration of holes, can be held in place for a short time by applying a steady negative volt­
age to one of the gates. If that voltage is then dropped and simultaneously the next gate in line 
is energized, the charge packet moves to a new position under the second gate. By applying 
pulses to alternate gates a sequence of charge packets can be transferred from source to drain. 
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make. They are also the slowest, be­
cause of the lower mobility of holes 
compared with electrons. Other tech­
nologies have largely replaced the p­
MOS devices where high performance is 
needed, but the latter are still in wide­
spread use in inexpensive electronic cal­
culators, where speed of operation is 
not important and low cost is the fore­
most consideration. 

In microprocessors and in semicon­
ductor memories it is largely n-channel 
MOS circuits that have replaced the p­
MOS devices. The varieties of noMOS 
technology can be surveyed by consid­
ering a simple gate circuit with one in­
put to an enhancement-mode n-channel 
field-effect transistor. The possible cir­
cuit configurations are distinguished by 
the element ci10sen as a load for this 
transistor. . 

The most straightforward choice and 
conceptually the simplest one is a resis­
tor, but it also gives the poorest per­
formance. Another possibility for the 
current-limiting load element is a simi­
lar enhancement-mode n-channel tran­
sistor, connected in series with the first 
one. This is the combination that is most 
easily fabricated and that is often cho­
sen for low-cost applications. The high­
est packing density can be achieved with 
an n-channel depletion-mode device as 
the load element, and that is therefore 
the choice for demanding, large-scale 
integrated circuits, such as microproces­
sors. Finally, a p-channel enhancement­
mode transistor can be employed as the 
load element. The gate is then no longer 
an noMOS device but a complementary 
MOS (CMOS) circuit. Because only one 
of the transistors is conducting at any 
given time, except during the switching 
operation itself, there is little steady­
state current through the gate and power 
consumption is low. An application in 
which CMOS technology excels is the 
electronic wrist watch, which must op­
erate for long periods on the energy 
stored in a small battery. 

Primarily through advances in fabri­
cation methods and materials science 
the packing density of bipolar circuits 
has been considerably improved, and so 
has the speed of MOS devices. Never­
theless, a substantial gap remains be­
tween them. One candidate to fill this 
gap is a new bipolar technology called 
integrated-injection logic, usually ab­
breviated I2L. 

The basic functional element in inte­
grated-injection logic is not a single 
transistor but a pair of transistors 
formed as a unit in the silicon substrate. 
One of them has a vertical arrangement, 
but the current flows up to the collector 
rather than down as in the usual design. 
The substrate itself serves as the emitter 
of this transistor, and at the same time it 
forms the base of another, lateral tran­
sistor. Because of the voltages applied to 
the various doped regions no isolation 
islands are needed; the pair of "su-
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perintegrated" transistors forms a self­
contained logic gate. 

In speed I2L gates will probably not 
catch up with the fastest TTL circuits. 
although J2L is already faster than all 
the M OSFET technologies. On the oth­
er hand. the compact architecture of in­
tegrated-injection logic makes it a nat­
ural candidate for large-scale integra­
tion. Packing densities equal to those of 
noMOS chips are a possibility. 

T
he devices we have considered are in 
the mainstream of microelectronics 

development. The techniques learned in 
making gates for digital logic. however. 
have also been applied to the develop­
ment of other kinds of microelectronic 
device. Circuits that process analogue 
signals are probably indispensable in de­
vices such as the telephone and radios. 
and some of them can be made in micro­
electronic form. A typical low-power 
amplifier designed for assembly from 
discrete components has only one tran­
sistor but requires four resistors. two of 
them with large values. and three capac­
itors with large or very large values. An 
equivalent microelectronic device em­
ploys seven transistors but only one cur­
rent-controlling resistor. In some cases a 
more productive way to handle ana­
logue signals may be to convert them 
into digital form for processing. then 
convert them back again when neces­
sary. The apparatus for the conversion 
can itself be fabricated in a microelec­
tronic package. 

Semiconductor technology has also 
provided a selection of transducers 
through which electronic devices can 
communicate with their environment. 
A novel example is a pressure gauge 
whose working element is a thin dia­
phragm of semiconducting silicon. The 
resistance of silicon changes as a re­
sponse to mechanical strain. and so a 
change in the pressure across the dia­
phragm can be detected as a change in 
the resistance of the material. 

A somewhat more familiar transduc­
er is the photodiode and the fundamen­
tally similar phototransistor. When a 
photon. or quantum of electromagnetic 
energy. is absorbed by the p-type region 
of a photodiode. the energy given up by 
the photon creates an electron and a 
hole. The electron migrates to the junc­
tion and crosses it. and the total current 
of such electrons is proportional to the 
flux of incident photons. The obverse 
device is the light-emitting diode. which 
is constructed so as to exploit collisions 
between electrons and holes. In each 
collision an electron fills a hole and both 
particles are effectively annihilated as 
charge carriers. Their energy appears in 
the form of a photon. In silicon. anni­
hilations lead to the emission of infra­
red radiation but in the semiconducting 
compound gallium arsenide the light ra­
diated is in the red portion of the visible 
spectrum. Arrays of gallium arsenide 
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SWITCHING SPEED (NANOSECONDS) 

WGH SPEED AND LOW POWER CONSUMPTION In a microelectronic device have a re­
ciprocal relation: the circuit can be made to operate faster simply by applying more power. 
The product of the switching delay time and power consumption is an important figure of mer· 
it for a digital circuit: It represents the energy required for a single switching operation. The 
fastest logic circuits available today employ bipolar technology. as in the TTL devices, but these 
circuits also consume large amounts of power. In the MOS technologies p-MOS devices are be­
ing replaced by n.MOS ones because the latter operate faster without consuming more power. 
Complementary MOS circuits offer even lower power consumption without sacrifice of speed. 
J2L technology is attractive because even at Its highest speed power consumption is quite low. 

light-emitting diodes make up the nu­
merical displays of many electronic cal­
culators. 

One recently invented microelectron­
ic functional element has the distinction 
that no practical assembly of discrete 
components could emulate its opera­
tion; it is quintessentially microelectron­
ic. Called a charge-coupled device. it 
can be regarded as an ingenious exten­
sion of the enhancement-mode MOS 
transistor. The charge-coupled device 
consists of a source and a drain separat­
ed by a long row of gates. A packet of 
charge injected by the source can be 
trapped under the first gate by a voltage 
applied to that electrode. If the voltage 
on the first gate is dropped and a volt­
age is simultaneously applied to the sec­
ond one. the charge packet is attracted 
to and trapped under the second gate. 
Repeating the process hands the packet 
of charge down the line of gates one at 
a time until it reaches the drain. 

A memory device in which digits are 
stored as long strings of bits can be fab­
ricated by building a charge-coupled de­
vice with perhaps 1 .000 gates. Since the 
packing density can be very high. many 
such devices can be fitted onto one chip. 
Charge packets can also be generated 
photoelectrically rather than being in­
jected by the source. so that an array of 
charge-coupled devices can function as 
the heart of a television camera with 
digital output. 

The time is long past when the design­
er of a microelectronic device could 
study the behavior of his proposed cir­
cuit by building a "breadboard" proto­
type from discrete components. Instead 
the circuit is represented by a mathe­
matical model whose characteristics are 
investigated with the aid of a computer. 
The model in turn must be based on an 
accurate description of the electrical 
properties of the individual circuit ele­
ments. As the elements recede ever fur­
ther from human scale. verifying those 
descriptions becomes increasingly diffi­
cult. As the dimensions of the elements 
shrink below one micrometer. physical 
mechanisms that are inconsequential in 
larger devices may become important 
and in some instances even dominant. 
Thus one requirement for continued 
progress that must not be neglected is 
the need for improved models of the cir­
cuit elements. 
An equally systematic approach will 

be required in the fabrication of the next 
generation of integrated circuits. The 
models must reveal not only how the 
element works but also how it is to be 
made. Compared with models of electri­
cal behavior. such process models are in 
a primitive state; fabrication remains an 
empirical art. Continued progress in mi­
croelectronics may depend to a signifi­
cant extent on our ability to predict the 
properties of a transistor from a knowl­
edge of the steps taken in its fabrication. 

8 1 
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The Large-Scale Integration 
of Microelectronic Circuits 

When thousands of circuit elements are integrated on one chip, 

the integration is said to be large-scale. Many of these circuits 

not only are electrical but also follow the rules of Boolean logic 

I
n the past 20 years the speed at which 

calculations can be performed has 
increased by six orders of magni­

tude, or roughly a million times. What is 
more, the cost of computation has fallen 
dramatically. Minicomputers available 
today for about $ 1 ,000 can nearly equal 
the capabilities of very large machines 
that cost as much as $20 million 1 5  
years ago. By 1 985 a medium-scale 
minicomputer may cost less than $ 1 00. 
The resulting increase in our ability to 
process information amounts to an in­
tellectual revolution. 

The need to improve the speed and 
computing capacity of machines was 
recognized in the 1 940's, but perform­
ance was limited by the available elec­
tronic technology, which relied on vacu­
um tubes. Heat generated by the vacu­
um tubes resulted in their having a rela­
tively short operating life, which placed 
an upper bound on the size of comput­
ers. The first completely electronic com­
puter, ENIAC, was developed at the Uni­
versity of Pennsylvania in 1 945 ;  it had 
18,000 vacuum tubes. Larger machines 
were clearly impractical; it would have 
taken almost 24 hours per day to find 
and replace the defective tubes. 

The computer was saved from this 
premature end by the invention of the 
transistor in 1 947.  The red uctions in size 
and cost that have been achieved in the 
past 10 years derive from the develop­
ment of the integrated circuit in the late 
1 950's. Today the designing of comput­
ers and of other electronic devices is be­
ing transformed again by large-scale in­
tegration, the process whereby tens of 
thousands of transistors and their inter­
connections are manufactured simulta­
neously. Through this technology virtu­
ally all the logic elements of a digital 
computer can be fitted onto a chip of 
silicon no more than a quarter of an inch 
on a side. 

The transistors of a digital circuit are 
operated as switches that generally have 
only two states: on or off, conducting 
or nonconducting. Similarly, the signals 
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by William C. Holton 

employed within the circuit have only 
two recognizable voltage levels, called 
simply high and low. It is because all the 
states of a digital circuit are confined to 
these two values that the logic and arith­
metic functions of a computer are ex­
pressed in terms of the binary numbers. 
or numbers written to the base 2. 

When a decimal number is read 
from right to left, each digit is un­

derstood to be multiplied by a progres­
sively higher power of 10 ;  indeed, the 
digits are often referred to as the ones, 
the tens, the hundreds and so forth. Bi­
nary numbers employ a similar posi­
tional notation except that the multipli­
ers are powers of 2, so that the digits 
represent ones, twos, fours, eights and 
so on. Through this counting system any 
quantity can be represented as a string 
of O's and l's. 

Arithmetic in the binary system is in 
many respects simpler than the corre­
sponding operations with decimal num­
bers. Addition involves little more than 
counting, with provisions for carrying a 
binary digit, or bit, forward to the next 
higher power of 2. Multiplication is also 
a straightforward procedure. Since each 
digit of the multiplier must be either a 0 
or a 1 .  each partial product formed must 
be equal either to zero or to the multipli­
cand. Thus the rule for multiplication is 
simply to write down the multiplicand, 
shifted one place to the left for each bit 
in the multiplier that is a 1 .  and sum 
those numbers. 

Subtraction can be performed in the 

usual way, including the borrowing of 
bits from the next higher column, but it 
can also be accomplished in another 
way that is often more conveniently 
mechanized. By "inverting" all the bits 
of a binary number, that is, by changing 
all the O's to l's and all the l's to O's, 
a number called the complement is 
formed, which has some of the charac­
teristics of a negative number. Numbers 
can therefore be subtracted by convert­
ing the subtrahend into its complement 
form and performing a specified scheme 
of addition. Finally, division can be 
done by counting how many times one 
number can be subtracted from another, 
with the count being the quotient. An 
important conclusion that can be drawn 
from these procedures is that all arith­
metic operations on binary numbers can 
be reduced to addition. It follows that a 
computer can get along without special 
circuits for subtractio�, multiplication 
and division provided it has the ability 
to add. 

Perhaps even more important than 
the convenience of binary arithmetic is 
the facility with which binary numbers 
can express propositions in symbolic 
logic. In 1 938 Claude E. Shannon of the 
Massachusetts Institute of Technol9gy 
pointed out that switching circuits of a 
kind that were then built with electro­
mechanical relays could be employed 
to evaluate logic statements. In other 
words, the dualities of on or off, high 
voltage or low, 1 or 0 could be made to 
stand for the duality of true or false. 

The logic system employed by digital 

ELECTRONIC ADDER in the photomicrograph on the opposite page is a small portion of a 
microprocessor formed entirely in the surface of a single chip of silicon. The microprocessor, 
an example of large-scale integration, is the TMS 9900, made by Texas Instruments Incorpo­
rated. The organization of the adder can be perceived in the repetitive pattern that divides the 
area shown into four vertical columns. Each column is a circuit, made up of 31 transistors, that 
operates on one digit, or bit, of the binary numbers to be added. All together there are 16 such 
columns, so that the microprocessor can add numbers 16 bits wide. The adder is employed in 
aU arithmetic calculations. Green areas on the chip are mainly the source and drain regions of 
metal-oxide-semiconductor transistors; the gates of the transistors are pink. Mauve color ap­
pears in certain areas coated with silicon dioxide, and the silver lines are aluminum conductors. 
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BINARY DECIMAL 

;!8 
I 

o o o 9 7 7 

1024+512 + 25 6+128+ 0 + 32 + 16 + 8 + 0 + 0 + 1000+900 + 70 + 7 

1 00 1 
+ 0 1 0 1 

1 1 0 

9 
+5 

14 

100 1 
o 1 0 1 

o 1 00 

9 
-5 

4 

ADDITION SU BTRACTION 

o 1 0 1 

1 0 1 0 
+ 000 1 100 1 

1 0 1 1 ----------)� + 1 0 1 1 

�O 100 

SU BTRACTION BY ADDITION OF THE COMPLEMENT 

1 00 1 9 
x 0 1 0 1 x5 

100 1 
o 00 0 

1 001 
o 0 0 0 

0101101 45 

MU LTIPLI CATION 

BINARY NUMBERS can represent any quantity as a string of O's and 1's. Read from right 
to left, the bits of a binary number are understood to be multiplied by progressively higher 
powers of 2, just as the digits of a decimal number are multiplied by powers of 10. Binary addi­
tion involves little more than counting, with provisions for carrying a bit to the next higher 
power of 2. Subtraction can be done in the usual way, with borrowing from the next higher 
power of 2, or it can be done by means of a number caned the complement, formed by changing 
aU O's to l's and l's to O's, then adding 1 to the result. The difference between two numbers is 
found by adding the complement of the subtrahend to the minuend. Multiplication is much 
simplified because the digits of the multiplier are always 0 or 1; hence each partial product is 
equal either to zero or to the multiplicand. The partial products are written down, shifted an ap­
propriate number of places to the left and added. Division, which is not illustrated here, can be 
done by repetitive subtraction. All these operations consist of procedures that can readily be 
performed by machine. Moreover, aU the arithmetic operations can be reduced to addition. 

fffijA 

o 1 

1 0 

A B A· B  

0 0 0 

0 1 0 

A B A+ B 

0 0 0 

0 1 1 

1 0 0 1 0 1 

1 1 1 1 1 1 

A 

� � 
NOT AND OR 

LOGIC FUNCTIONS can also be expressed in terms of binary numbers. The "not" function 
"inverts" a binary digit, changing 0 to 1 and 1 to O. The "and" and "or" functions accept two 
bits as inputs (here designated A and B) and generate an output bit determined by the values of 
the inputs. The function A "and" B (written in symbols A . B) is a 1 only if both A and B are 1's. 
The "or" function (written A + B) generates a 1 output if either A or B is a lor if botb inputs are 
l's. At the bottom are symbolic representations of "gates" tbat perform these logic operations. 
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computers was devised by the British 
mathematician George Boole almost a 
century before the first electronic com­
puter was built. The Boolean algebra 
provides rigorous procedures for decid­
ing whether a statement is true or false 
provided only that the statement can be 
expressed in terms of variables that have 
just two possible values. Here we shall 
arbitrarily assume that "true" in Boolean 
logic is represented by a binary 1 or by 
a high-voltage state. 

Through Boolean algebra logical 
analysis can be performed with just 
three functions, called "not," "and" and 
"or." The "not" function changes a bina­
ry bit to its opposite value: it converts a 
o into a 1 or a 1 into a O. The "and" and 
"or" functions determine a single output 
bit from the values of two or more input 
bits. The "and" function is true only if 
all inputs are true. The "or" function, on 
the other hand, is true if one or more of 
its inputs are true. 

The electronic representations of 
these functions are called logic gates. 
The "not" gate accepts a single bit as 
input and changes its value, or inverts it. 
If the input is a high voltage, the output 
is low; when the input changes, so does 
the output. The "and" gate accepts mul­
tiple input signals and produces a high 
output voltage only when a high voltage 
is simultaneously applied to all the in­
puts. The output of an "or" gate is high 
as long as a high voltage appears at one 
or more of its inputs. 

Togic gates are basic functional units 
L for both arithmetic and logic opera­
tions. An exercise that effectively dem­
onstrates how the gates can be com­
bined is the construction of a circuit that 
adds binary numbers. The circuit must 
accept as inputs the two bits to be added 
along with a carry bit, which could be 
either a 0 or a 1, from the next lower 
power of 2. It must produce as outputs a 
sum bit and a carry bit for the next high­
er power of 2. 

The first step in the design of the cir­
cuit is the construction of a truth table 
that gives the desired output for every 
possible combination of inputs. There 
are eight combinations of the three bina­
ry inputs. The procedure for generating 
the sum bit consists in finding all the 
combinations that require a I as an out­
put, then arranging gates to yield that 
output. If all three of the input bits are 
O's, then of course the sum bit is also a O. 
If exactly one of the input bits is a 1 
while the other two are O's, then a 1 out­
put is required. There are three such 
combinations-the addend, the augend 
or the carry bit could be a I-and cir­
cuitry must be provided for each of 
them. If two of the inputs are l's and the 
third is a 0, then the sum bit is a 0, since 
in binary arithmetic 1 plus I equals 10. 
(The carry bit req uired will be generated 
in a separate group of gates.) Finally, all 
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INPU T A 

NOT GATE 
(INVERTER) 

V+ 

OU TPU T A 

A 0----1 

8 0----1 
INPU TS 

v+ v+ 

OUTPUT A · 8 OUTPU T A + B 

AND GATE OR GATE 

ELECTRONIC LOGIC GATES evaluate aritbmetic and logic ex­
pressions in whicb binary values are represented by voltages. By con­
vention a binary 1 is represented by a bigb voltage and a 0 by a low 
voltage. The gates sbown bere are constructed from metal-oxide­
semiconductor transistors. Tbe simplest is tbe "not" gate, or inverter. 
Wben tbe'input to tbis gate is in tbe low state, tbe transistor does not 
conduct and only a negligible current flows from tbe supply voltage 
(V + ) througb tbe resistor and transistor to grouml. As a result there is 
little voltage drop across tbe resistor and tbe output is in effect con­
nected to tbe supply voltage. When a bigb signal is applied to tbe in-

put, tbe transistor conducts and tbe comparatively large current flow­
ing througb tbe circuit produces a considerable voltage drop across 
tbe resistor. Tbe output voltage is now near ground and is tberefore 
in tbe low state. Tbe "and" gate bas two input transistors connected 
in series; current flows througb them only wben botb receiye a higb 
signal simultaneously. In order to restore tbe proper polarity of tbe 
signal tbe output of tbe two series transistors is foUowed by an invert­
er. In an "or" gate tbe input transistors are arranged in parallel, so 
tbat a bigb signal applied to either one of tbem results in conduction. 
Again, an inverter is required to cbange tbe polarity of the output. 

three of the inputs can be l's, in which 
case the output is again a 1 (and a carry 
bit must again be generated). All togeth­
er, then, four of the eight combinations 
of inputs require a 1 output: three com­
binations where exactly one input is 
in the 1 state and one combination in 
which all three inputs are 1 'so 

A circuit for the calculation of the 
sum bit can be built in segments, each 
segment representing one of the four 
"true" combinations of inputs. We can 
begin with the combination in which 
both the addend and the augend are O's 
but the carry bit from the previous col­
umn is a 1. This condition must give rise 
to a 1 output, and so the addend and the 
augend are first passed through "not" 
gates, converting them into 1 's, and are 
then applied to the inputs of an "and" 
gate. The output of this gate and the 
carry bit (in noninverted form) serve 
as inputs to another "and" gate, which 
gives the proper result. 

Two more identical arrangements of 
gates are required.  In one the addend 
and the carry bit are inverted by "not" 
gates and then combined with the au­
gend; in the other the augend and the 
carry bit are inverted and combined 
with the addend. Finally, a fourth array 
of gates is needed to produce a true out­
put when all three inputs are true. In this 
case "not" gates are unnecessary; the ad­
dend and the augend are applied to an 
"and" gate, whose output is combined 

with the carry bit in a second "and" gate. 
These four systems of gates will give the 
correct sum bit for all combinations of 
input bits. It remains only to tie the out­
puts of the four groups together with 
"or" gates so that the entire system of 
gates has a single output line that always 
gives the correct sum bit. 

The generation of a carry bit for the 
next higher column is somewhat simpler 
than the calculation of the sum bit. The 
truth table for the carry bit indicates the 
bit should be a 1 whenever at least two 
of the inputs are 1 'So It therefore suffices 
to combine the inputs in pairs.  An "and" 
gate is provided for the addend and the 
augend, for the addend and the carry bit 
(from the next lower order) and for the 
augend and the carry bit. The outputs of 
these "and" gates are then combined by 
an "or" gate. If at least two of the inputs 
are true, then at least one of the "and" 
gates will have a true output and a carry 
bit of 1 will be generated .  

When the adder i s  constructed, i t  has 
three input terminals (for the addend, 
the augend and the input-carry bit), 
which are applied to all the appropriate 
gates simultaneously. The two outputs 
are the sum bit and the carry bit for the 
next higher order. In this design the 
complete adder has three "not" gates, 1 1  
"and" gates and five "or" gates.  It is a 
simple matter to cascade such circuits to 
add binary numbers of more than one 
bit. The carry-output line of one stage is 

simply connected to the carry-input ter­
minal of the next stage. 

In a computer the symbols of Boolean 
algebra are reduced to the hardware of 
transistors and other electronic devices. 
In a microcomputer this transformation 
is particularly elegant because the sym­
bolic logic is mapped almost directly 
onto the surface of a silicon chip. 

We shall consider electronic realiza­
tions of the logic gates in only 

one semiconductor technology, that of 
enhancement mode n-channel metal­
oxide-semiconductor (n-MOS) transis­
tors [see "Microelectronic Circuit Ele­
ments," by James D. Meindl, page 70] . 
These transistors employ a positive 
power-supply voltage, and they conduct 
when a positive signal is applied to the 
gate. Only the simplest circuit configu­
ration for each gate will be discussed 
here. These are not necessarily the best 
configurations, but the refinements com­
monly added to real computer circuits 
do not change any of the basic operating 
principles. 

The three elements of an noMOS tran­
sistor are the source, the gate and the 
drain. The gate (which should not be 
confused with a logic gate) controls the 
current flowing between the source and 
the drain. When a positive potential of 
about two volts is applied to the gate, 
the transistor conducts ; when the volt­
age is reduced to zero, conduction ceas-
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es. Again these voltages can be labeled 
simply "high" and "low," and we shall 
adopt the convention of equating a high­
voltage state with a binary 1 or a logi­
cal "true. "  

The simplest of the logic gates is an 
inverter, which performs the logic func­
tion "not." It consists of a single transis­
tor connected in series with a resistor. 
The supply voltage (a positive potential 
of about five volts) is applied to the re­
sistor. The input signal is applied direct­
ly to the gate of the transistor, and the 
output is sensed at the point where the 
transistor and the resistor are joined. 

When the input to the inverter is in the 
low state, the transistor does not con­
duct, and so no current flows from the 
supply through the resistor and the tran­
sistor to the ground point, or common 
return of the circuit. As a result there is 
no voltage drop across the resistor: the 
output is essentially connected to the 
supply voltage. When the input is low, 
the output is high. 

If a high signal is now applied to the 
gate, the transistor conducts. With a 
large current flowing through the circuit 
there is a substantial voltage drop across 
the resistor. The output of the gate is 
now effectively connected. through the 

A B C SUM CARRY 
BiT BiT 

0 0 0 0 0 

0 0 1 1 0 

0 1 0 1 0 

0 1 1 0 1 

1 0 0 1 0 

1 0 1 0 1 

1 1 0 0 1 

1 1 1 1 1 

TRUTH TABLES for binary addition give 
the calculated values of the sum bit and the 
carry bit for all possible values of the input­
The inputs are the two bits to be added (A and 
B) and the carry bit (C) from the next lower 
power of 2. The rules for addition specify that 
the sum bit is a 1 if exactly one of the inputs is 
a 1 or if all three are 1 's; otherwise the sum bit 
is a O. The carry bit (for the next higher power 
of 2) is a 1 if at least two of the inputs are I's. 
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low resistance of the transistor , to the 
ground; it is therefore in the low-voltage 
state. This is precisely the behavior re­
quired of a "not" gate. 

The other logic gates are constructed 
on similar principles. For a two-input 
"and" gate the single transistor of the 
inverter is replaced by a pair of transis­
tors connected in series. The inputs are 
the gates of these transistors ;  because 
the transistors are in series a conduction 
path to ground is completed only when 
both inputs are high. In this form the 
circuit acts simultaneously as an "and" 
gate and as an inverter, a combination 
of logic devices that is called a "nand" 
gate (for "not-and"). Logic arrays can be 
constructed from "nand" gates, and in 
some technologies that is the standard 
practice, but the circuit can easily be 
converted into a conventional "and" 
gate. All that is required is to follow the 
output of the "nand" gate with a second 
inverter, which restores the proper po­
larity to the signal. When both inputs to 
the gate are high, the output of the 
"nand" portion of the circuit is low; that 
forces the output of the inverter-and of 
the circuit as a whole-into the high­
voltage state. 

An "or" gate is built in the same way 
except that the two input transistors are 
arranged in parallel rather than in series. 
As a result of this change a conduction 
path to ground exists if either of the in­
puts is high. As in the "and" gate, an 
inverter must be appended to the circuit 
if a high output is to follow from a high 
input. Without the inverter the circuit is 
a "nor" gate (for "not-or"). 

By simply ganging together logic 
gates as they have been described, a one­
bit binary adder could be built from 
about 50 transistors and almost as many 
resistors. Actually an adder need not be 
that complex. Refinements to the design 
that allow one transistor to serve more 
than one function reduce the number of 
elements to 17 transistors and four resis­
tors, or merely 21 transistors. 

Even in its most simplified form the 
adder circuit is a logic array of consider­
able complexity . Moreover , it can only 
add numbers that are one bit wide. Mi­
croprocessors commonly work with bi­
nary numbers from eight to 16 bits wide; 
for a complete adder the circuit would 
have to be replicated a corresponding 
number of times. 

The logical and arithmetic manipula­
tion of binary numbers is not the 

only function of the basic gate circuits. 
Another essential function in computers 
is the storage of information. This can 
be accomplished by combining gates 
into circuits that are variously called 
flip-flops. latches, registers and memory 
cells, the name applied in a particular 
instance being determined in large part 
by the purpose the circuit is being made 
to serve. 

A pulse of voltage applied to the input 
of a logic gate passes through it in a few 
tens of nanoseconds (billionths of a sec· 
ond) and leaves no record of its passage. 
For reliable operation a complex array 
of gates must have a sense of history . 
That is the function of a latch: a circuit 
that maintains the state of its output in­
definitely in response to a momentary 
input signal. 

A simple latch can be constructed 
from two "or" gates and two inverters. 
One of the inputs to each "or" gate is 
reserved as an input to the circuit; the 
other inputs receive the inverted output 
of the opposite gate. Referring the in­
verted output signals back to the input 
terminals constitutes positive feedback, 
which stabilizes the circuit in one of two 
states.  The inputs to the circuit are la­
beled "set" and "reset." The output is a 0 
if the pulse received most recently was 
applied to the reset line; it is a 1 if the 
most recent pulse was sensed on the set 
line . This circuit, which is often called a 
flip-flop because of the manner in which 
it changes state, can be fabricated with 
as few as two transistors. 

A somewhat more versatile device 
called a register latch can be made by 
preceding the inputs to a flip-flop with a 
simple circuit consisting of two "and" 
gates and an inverter. Of the two inputs 
to this circuit one is reserved for a con­
trol signal and the other receives data. 
As long as the control signal is low, data 
pulses are blocked and have no effect on 
the state of the output. When the control 
line is high, the output changes to reflect 
the momentary status of the data and 
retains that state even after the control 
pulse is removed. A single latch can 
store one bit of information, and so a 
complete register requires one latch for 
each bit that is to be stored. 

In microprocessors registers are em­
ployed for the temporary storage of 
data, of partial results, of instructions 
and of the addresses where other data or 
instructions are to be found. A special 
register designed to count continuously 
from zero to its maximum capacity is 
universally employed to step through a 
sequence of instructions. 

A number of other logic devices are 
required for a functioning computer . 
For example, a comparator determines 
whether two binary numbers are equal 
or unequal. The individual bits of the 
numbers to be compared are applied to 
the inputs of "and" gates, and the out­
puts of those gates are combined in such 
a way that a single high bit is produced 
only if all the bits are identical. A de­
coder accepts a binary number as an in­
put and activates one output or in some 
cases more than one output depending 
on the value of the number . A decoder 
that accepts a three-bit number could se­
lect one of eight lines, since there are 
eight binary numbers of three bits each 
(ranging from 000 to 111). 
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BINARY ADDER provides an array of logic gates for each combi­
nation of input bits (A, Band C) that requires an output. The four 
rows of gates at the bottom calculate the sum bit; the three rows at 
the top calculate the carry bit for the next higher power of 2. As an 
example, suppose both of the bits to be added (A and B) are O's but 
the carry bit (C) from the preceding column is a 1; the truth table on 
the opposite page indicates that this combination of inputs must yield 
a sum bit of 1 and a carry bit of O. The sum bit is generated in the 
fourth row from the bottom, where A and B are applied to an "and" 

gate in inverted form, so that both appear as binary I's. The output 
of this gate, which is a 1, is combined with the carry bit in a second 
"and" gate, and the 1 output is passed through a series of "or" gates 
to the output of the adder. None of the gates for the calculation of the 
carry bit responds to this combination of inputs, and so the carry bit 
is a 0; if two or more of the inputs were l's, then a carry bit of 1 
would be issued. A binary adder requires a logic array like this one 
for each bit of the numbers to be added, with the carry-output line 
of each stage connected to the carry-input line of the next stage. 

Any function that can be stated in 
terms of binary variables can be repre­
sented by an array of logic gates. We 
have seen how a circuit for addition can 
be constructed using about a dozen 
gates for each bit of the numbers to be 
added. By applying the same principles 
much more elaborate operations could 
be performed. For example. we might 
design a logic array that would square a 
number. then multiply the square by a 
coefficient. then add to that result the 
product of the original number and an­
other coefficient and finally add a con­
stant to the grand total. Such a circuit 
would evaluate quadratic expressions. It 
would be a complicated and expensive 
device. however. incorporating at least 
three multipliers (each in itself a com­
plex circuit) along with adders. registers 
and other components. What is more . it 

could handle only quadratic expres­
sions; to deal with cubic equations. an­
other even more cumbersome circuit 
would be needed. If a computer were 
required to have a separate array of log­
ic gates for every function it could per­
form. a machine of any versatility 
would be prohibitively large and costly . 

neal comp uters make do with relative­
.R Iy few logic elements by effectively 
changing the. interconnections between 
the devices and thereby creating at will 
any needed logic array . A calculation 
may call for several additions. for exam­
ple. but the computer re.quires only one 
adder circuit. which is supplied in turn 
with each new set of operands. In order 
to operate a logic array in this flexible 
manner a more elaborate system of tim­
ing and control circuits is needed. Some-

thing else is req uired as well. something 
that is not present at all in the logic cir­
cuits we have considered so far: a pro­
gram. or set of commands for changing 
the configuration of the logic array. 

The concept of a stored program was 
introduced in 1833 by Charles Babbage 
as a feature of a "calculating engine" he 
proposed to build. His machine. which 
would have employed mechanical 
counting gears to do decimal arithmetic. 
would have incorporated a number of 
principles that are basic to the design of 
electronic computers.  Although the idea 
was sound. the calculating engine was 
never built. The modern form of the 
stored program was introduced by John 
von Neumann. who added a significant 
refinement. He specified that both the 
data to be processed and the instructions 
for processing them be written in the 
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same notation. By this contrivance in­
structions can be manipulated by the 
machine as if they were data. A program 
can therefore alter another program or 
even itself. 

It is worthwhile considering in some 
detail how the logic elements of a com­
puter are controlled by the program. 
For this purpose we shall invent a hypo­
thetical microprocessor and a'program 
for adding two binary numbers. 

An organizational principle of almost 
all microprocessors is that the various 
parts of the machine communicate with 
one another through a system of con­
ductors called a bus. The bus is simply a 
set of parallel conducting paths connect­
ing various areas of the microprocessor 
chip and extending through connecting 
pins to a set of parallel conductors out­
side the chip. 

All the logic devices that make up the 
computer are connected to the bus, but 
they do not all operate simultaneously. 
The memory. where both the program 

A B C  
INPUTS 

CARRY BIT 

and the data are stored, communicates 
this information to the machine through 
the bus. The arithmetic and logic unit 
(ALU), as its name implies, contains de­
vices such as adders for arithmetic and 
logic operations on data received over 
the bus. Several registers are connected 
to the bus for the temporary storage of 
operands and results; one of these regis­
ters, called the accumulator. is closely 
associated with the ALU. Another regis­
ter is commonly dedicated to storing the 
memory addresses where needed data 
or instructions are to be found. Still an­
other register , the program counter, al­
ways contains the address of the next 
instruction to be executed. Finally, de­
coding and controlling circuitry is at­
tached to the bus, but it can also com­
municate with elements of the machine 
through separate control lines.  Clock 
signals are provided to all parts of the 
machine over conduction paths indepen­
dent of the bus. 

The bus simplifies communication 

v+ 

SUM BIT 

within the computer. Instead of install­
ing a private line from each part of the 
machine to every other part. all the de­
vices share one or more common buses. 
The cost of this simplification is that 
only one device can use any given bus at 
a time. Once again, more elaborate tim­
ing and control circuitry is required.  
The control is exercised by effectively 
disconnecting from the bus all devices 
except those that are transmitting or re­
ceiving data at a given time. 

When the microprocessor is under 
the control of a program, it oscil­

lates between two cycles: the instruc­
tion-fetch cycle and the instruction-exe­
cution cycle. Although the timing of 
events within these cycles varies from 
one microprocessor to another, we shall 
assume that in our machine the cycles 
are further divided so that the machine 
has a total of four states. In the first state 
an address is sent to memory and in the 
second an instruction is returned. In the 

CARRY 
BIT 

ADDER CIRCUIT is the functional equivalent of the logic array on 
the preceding page, but its structure is simplified by allowing some 
circuit elements to serve more than one function. The carry bit is gen­
erated in a straightforward manner by the seven transistors at the 
right. If any two of the inputs are in the high-voltage state, then one 
of the three pairs of transistors wired in series will conduct; if at least 
one of those pairs is conducting, then the common output of the three 
pairs is forced to the low-voltage state. This low signal is inverted by 
the transistor at the extreme right to produce a high, or binary 1, carry 
bit. The intermediate result of the carry-bit calculation is also em-

ployed in calculating the sum bit. In the array of seven transistors just 
to the left of center each of the inputs is combined with the inverted 
form of the carry bit, and the common output of these gates is also 
followed by an inverter. The result of this operation is that the sum bit 
is a 1 if one of the input bits is a 1 and the carry bit is a 0; examination 
of the truth tables for addition shows that this procedure always gives 
the correct sum. Finally, the three transistors wired in series at the ex­
treme left generate a 1 output (through an inverter) if all three inputs 
are 1's. The circuit employs 17 transistors and four resistors, but in 
an integrated circuit the resistors could be replaced by transistors, 
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third state another address is sent to 
memory; in the fourth state an operand 
is returned from memory and processed 
in accordance with the instruction that 
has been received. 

We shall assume that the program is 
properly stored in memory beginning at 
location 0 and that the program counter 
has been reset to O. When the machine is 
started. it immediately enters the first 
state: the contents of the program count· 
er are put on the bus and are interpreted 
as an address in memory. This start-up 
procedure is possible because the clock. 
which defines the four states. controls 
a system of gates that allows only the 
program counter to transmit signals to 
the bus during the first state. Only the 
memory system is able to receive signals 
from the bus during this period. 

The address issued by the program 
counter is 0 since the counter was as­
sumed to have been reset to that value. 
This binary number must be decoded by 
gates that form part of the memory sys­
tem. so that a signal is applied to the 
memory cells with the address O. The 
number of bits in the address determines 
the maximum number of memory loca­
tions. An eight-bit address can select 
only from among 256 locations. since 
there are only 256 binary numbers of 
eight bits each. A 1 6-bit address gives 
access to 6 5 .536 locations. (Additional 
memory can be addressed if extra con­
trol signals are provided.) 

The signal provided by the address­
decoding circuitry to location 0 is a 
"read" signal; as a response to it the 
contents of that memory location are 
latched onto the memory output lines. 
When the machine leaves the first state 
and enters the second. the program 
counter and the address decoder are dis­
connected from the bus. At the same 
time the output of the memory is con­
nected to it. again through gates con­
trolled by the system clock. The con­
tents of memory location 0 therefore ap­
pear on the bus during the second clock 
period. It will be remembered that the 
signals on the bus during this period are 
to be interpreted as an instruction. and 
so the clock must also activate the in­
struction-decoding and control circuit­
ry. In the control unit the instruction is 
temporarily stored in a latch. 

This entire sequence of events has 
served merely to fetch one instruction 
from memory and load it into the in­
struction register. What happens in the 
remainder of the machine cycle is now 
determined by the contents of that regis­
ter. The decoding of the instruction is a 
crucial step in the operation of the ma­
chine. As in the decoding of memory 
addresses. the number of bits deter­
mines the maximum number of instruc­
tions. but that is rarely a serious limita­
tion: few microprocessors have a reper­
tory of more than 1 00 instructions. 

The decoding of the instruction can be 
done in several ways. One method em-
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LATCH, OR "FLIP-FLOP," CIRCUIT maintains a record of momentary signals. In its sim­
plest form (colored box) the circuit has inputs designated ''set'' and ''reset." With the reset input 
Iow a brief high pulse applied to the set input forces the output to the high-voltage state, whicb 
is then maintained indefinitely by feedback from the output. With the set line Iow a high pulse 
at the reset terminal resets the output to zero. A second output terminal provides an inverted 
signal. This circuit can be preceded by a system of gates to make a controUed register latch. 
One of the inputs is now designated "control," and no siguals can reach the flip-flop unless 
the control signal is high. In the presence of a high control signal, data can be applied to the 
remaining input. AU high data pulses are steered to the set input and all low data pulses go 
to the reset input, so that the output always reflects the state of the most recent data signal. 

ploys a "hard-wired" decoder. in which 
an array of gates selects a unique combi­
nation of active output lines for each 
possible combination of bits in the oper­
ation code. These outputs are the con­
trol lines that connect and disconnect 
various devices from the bus and that 
perform other functions as well. such 
as incrementing counters and initiating 
computations in the ALU. Instructions 
can also be decoded by applying them to 
a read-only memory. where a fixed pat­
tern of bits is permanently stored when 
the processor is manufactured. Each of 
the operation codes is then interpreted 
as an address in the read-only memory; 
the output of the memory is latched and 
applied to the control lines. 

We shall assume that the instruction 
fetched from memory location 0 i$ a bi­
nary number that has been assigned the 
meaning "Fetch the next word in memo­
ry and load it into the accumulator." 
This instruction might be executed in 
the following way. The instruction de­
coder (whatever its mechanism) could 
be constructed in such a way that the 

pattern of bits representing this instruc­
tion would activate five control lines. 
One of these control lines increments 
the program counter. so that it contains 
the address of the next location: 1 .  The 
other four enable the program counter. 
the accumulator. the address decoder 
and the memory output lines to be con­
nected to the bus. Not all those devices. 
however. are connected at the same 
time. even though they all receive con­
trol signals simultaneously. When the 
clock enters its third period. marking 
the beginning of the instruction-execu­
tion cycle. the machine enters a state 
that is reserved for sending an address 
to memory. Hence only the source of 
the address (in this case the program 
counter) and the destination (the ad­
dress decoder) are activated during this 
period by both a clock signal and a con· 
trol signal. 

In the fourth clock state the program 
counter and the address decoder are iso­
lated from the bus. and the memory out· 
puts and the accumulator are connected 
to it. As a result the number stored at 
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memory location 1 is loaded into the 
accumulator. 

The computer has now completed one 
full machine cycle. The program count­
er is automatically incremented again so 
that it contains the number 2. or in bina­
ry notation 010. where the next instruc­
tion is to be found. When the clock 
"ticks" again. the computer is returned 
to its initial state and the cycle is repeat­
ed. First the contents of the program 
counter are put on the bus and are inter­
preted as an address. then in the second 
clock state the contents of the addressed 

memory location are interpreted as an 
instruction. That second instruction 
might call for the contents of one of the 
registers to be issued as an address in 
memory during the third clock state. 
with the data returned being loaded into 
still another register during the fourth 
period. The second machine cycle 
would then be complete and the pro­
gram counter would be incremented 
again (to 3. or binary 011). 

register to the contents of the accumula­
tor. In this case there is no need to fetch 
an operand from memory during the 
third clock period and so that state 
could be ignored or perhaps deleted 
from the schedule. In order to execute 
the instruction the control circuitry 
must activate the adder in the ALU and 
arrange for the operands to be supplied 
by the correct registers. Results of oper­
ations within the ALU are ordinarily re­
tained in the accumulator. The instruction fetched during the 

first part of the next machine cycle 
might call for adding the contents of a 

Subsequent instructions might call for 
comparing the sum formed by this oper-
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HYPOTHETICAL COMPUTER is an array of electronic logic ele­
ments whose interconnections can be altered by instructions stored 
in tbe computer itself. Instructions, operands and the "addresses" 
that designate locations in the computer memory are all expressed as 
binary numbers. In this machine the binary numbers are just three 
bits wide; since tbere are only eight possible combinations of three 
bits, operands can have only eight values, the machine can have only 
eight memory locations and it is limited to a repertory of eight in­
structions. The major pathway for communication in tbe machine is 
the "bus," a set of parallel conductors with connections to almost all 
the devices. These devices include four registers: the program count­
er, which ordinarily contains the address of the next instruction; the 
instruction register, where the binary code for each operation is re­
tained; a general register for the temporary storage of operands or ad­
dresses, and the accumulator, a register with connections both to the 
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bus and to the arithmetic and logic unit (ALU) of the computer. In 
this case the ALU is merely an adder, but in real machines it is capable 
of several operations. Data are written into the memory or read from 
it at a location specified by tbe address decoder. The decoder is an ar­
ray of logic gates that activates one of eight address lines in response 
to a three-bit binary number. Instructions are decoded in th\l same 
way. Each of these devices is isolated from the bus by a "buffer," 
which connects the device to the bus only on receipt of a control sig­
nal from the instruction decoder along with a simultaneous signal 
from the system clock, which issues a continuous train of pulses to 
all parts of the machine. Information appearing on tbe bus could rep­
resent an operand, an instruction or an address; how it is interpreted 
depends on the state of the timing and control signals. The capabili­
ties of a computer this small are trivial, but it reflects principles of 
organization common in real machines, including microprocessors. 
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ation with a value stored in memory. If 
the two numbers were different. no ac­
tion would be taken. and the machine 
would proceed to the next instruction in 
the sequence. If the numbers were iden­
tical. however . a signal would be issued 
resetting the program counter to some 
preselected value. Execution of the pro­
gram would then resume at this new 
memory location. Operations of this 
kind are called conditional branch in­
structions. since they enable the ma­
chine to choose one of two paths 
through a program depending on the re­
sults of a calculation. Other operation 
codes could instruct the machine to read 
data from "peripheral. "or external. de­
vices .  or to provide data as output to 
those devices. Ultimately the machine 
must come to a "halt" instruction. which 
stops all operations. 

The machine described above is not 
equivalent to any particular microcom­
puter. but it incorporates features com­
mon to many of them (and to many 
large computers as well) . The alternate 
fetching and execution of instructions. 
for example. is an almost universal 
mode of operation. A more fundamen­
tal feature is the use of the same lan­
guage-the binary numbers-for all sig­
nals in the system. A pattern of bits ap­
pearing on the bus of our microproces­
sor can represent an address in memory. 
an instruction or an operand. How the 
pattern is interpreted depends on the 
state of the machine and thus depends 
critically on the timing and control sig­
nals. which are in turn determined by 
the instruction codes. 

Targe-scale integration has trans­
L formed the computer from a ma­
chine that must be built from many 
components into a component that can 
be incorporated into larger systems. A 
number of microprocessors now on the 
market include on a single chip all the 
circuitry we have discussed with the ex­
ception of random-access memory and 
in most cases the clock [see "Microproc­
essors." by Hoo-Min D. Toong. page 
1 46]. A few single-chip devices even in­
clude a limited amount of memory. 

The first generation of commercially 
produced microelectronic devices are 
now referred to as small-scale integrat­
ed circuits. They included only a few 
gates. Even where multiple gates were 
included in one package they were not 
always connected internally; the circuit­
ry defining a logic array had to be pro­
vided by external conductors. 

Devices with more than about 10 
gates on a chip but fewer than about 200 
are medium-scale integrated circuits. 
Many of these chips contain complete 
functional blocks of a computer. For ex­
ample. chips are available that contain 
complete registers. decoders. compara­
tors or counters. Perhaps the upper 
boundary' of medium-scale integrated­
circuit technology is marked by chips 
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PROGRAM for the three-bit computer calls for the addition of two numbers. The system clock 
divides each machine cycle into four periods; the first two periods are devoted to fetching an in­
struction, the last two to executing it. In the first clock period the contents of the program 
counter (initially 000) are put on the bus and interpreted as an address in memory; in the second 
period the contents of the designated memory location are latched into the instruction register. 
Events in the third and fourth periods depend on the operation specified by the instruction. In 
the first machine cycle the operation code is 010, which has been assigned the meaning "Fetcb 
the contents of the next location in memory and load tbis number into the general register." In 
response to tbis pattern tbe instruction decoder activates a control line that increments tbe pro­
gram counter, so that tbe counter points to tbe next item in memory, and enables tbe general 
register to receive tbe stored value. In the second machine cycle anotber operand is loaded into 
the accumulator, tben in the third cycle the number in the register is added to tbe one in tbe ac­
cumulator. The numbers added are 111 and 001, and since the machine has no provisions for 
overflow the result is 000. In the fourtb machine cycle the value in the general register, wbicb 
was initially an operand, is treated as an address, where tbe result of the addition is stored. 
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TIMING DIAGRAM gives the sequence of events during the first machine cycle in tbe execu­
tion of the program at the top of the page. Two clock signals divide the machine cycle into four 
clock periods. In the first period only the program counter and the address decoder are connect­
ed to the bus, and in the second period only the memory output and the instruction decoder are 
connected. In the third and fourth periods tbe machine is under the control of both the clock 
and the instruction decoder. Together tbey increment tbe program counter, then connect botb 
it and address decoder to bus. In fourth period tbe memory output and the general register are 
active. Finally, as the clock returns to tbe first state, the program counter is incremented again. 
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that contain a complete arithmetic and 
logic unit. This unit accepts as inputs 
two operands and can perform any one 
of a dozen or so operations on them de­
pending on the state of several control 
lines. The operations include addition. 
subtraction. comparison. logical "and " 

and "or" and shifting one bit to the left 
or right. 

The greatest variety pf medium-scale 
integrated circuits is available in the bi­
polar semiconductor technology called 
TTL. for transistor-transistor logic. 
Even with the development of large-
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scale integration. TTL devices have re­
tained their utility. Many microproces­
sors are designed so that their signal 
voltages and power-supply require­
ments are compatible with those of TTL 
circuits. Hence TTL devices can be em­
ployed as auxiliary components in a mi-

J " I " ° � �g �g 0 1 0 ..J � o � 1 1 1 �  
ADDRESS � DECODER 0 0 1 

�f--� 0 0 1 
� 1 0 0 

� 0 1 

9 
1 
I 

� 0 0 0 

� 
MEMORY 

T " 1 " 

-s � 0 1 0 +-9 +-0 � 1 "";:  1 1 
ADDRESS � DECODER 0 0 1 

--� 0 0 1 
� 1 0 0 

9 
� 0 1 1 

I 
� 0 0 0 

� 
MEMORY 

T " I " 

-s � 0 1 0 -g ..J +- 0 � � 1 1 1 
ADDRESS � DECODER 0 0 1 

- -� 0 0 1 
� 1 0 0 

� 
9 

0 1 1 
I 

� 0 0 0 

� 
MEMORY 

T " I " 

�9 � 0 1 0 � g  ..J � o � � 1 1 1 
ADDRESS � DECOD!:::R 0 0 1 

f-i--� 0 0 1 
� 1 0 0 

� 
9 

0 1 1 
I 

� 0 0 0 

� 
MEMORY 

EXECUTION OF A PROGRAM by tbe three-bit computer is traced 
in a sequence of simplified diagrams. Initially tbe program is stored 
in tbe first seven memory locations and tbe program counter is set to 
000. During tbe first two clock periods no instruction bas yet been 
decoded and so the machine must operate entirely under the control 
of tbe system clock. This mode of operation is made possible by in­
verters in tbe control lines to the program counter, tbe address decod­
er and tbe memory output, wbicb ensure tbat these devices can he 
activated by the clock in tbe absence of a control signal. In tbe first 

clock period (a) tbe program counter and the address decoder are 
connected to tbe bus, with tbe ultimate result tbat location 000 in 
memory is designated for reading. Tbe contents of this location are 
latcbed into the instruction register during tbe second period (b). It is 
not until the tbird clock period tbat control signals from tbe instruc­
tion decoder become available. Tbe control line tbat is energized im­
mediately increments the program counter and provides a signal en­
abling the general register to be connected to the bus; in addition tbis 
control line fails to disconnect tbe program counter, tbe address de-
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crocomputer system for the control of 
memory or of input and output termi­
nals and for other functions such as gen­
erating timing signals.  

For the most part large-scale integrat­
ed circuits have been fabricated not with 
the bipolar transistors of TTL but with 

metal-oxide-semicond uctor transistors.  
which can be made smaller and packed 
closer together. The change in scale can 
be measured crudely by counting the 
number of transistors that can be fitted 
onto a chip. Small-scale integrated cir­
cuits have on the order of 10 transistors 
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per chip; medium-scale circuits have 
on the order of too. Recent microproc­
essors made through large-scale inte· 
gration have between 1 0,000 and 20.-
000 transistors. In the orderly geomet­
ric array of elements in semiconductor 
memory chips the number of transis-
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coder and the memory output. Not all these devices are activated si­
multaneously, however. Since the third clock period (c) is reserved 
for sending the address of an operand to memory, the clock activates 
only the program counter and the address decoder during this period. 
In the fourth period (d) the program counter and the address decoder 
are turned off by the clock, and the memory output and the general 
register are activated. The instruction decoded during the second ma­
chine cycle (e) calls for loading another value from memory into the 
accumulator. Addition is performed during the third cycle (fl. Since 

this operation requires no memory access, signals are issued by the 
instruction decoder that disable the address decoder and the memory 
output; the program counter is also disabled. At the same time the 
general register, the accumulator and the adder are activated. In the 
third clock period of the fourth cycle (g) the contents of the general 
register are put on the bus, and since the only other active device is 
the address decoder this value is interpreted as an address in mem­
ory. The contents of the accumulator, where the result of the addition 
was retained, are stored at this location during the fourth period (h). 
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tors is now approaching 100,000 [see 
"Microelectronic Memories," by David 
A. Hodges, page 1 30). 

Three factors have contributed to the 
rapid growth in the number of circuit 
elements per chip. One factor is im­
provement in techniques for growing 
large single crystals of pure silicon. By 
increasing the diameter of the wafers­
the disks of silicon on which chips are 
manufactured-more chips can be made 
at one time, reducing the unit cost. 
Moreover, the quality of the material 
has also been improved, reducing the 
number of defects per wafer. This has 
the effect of increasing the maximum 
practical size of a chip because it reduc­
es the probability that a defect will be 
found within a given area. The chip size 
for large-scale integrated circuits has 
grown from less than 1 0,000 square mils 
(thousandths of an inch) to 70,000. 

A second factor is improvement in 
optical lithography. the process where­
by all the patterns that make up a circuit 
are ultimately transferred to the surface 
of the silicon. By developing optical sys­
tems capable of resolving finer struc­
tures. the size of a typical transistor. as 
measured by the gate length. has been 
reduced from a few thousandths of an 
inch in 1 965 to two ten-thousandths of 
an inch today. Finally. refinements in 
circuit structure that make more effi­
cient use of silicon area have led to a 
hundredfold increase in the density of 
transistors on the chip. 

Continued evolution of the micro­
computer will demand further in­

creases in packing density. As the lim­
it of optical resolution is now being 
reached. new lithographic and fabrica­
tion techniques will be required. Circuit 
patterns will have to be formed with ra­
diation having wavelengths shorter than 
those of light. and fabrication tech-

niques capable of greater definition will 
be needed. 

The present scale of microelectronic 
structures requires an edge acuity of 
2 . 500 angstroms. which is roughly the 
wavelength of the ultraviolet radiation 
employed in making the circuits. To 
form sharp images of still smaller struc­
tures. patterning by means of a steered 
electron beam can be employed. The 
highest potential resolution is offered by 
X-ray lithographic systems. which have 
an effective wavelength of about 10 ang­
stroms. 

Electron-beam and X-ray patterning 
could conceivably reduce the linear di­
mensions of a transistor by another fac­
tor of 50. The area occupied by the tran­
sistor would therefore be reduced more 
than 1 .000 times. If the capabilities of 
the present generation of microproces­
sors are remarkable. the prospects for 
this next generation of very-large-scale 
integrated circuits (VLSI) are extraordi­
nary. A processor would take up a trivi­
al portion of such a chip; millions of bits 
of memory could be included as well. 

Although the immediate impedi­
ments to building more complex micro­
processors lie in the fabrication process. 
the task of design is hardly trivial. The 
design process begins with the determi­
nation of the overall organization of the 
computer. The "width" of the machine. 
or in other words the number of bits in a 
standard word. is a fundamental consid­
eration; so is the amount of memory to 
be addressed. which dictates the number 
of address bits that must be provided. 
Among a multitude of other considera­
tions. attention must be given to the to­
tal number of connections to be made to 
the chip: each connection requires a me­
tallic pad at the edge of the chip. and 
there is limited room for these pads. 

Once the architecture. or organiza­
tion. of the machine has been decided 

on. logic diagrams must be prepared for 
all the functions that are to be included. 
The logic diagrams must then be re­
duced to their electronic equivalents. 
and finally the resulting circuit diagrams 
must be expressed in terms of electronic 
devices and interconnection paths be­
tween them that can be manufactured at 
a reasonable cost within the allotted 
area of silicon [see "The Fabrication of 
Microelectronic Circuits." by William 
O. Oldham. page 1 10] . 

The properties of individual transis­
tors and other components depend crit­
ically on their dimensions. If the circuit 
is to function reliably. these must re­
main within prescribed limits in spite of 
variations in the manufacturing process. 
Timing is equally critical: when a signal 
is issued by one part of the computer. 
another part must be ready to receive it. 
One obvious approach to these prob­
lems is to build a prototype of the proc­
essor out of existing components. In re­
cent years it has become far commoner. 
however. to build a simulated prototype 
with the aid of a computer. Mathemati­
cal models of the individual circuit ele­
ments are constructed and combined to 
form models of entire systems. In es­
sence a large computer is made to emu­
late the behavior of a smaller one. 

When a design is complete. the com­
puter itself can prepare the master draw­
ings that will be employed to define the 
circuit pattern on the silicon. Other 
computers supervise the fabrication 
process. and still another one tests the 
completed chips. automatically mark­
ing the defective ones. There is no more 
telling demonstration of the need for ev­
olutionary development in the creation 
of a complex technology. The integrat­
ed circuits being designed and manufac­
tured today could not be made without 
the assistance . of those made in past 
years. 

DIMINISHING SCALE of microelectronic devices Is apparent in 
three chips seen at the same magnification: about 300 times. At the 
left Is a chip manufactured in 1961; a single transistor fills the field 
of view. The chip in the middle was made in 1965; portions of several 

active elements are visible. The large-scale integrated circuit at right, 
manufactured in 1975, crowds more than a dozen transistors into the 
same area of silicon. All these devices employ bipolar semiconduc­
tor technology; higher density can be achieved with MOS transistors. 
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This liquid makes 
microelectronics 

possible. 

Sure surprised us. 
I t  i s  photo resist, which is better than a 
j ackknife for carving out 1 0 ,000 tran­
sistors and diodes on a 1 cm chip of 
s i l icon when you have orders for 1 0,000 
-or is i t  50,OOO?-such chips a day to 
serve as microprocessors. Light or other 
radiation does the work . A drawing 
used to be considered a representation 
of  real i ty .  With photo resist followed 
by etching,  what the computer gener­
ates becomes the reality. The radiation 
produces a difference, plus or minus as 
desired, in  the solubi l ity of the polymer 
in the developer. A half-micrometer 
thick ness of the undissolved polymer 
must stand u p  to powerful etchants, 
then be washed away cleanly and 
q uickly by other solvents. N o  graininess 
al lowed. 

The first begin nings of photography 
around 1 8 22 employed bitumen of 
J udea, a photo resist subsequently 
ecli psed by M .  Daguerre's success with 
s i l v e r  i o d i de .  W h e n  p h o t o g r a p h y  
boomed, photo resists returned with the 
need to reproduce photographs by 
i n ked metal on printing prcsses. The 
hardening effect of arc light on bi­
chromated gl ues served that need unti l  
polymers became a subject worthy of 
scientific study. 

At the Kodak Research Laboratories 
around 1 94 5 ,  L. M. " Red" Minsk syn­
thesized polyvinyl c innamate. I n  testing 

it ,  he and friends dyed it for conve­
nience and discovered that their dye 

L. M. M i n s k in ret i r emen t 

was making it highly sensitive to photo­
polymerization.  Their bosses' bosses 
foresaw a huge m arket i n  the photo­
engraving trade. A n  ad couched some­
thing l ike this one was published about 
it .  

Some chaps read the ad and won­
dered how Kodak photo resist would 
work out for etching  semiconductors 
i nstead of metal.  We date the m icro­
electronics age from the day they found 
i t  worked. Out went our whole market­
ing concept for Kodak photo resists. 

Now, 20 years or more later, we can 
send you data sheets on photo resists 
d e s i g n e d  for m i c r o e l e c t r o n i c s ,  n o t  
graphic arts, a n d  very different from 
Mr. M i nsk's polyv inyl cinnamate. We 
can send them to you even if you are 
not in the microelectronics trade, j ust 

as certain readers of that earl ier ad 
were not i n  the graphic arts trade. 

But i f  you are i n  the microelectronics 
trade and would like an invitation to 
the Kodak M icroelectronics Seminars 
that we put on annually for users of 
Kodak m icro resists, talk it  over with 
Jerry Coder at 7 1 6-724-4544. He also 
supplies the d ata sheets. His address is 
Kodak, G raphics Markets Division, 
Rochester, N.Y.  1 4650. 

The name of that division shows that 
we have not been wholly diverted from 
our orig inal  marketing intent for photo 
resists-not when we compare the total 
acreage of newspaper p ages prepared 
for press each day with the n umber of 
square meters of teeny-weeny micro­
processors the world produces that 
same day. 

As a m atter of fact, i n  May. 1 9 7 7  we 
announced KODAK MX-929 Resist,  for 
use in an arrangement for translating a 
paste-up of a newspaper p age to metal 
by scanning with a He-Ne laser and 
modulating an argon ion l aser to expose 
the resist. Since the 5 1 5  and 488 nm 
l ines of the argon ion laser are more 
economical to use 
than its u l traviolet 
emission ,  our new 
resist has been giv­
en the appropriate 
spectral sensitivity. 
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SCIENCE AND THE CITIZEN 
The Ph.D. Population .Arevealing group portrait of the top 

echelon of American scientists 
and engineers is presented by a 

recent publication of the National Sci­
ence Foundation. Characteristics of Doc­
toral Scientists and Engineers in the Unit­
ed States. 1975. Between 1973 and 1975 
(the most recent year for which com­
plete figures are available) the U.S. pop­
ulation of engineers and scientists with 
doctoral degrees increased by 13 per­
cent. from 245.000 to 278.000. In the 
same period the nation's total labor 
force increased 4.4 percent. from 88.7 
million to 92.6 million. Thus in 1975 
three workers in 1.000 were doctoral 
scientists and engineers. 

The 1975 Ph.D. labor force was dis­
tributed among the following major 
fields: engineering 16.5 percent. biology 
15.3. chemistry 13.8. psychology 11.6. 
physics and astronomy 7.3. agriculture 
5.2. medicine 5.1. mathematics 4.6. eco­
nomics 3.9. earth sciences 3.7. sociology 
and anthropology 3.1 and computer sci­
ences 1.4. 

The overall median salary of doctoral 
scientists and engineers was seriously 
eroded by inflation between 1973 and 
1975. Although median salaries in­
creased· 11 percent in the period (from 
$20.900 to $23.100). income in constant 
dollars actually declined by 10 percent. 
For men salaries ran about $300 above 
the median. For women median salaries 
in current dollars increased only 8 per­
cent (from $17.600 to $19.000). making 
their real loss in constant dollars about 
12 percent. Hence overall women lost 
ground to men in income between 1973 
and 1975: the female/male salary ratio 
decreased from . 83 to .81. Women in the 
youngest age groups (under 35). how­
ever. slightly gained ground: the ratio 
increased from .86 to .89. 

Sex aside. median salaries varied con­
siderably from field to field. from em­
ployer to employer and from state to 
state. The three highest-paid fields in 
1975 were medical science ($25.700). 
engineering ($25.200) and economics 
($24.600). The three lowest-paid fields 
were biology ($21.300). mathematics 
($20.900) and sociology and anthro­
pology ($20.700). The Federal Gov­
ernment paid the highest median sala­
ries ($26.200). followed by business 
($26.000) and nonprofit organizations 
($24,400). Four-year colleges and uni­
versities paid well below the median: 
$21,400. The highest salaries were paid 
for management and administration of 
research and development: $30.200. 

In every discipline but one (chemis-
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try) the highest salaries were paid in the 
District of Columbia. where the me­
dians ranged from a low of $25.100 for 
chemists (of whom there were 758) to 
$30.500 for the most populous group 
of scientific workers in Washington. the 
economists. of whom there were 1.456. 
Their salary was exceeded only by a 
smaller group. the 466 environmental 
scientists who received the top median 
salary in the U.S. for a Ph.D. in science 
or engineering: $31.500. If you were a 
chemist. to be eligible for a median sala­
ry higher than $26.000 you had to be 
one of 1.840 chemists working in Dela­
ware (median salary $28,300). one of 
400 in New Mexico ($26.200). one of 
325 in West Virginia ($26.200) or one 
of 1.600 in Michigan ($26.100). 

For the country as a whole in 1975 
there were 130 doctoral scientists and 
engineers per 100.000 population. If one 
ranks the 50 states and the District of 
Columbia according to the density of 
scientists and engineers in their popula­
tion. the results are rather surprising. 
California. which has the highest to­
tal number of scientists and engineers 
(31.855). barely makes the top quartile. 
with 150 per 100.000 population. Some 
areas not ordinarily regarded as centers 
of scientific work rank much higher. The 
top quartile. consisting of 12 states plus 
the District of Columbia. employed the 
following number of doctoral scientists 
and engineers per 100.000 in 1975: Dis­
trict of Columbia 1.344. Delaware 560. 
New Mexico 269. Maryland 216. Utah 
211. Massachusetts 208. Colorado 202. 
Vermont 189. Connecticut 163. New 
Jersey 159. New York 155. California 
150 and Virginia 150. 

Dead or Alive? 

Vaccination against poliomyelitis has 
been one of the triumphs of contem­

porary public health. but in the U.S. 
there have been two nagging concerns. 
One is the persistence of a small-very 
small-incidence of paralytic poliomye­
litis associated with the oral administra­
tion of attenuated live virus. The other is 
the declining rate of vaccination. with a 
consequent increase in the pool of sus­
ceptible people. If the trend continues. 
there is a distinct possibility of future 
epidemics of poliomyelitis in the U.S. A 
committee established by the Institute 
of Medicine of the National Academy 
of Sciences has considered these inter­
acting problems and has come up with 
recommendations on the type of vaccine 
and a schedule for administering it. 

The first poliomyelitis vaccine. devel­
oped by Jonas Salk and widely adminis-

tered beginning in 1954. was an injected 
killed-virus vaccine (IPV). In 1962 the 
decision was made to change to a policy 
favoring an oral poliomyelitis vaccine 
(OPV). developed by Albert Sabin and 
prepared with attenuated live virus. 
OPV was favored primarily because of 
its ease of administration and the long­
lasting immunity it confers. and its suc­
cess has been dramatic: in the past three 
years the incidence of paralytic polio­
myelitis has been respectively only five. 
12 and eight cases in the entire country. 
On rare occasions. however. individuals 
who are given the oral vaccine. or who 
are in contact with recipients of the vac­
cine. develop paralytic poliomyelitis; 
there appear to have been 44 such cases 
in the years from 1969 through 1976. 
Such vaccine-associated cases are ap­
parently not a side effect of the killed­
virus vaccine. which is routinely admin­
istered in the Netherlands and in some 
Scandinavian countries. 

The Institute of Medicine committee 
considered various options. ranging 
from complete reliance on either OPV 
or IPV to making it a matter of free 
choice by the individual parent. It finally 
recommended continued reliance on 
OPV as the principal vaccine. with addi­
tional provisions. IPV should be admin­
istered to people with heightened sus­
ceptibility to infection. such as children 
known to have a deficient immune sys­
tem and their siblings. people taking 
drugs that suppress the immune re­
sponse and adults being vaccinated for 
the first time. Moreover. a new immuni­
zation should be added to the standard 
schedule: a dose of OPV for all children 
of an age when they would normally be 
entering the seventh grade. 

The committee pointed out that both 
vaccines are remarkably safe. IPV may 
be the safer of the two. and it is appro­
priate in countries where almost com­
plete immunization is attained. In the 
U.S .. however. the greater ease of ad­
ministering OPV. the ability of the vac­
cine to spread immunity to unvacci­
nated individuals in the community 
through the dispersal of the virus in fe­
ces. and the effectiveness of the vaccine 
in producing intestinal immunity (pre­
venting reinfection by "wild" virus) are 
determining considerations because of 
the low vaccination levels. As of 1974 
only 67 percent of all white children and 
only 45 percent of all nonwhite children 
were vaccinated against poliomyelitis. 
The committee called for a nationwide 
effort to attain 90 percent immunization 
within the next few years. When that 
goal is reached. the current reliance on 
OPV may be reassessed. Meanwhile the 
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'Ibe home computerthats ready 

to work, play ana grow with you. 
Clear the kitchen table. Bring in the color 

T.Y. Plug in your new Apple II� and connect 
any standard cassette recorder/player. Now 
you're ready for an evening of discovery in 
the new world of personal computers. 

Only Apple II makes it that easy. It's a 
complete, ready to use computer-not a kit. 
At $1298, it includes features you won't find 
on other personal computers costing twice as 

much. 

Features such as video graphics in 15 colors. 
And a built-in memory capacity of 8K bytes 
ROM and 4K bytes RAM -with room for lots 
more. But you don't even need to know a 
RAM from a ROM to use and enjoy Apple II. 
lt's the first personal computer with a fast 
version of BASIC-the English-like pro­
gramming language -permanently built in. 
That means you can begin running your 
Apple II the first evening, entering your own 
instructions and watching them work, even if 
you've had no previous computer experience. 

The familiar typewriter-style keyboard 
makes communication easy. And your pro­
grams and data can be stored on (and re­
trieved from) audio cassettes, using the built­
in cassette interface, so you can swap with 
other Apple II users. This and other peri­
pherals-optional equipment on most per­
sonal computers, at hundreds of dollars extra 
cost-are built into Apple II. And it's 
designed to keep up with changing technol· 
ogy, to expand easily whenever you need it to. 

As an edu<;ational tool, Apple II is a sound 
investment. You can program it to tutor your 

children in most 
any subject, such 
as spelling, 

history or math. But the biggest benefit-no 
matter how you use Apple II -is that you and 
your family increase your familiarity with the 
computer itself. The more you experiment 
with it, the more you discover about its 
potential. 

Start by playing PONG. Then invent your 
own games using the input keyboard, game 
paddles and built-in speaker. As you experi­
ment you'll acquire new programming skills 
which will open up new ways to use your 
Apple II. You'll learn to "paint" dazzling color 
displays using the unique color graphics com­
mands in Apple BASIC, and write programs 

to create beautiful kaleidoscopic designs. 
As you master Apple BASIC, you'll 

be able to organize, index and 
store data on household fi-

nances, income tax, 
recipes, and record col­
lections. You can learn to 
chart your biorhythms, 

balance your checking ac­
count, even control your home 

environment. Apple II will go as 
far as your imagination can take it. 

Best of all, Apple II is designed to grow 
with you. As your skill and experience with 
computing increase, you may want to add 
new Apple peripherals. For example, a re· 
fined, more sophisticated BASIC language is 
being developed for advanced scientific and 

mathematical 
applications. 
And in addi­
tion to the 
built-in 
audio, video 
and game 
interfaces, 
there's 

room for 
eight plug-in 

options such as a prototyping board for ex· 
perimenting with interfaces to other equip­
ment; a serial board for connecting teletype, 
printer and other terminals; a parallel inter· 
face for communicating with a printer or 
another computer; an EPROM board for stor­
ing programs permanently; and a modem 
board communications interrace. A floppy 
disk interface with software and complete 
operating systems will be available at the end 
of 197 7. And there are many more options to 
come, because Apple II was designed from 
the beginning to accommodate increased 

power and capability as your 
requirements change. 

If you'd like to see for yourself 
how easy it is to use and enjoy 
Apple II, visit your local dealer for a 
demonstration and a copy of our 

Apple IITM is a completely self-contained 
computer system with BASIC in ROM, 
color graphics, ASC I I  keyboard, light· 
weight, efficient switching power supply 
and molded case. It is supplied with 
BASIC in ROM, up to 48K bytes of 
RAM, and with cassette tape, video and 
game I/O interfaces built·in. Also in· 
cluded are two game paddles and a 
demonstration cassette. 

SPECIFICATIONS 
• Microprocessor: 6502 (1 MHz). 
• Video Display: Memory mapped, 5 

modes-all Software-selectable: 
· Text-40 characters/line, 24 lines 

upper case. 
· Color graphics-40h x 48v, 15 colors 
· High-resolution graphics-280h x 

192v; black, white, violet, green 
(16K RAM minimum required) 

· Both graphics modes can be selected 
to include 4 lines of text at the bottom 
of the display area. 

· Completely transparent memory 
access. All color generation done 
digitally. 

• Memory: up to 48K bytes on· board 
RAM (4K supplied) 
· Uses either 4K or new 16K dynamic 

memory chips 
· Up to 12K ROM (8K supplied) 

• Software 
· Fast extended Integer BASIC in 

ROM with color graphics commands 
· Extensive monitor in ROM 

• I/O 
· 1500 bps cassette interface 
· 8-slot motherboard 
· Apple game I/O connector 
· ASCII keyboard 
· Speaker 
· Composite 

video 
output 

Apple II is also 
available in board-only 
form for the do·it-yourself hobbyist. Has 
all of the features of the Apple II system, 
but does not include case, keyboard, 
power supply or game paddles. $598. 

PONG is a trademark of Atari Inc. 
*Apple II plugs into any standard TV using 
an inexpensive modulator (not supplied). 

detailed brochure. Or write Apple Computer 
Inc., 20863 Stevens Creek Blvd.,Cupertino, 
California 95014. 

computczr Inc: 
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JVC's new cas- 4. exclusive loy head, 
sette deck is as close as you can come 5. automatic tape-end stop, plus at}-
to goof-proof recording. It has some- sentee recording when you connect 
thing no other make of cassette deck an accessory timer -and you realize 
has. 1. Five peak-reading LEO indi- why the Ko-35 stands out in any crowd. 
calors to help you avoid under-record- The Ko-35 cassette deck is priced 
ing, tape saturation and just above the least expen-
distortion. Combine.this 

'J VC 
sive model in JVC's new 

With 2. Dolby nOise cassette deck lineup. Just 
reduction, 3. bias and imagine what our lOp 
equalization sWitches. model is like. 

JVC AmeJlca Company. Division 01 US JVC Corp . . 58·75 Queens Midtown Expressway. Maspeth, NY t 1378 (212)476'8300. 
For nearest JVC dealer call toll·free (outside N.Y.) 800·221·7502 Canada: JVC EleclroOics of Canada, Lid., Scarborough, Onl. 
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: Why do we behave : 
iaswedo? ! 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

In his first major work 
since On Aggression, 
Nobel Prize-winner 
Konrad Lorenz presents 
a fascinating analysis of 
the mechanisms direct­
ing human behavior and 
thought processes. Using 
vivid examples drawn 
from a life-time of ob­
servation, he provides 
startling insights into 
man's alarming propen­
sity for destruction. 

I Translated by Ronald Taylor 

I A HELEN AND 
KURT WOLFF BOOK I 
To order. please send ('heck 

I or money order for $10.50 per 

I copy (includes postage) to: 

m MtX8�UR'r I 
JOVANOVICH I General Rooks Division, 

Dept. CE-H I 757 Third Avenue I 
New York, N.Y. 10017 

�----------------------� 100 

recommended immunization at the age 
of 11 or 12 may help to catch some of 
the children who have not been vacci­
nated as infants. More specifically. the 
seventh-grade vaccination is intended to 
give extra protection in later years. be­
cause young adults appear to be most 
susceptible to vaccine-associated infec­
tion (by contact with their own vaccinat­
ed infants). and to give it at an age when 
the evidence indicates that people are 
not yet at increased risk to direct vac­
cine-associated infection. 

Seed Money 

For many years some 90 percent of the 
Federal Government's support of 

research in the life sciences has been 
provided by the National Institutes of 
Health. The result. as was pointed out 
last year by a group advising Presi­
dent Ford on science and technology. is 
that "the overwhelming majority of 
the ablest young scientists in the basic 
biological disciplines are being trained 
in and supported by biomedical pro­
grams." The implication is that workers 
in the basic biological disciplines not 
closely related to medicine are receiving 
less than their share of Federal support. 
Taking note of the situation. the Con­
gressional Office of Technology Assess­
ment ( OT A) has recommended a sub­
stantial increase in the amount of Fed­
eral money devoted to basic research 
designed to increase the production of 
food. The program would be concen­
trated in three areas: photosynthesis. the 
biological fixation of nitrogen and the 
laboratory culture of plant cells. ( In 
such culture the cells of crop plants are 
grown like bacteria. making it possible 
to manipulate media. isolate mutant 
cells and otherwise perform experi­
ments that are difficult or impossible 
with whole plants.) The program would 
be administered by the U.S. Depart­
ment of Agriculture in the form of com­
petitive grants that would be open to all 
scientists. 

In a report. Organizing and Financing 
Basic Research to Increase Food Pro­
duction. the OT A found two reasons for 
the decline of the relative support of 
research on food production over the 
past two decades. One is inflation and 
the other is that "Congress was con­
cerned more with the costs of storing 
surplus crops and maintaining farm in­
come support programs." Although the 
amount of money appropriated for agri­
cultural research rose in absolute terms. 
"almost all increases have been utilized 
to support urgently requested pest [and] 
disease control." Yet on the basis of 
what U.S. agriculture has achieved in 
the past as a result of research in food 
production "it is highly probable that an 
investment of $300 million to $500 mil­
lion over a lO-year period would yield 
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returns of $1 billion to $2 billion over 
the next 20 years." 

An advisory panel assisting the OT A 
on the report found that about $15.6 
million is being spent annually in the 
three high-priority areas. It recommend­
ed an increase of at least $12.45 million 
in the first year and from $4 million to 
$6 million per year thereafter for six 
years. Offering a few examples of spec if -
ic results that could be expected from 
such a program. the report stated that 
'''an increase in the efficiency of photo­
synthesis in a crop [such as] soybeans 
could result in a 50 percent increase in 
yield per acre." If nitrogen fixation by 
legumes. which are already symbiotic 
with nitrogen-fixing bacteria. could be 
enhanced. and if nonlegume crops such 
as maize and cereal grains could be 
made nitrogen-fixers. the expenditure of 
money and energy for synthetic nitrogen 
fertilizers could be greatly reduced. As 
for plant-cell-culture studies. they "offer 
promise for developing new combina­
tions of germ plasm and thus provide 
a means for genetic engineering that 
could ... lead to new varieties of soy­
beans. cereals. potatoes and other crops 
with substantially higher photosynthetic 
efficiency levels than occur in conven­
tional plant-breeding methods. In addi­
tion. cell and tissue cultures have dem­
onstrated their value both in freeing im­
portant cultivars of viruses and other 
pathogens and as a method for rapidly 
propagating new improved cultivars." 

Older Testament 

More than a decade of excavation at 
a 140-acre mound near Aleppo in 

Syria has been rewarded over the past 
three seasons by the discovery of a lin­
guistic bonanza: some 20.000 north­
western Semitic texts. preserved on in­
tact clay tablets or fragments of tablets. 
that are 1.000 years older than any pre­
viously known. The rich find was made 
by Paolo Matthiae of the University of 
Rome; the texts are being analyzed by 
a colleague. Giovanni Pettinato. The 
great mound is named Tell Mardikh to­
day. but early in their work the investi­
gators uncovered a votive statue dating 
to the middle of the Bronze Age with an 
inscription identifying the site as the an­
cient city of Ebla. a place-name that ap­
pears on a number of Mesopotamian in­
scriptions. 

The writing of the Ebla tablets is the 
cuneiform of Sumer. a pictographic 
script that the scribes of Ebla put to 
their own purposes. As an aid to the cor­
rect interpretation of the Sumerian pic­
tographs the scribes could turn to bi­
lingual reference tablets that show the 
pictograph and a matching Semitic defi­
nition written in syllabic form. The ex­
cavators have found 32 such syllabar­
ies; one translates nearly 1.000 picto-

INTRODUCING 
THE BLACK MIST. 

;I�;I 
FYOUHAVE 

rJ., � .. � ) A TASTE FOR 
(') � HISTORY, �. REDISCOVER THE 

t� .. NATURAL TASTE 
(� . �� OF MEAD IN tHE ��) DRINK THAT MAY BE t', YOUR MATCH: 

JJ The Black Mist. 
�q Equal parts 

Imported Irish Mist and 
dark Creme de Cacao 
on-the-rocks. 

--II Uncommonly 
smooth. Remarkably 
delicious. 

. 

j C 

.jJ! Yet, not to be taken 
lightly. 
.jJ For its potency 

traces its roots back 
thousands of years to 
Man's unquenchable 
thirst for the legendary 

taste of mead: 

$ A zesty and pleasing 
spirit touched with 
natural overtones ·of 
honey, herbs and spices. 

$-A taste rediscovered 
in Irish Mist. 

--1J! Before or after 
dinner, it is the perfect 
balance of potency and 
good taste one would 
expect from liThe 
Legendary Spirit of Man" 
$ And, to liThe Black 

Mist," it brings a taste 
of history. 
..q Imported Irish Mist. 

'J:! The natural taste 
of mead. Rediscover it in 
liThe Black Mist." 

IRISH MIST: THE LEGENDARY SPIRIT OF MAN. 
IMPORTED IRISH MIST" LIQUEUR. 80 PROOF. "1977 HEUBLEIN. I NC  HARTFORD. CONN .• U.S.A 
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Westinghouse 

checks off why. 
A complete line of circuit 

breakers from Westinghouse 

Low Voltage Breaker Division, 

Beaver, PA. Designed for diver­

sified and demanding use in 

power distribution applications. 

Westinghouse engineers 

checked off the reasons our 

Plenco 414 Black phenolic mold­

ing compound was selected for 

the breakers: 

r.i7'I "Plenco 414 has Ll..J dimensional stability;' 
r.i""il "It meets our heat-resistant LrJ requirements:' � "Has good impact 

resistance:' 
"Passes UL 489 tests:' 
"Is available as asbestos­
free material:' 

102 

An easy mold, fast cure heat­

resistant/electrical compound. 

Like many of our thermosetting 

Plenco phenolics, it lends itself 

to the compression, transfer and 

screw-injection molding methods. 

More than likely we can 

provide a thermoset to suit your 

particular application and 

method. Give us a call and 

check. (414) 458-2121 

PLENec> 
THERMOSET PLASTICS 

PLASTICS ENGINEERING COMPANY 
Sheboygan, VVI 53081 

Through Plenco research ... a wide range of 
ready-made or custom-for mulated phenolic. 
melamine-phenolic and alkyd thermoset 
molding compounds. and industrial resins. 

graphs into northwestern Semitic. The 
tablet inscriptions are not unrelieved­
ly Sumerian: when an Eblaite syllabic 
word appears among the pictographs. 
its presence is indicated by distinctive 
wedge marks. 

Preliminary readings have revealed a 
wealth of detail about the rich and pop­
ulous city-state. Ebla flourished in the 
second half of the third millennium B.C. 
and maintained a network of commer­
cial relations extending as far south as 
the Sinai. as far north as central Asia 
Minor. to the highlands of Mesopota­
mia on the east and to the island of Cy­
prus on the west. One text states that the 
population of the kingdom was more 
than a quarter of a million. The names 
of Ebla's kings. regularly recorded in 
texts of an economic and administrative 
character. allow the reconstruction of a 
dynastic succession beginning before 
the time of Sargon of Akkad (2340-B.C.) 
and ending with the Akkadian conquest 
of Ebla in about 2250 B.C. 

The texts attest to an agricultural 
economy based on the cultivation of 
grain. cattle husbandry and wine-mak­
ing. Textiles and metals were the princi­
pal items of trade. with timber and gem­
stones ranking next. Among the texts are 
royal ordinances and edicts. statutes, 
international treaties. state correspon­
dence and lists of subject cities. One tab­
let details the tribute demanded by a 
king of Ebla from the conquered city of 
Mari: 1 1.000 pounds of silver and 880 
pounds of gold. 

The most intriguing Ebla texts hint of 
a continuity with Hebrew traditions of a 
far later period. The religion of Ebla 
was a robust polytheism, borrowed 
largely from Sumerian sources. with a 
pantheon numbering in the hundreds. 
Nevertheless, some of the gods' names 
and certain personal names that include 
divine elements are echoed in the Old 
Testament. For example, an Eblaite dei­
ty. Dagan of Canaan, is identical in 
name with the Dagan whose temple 
Samson destroyed. A score of Eblaite 
personal names have Old Testament 
parallels. The name of one of Ebla's 
kings. Ebrum (syllabic Eb-ru-um), is 
reminiscent of Eber ( Genesis 10:2 1), the 
father of the Semites. Perhaps the most 
compelling evidence of some kind of 
link between the Ebla archives and the 
drafters of the Old Testament is .also 
found in Genesis. The listing of the five 
"cities of the plain." Sodom. Gomorrah. 
Admah, Zeboiim and Bela ( 14:2). is du­
plicated in an Ebla text and the names 
appear in the same order. 

Gold-Dust Twins 

Anew experimental technique for vi­
sualizing the tracks of moving cells 

on a gold-coated glass microscope slide 
has yielded some surprising information 
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HERE'S ONE ENGINEERING OPPORTUNITY 
YOU WON'T GET IN PRIVATE INDUSTRY. 

If you're thinking about a 
technical position after graduation, 
think about this. 

How many companies can offer 
you a nuclear submarine to operate? 
The answer is none. Equipment 
like this is available'only in 
one place - the Navy. 

The Navy operates over half the 
nuclear reactors in America. 
So our training is the broadest and 
most comprehensive. We start by 
giving you a year of advanced 

technical education. In graduate 
school, this would cost you 
thousands, but in the Navy, we 
pay you. 

Once you're a commissioned 
Nuclear Propulsion Officer, you'll 
earn a top salary. Over $24,000 
a year after four years. And 
you'll be responsible for some 
of the most advanced equipment 
developed by man. 

The Navy also has other 
opportunities in surface ships 

NAVY OFFICER. 

and aviation assignments. If you 
are majoring in engineering, math 
or the physical sciences, contact 
your placement office to find out 
when a Navy representative will be 
on campus. Or send your resume to: 
Navy Officer Programs, 
Code 312-B386, 4015 Wilson Blvd., 
Arlington, VA 22203. 

The Navy. When it comes to 
nuclear training, no one can give 
you a better start. 

IT'S NOT JUST A JOB, IT'S AN ADVENTURE. 
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FREE! 
with your 
business 
card or send 
$1.00 (re­
fundable on 
1st order) 

Catalog Includes: 
• Manufacturer's catalogs. 
• News about amazing breakthroughs in the 

Mini-micro computer field. 
• $2.00 Discount Certificate. 
• Di

,
scounts up to 90% on Used Eq�ipment. 

A Complete 
Computer 
System 
Just $289 
No Kits! 
Everything: 
• Fully Assembled 
• Fully tested 
• Fully Warranted 
• KIM-1- MOS Technology Computer Module 

1 K-AAM, audio cassette interface, 15 bidirec­
tionall/O lines, 24-key keyboard, and six-digit 
LED display. 

• System Power Supply (5V at 1.2A. 12V at 
O.1A), with power line and switch. 
• Software - System Executive. Sample appli-

cation programs. 

User hardware & programming manuals, wall 
size System Schematic 

Programmer's Reference 
Card 

Computer 
Books 
An Introduction to Microcomputers, Vol 1 
Basic Concepts (Osborne).  A complete 
book. $7.50 

Vol 2 - Some Real Products. Details today's real 
products. $12.50 

Basic BASIC: An Introduction to Computer 
Programming in BASIC Language (Coan) An 
excellent introduction to BASIC. $7.95 

Advanced BASIC: Applications and Problems 
(Coan) Advanced techniques and applica­
tions. $8.95 

Hobby Computers are HERE(Green)Simplified 
introductions to various aspects of hobby com­
puting. $4.95 

101 BASIC Computer Games (Ahl) Contains (in 
Basic). listing,a sample run/descriptive write­
u� $�50 

Guarantee 
Return undamaged for any reason within 10 days 
of receipt and get a complete refund. 

Bankard/Visa & 
Master Charge accepted 

NEWMAN COMPUTER EXCHANGE 
1250 N. Main St. Ann Arbor, Mi. 48104 

(313) 994-3200 
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about the migratory behavior of certain 
embryonic cells and their descendants. 
The observations made so far with the 
aid of the new technique suggest that the 
seemingly aimless meandering of the 
"mother" and "daughter" cells is not as 
random as it appears but rather is prede­
termined in various ways at the time of 
mitosis. or reproduction by cell division. 

The technique responsible for this dis­
covery was developed over the past two 
years or so by Guenter Albrecht-Bueh­
ler. a biologist at the Cold Spring Har­
bor Laboratory. The idea of letting 
moving cells record their own migra­
tions on a substrate arose from the find­
ing that cells moving on a glass surface 
that has been densely and evenly coated 

/ORIGINAL SITE 
OF PARENT CELL 

THREE GENERATIONS of migrating 3T3 fibroblast cells, obtained from embryonic mouse 
tissue, are represented by their "phagokinetic" tracks in the photomicrograph at top, enlarged 
about 70 diameters. The directions of the cells' motions are indicated in the diagram at bottom. 
The granulated light gray background of the micrograph is a coating of fine gold particles de­
posited on the glass microscope slide. The particle-free tracks left by the migrating cells appear 
black in dark-field illumination. The positions of the "granddaughter" cells are revealed by the 
bright white clusters, which are made up of large numbers of gold particles either ingested by 
the cells or riding along on their top surfaces. The angles between the separating cells in each 
generation are typically about either 90 degrees or 180 degrees. This particular cell line, accord­
ing to Guenter Albrecht-Buehler, inventor of the new phagokinetic cell-tracking technique, 
appears to produce characteristic "smoothly winding tracks shaped like a question mark." 

Micrograph originally appeared in the journal Cell, Vol.n, No.2, pages 395-404; June, 1977. 
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�he world's best judges 
of whisky have pinned 
lots of medals on 'Dewar's . . W=!lf� 

It's still happening every day. Any 
Scotch-lover, sipping a Dewar's 
"White Label" for the first time, 
will mentally pin still another 
gold medal on its famous label. 

London, 1888 

Paris, 1889 

Edinburgh,1890 

BLENDED SCOTCH WHISKY · 86.8 PROOF 

©SCHENLEY IMPORTS CO., N. Y .• N. Y. never varies. 
The faels in this advertisement have been authenticated by the management of fohn 1)ewar & Sons, Ltd., 'Perth, Scotland 
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The Toyota Celica GT Liftback Probably the best combination of Grand Touring fun and 
practicality you can buy. Built in the GT tradition to handle beautifully, be comfortable and 
look like a million. Built in the Toyota tradition to be reliable. Add to this the convenience of .I 
a liftback design and you've got what may be the best GT buy on the market. 

GT fun. T he durable Toyota 2.2 liter � -....,r-rr ..... � 
ngine, coupled to a 5-speed 

overdrive gear box, delivers effi­
cient performance and driving �.--'_­
fun The MacPherson strut front suspension and 
power assisted front disc brakes make driving on 
winding back roads a real pleasure. And when you 
tune Into your favorite FM stereo station and sit back in 

b======I=="='F.��===' your reclining bucket seat you'!! ... 
wonder why driving ever had to be boring - or why other cars don't 
this combination of performance and comfort as standard equipment. 

Convenience is fun. You won't have to share your back seat with cargo. Flip 

�!I=ii��� up the liftback, flip down the rear seat and you'll have fun room for golf clubs, 1 
a bike, or functional room for 9 bags of groceries. 

The fun should last. The Celica GT Llftback IS a Toyota And as such is built 
to endure. Welded unitized-body construction helps keep Toyotas tight. 
Rust inhibiting primers are put on by immersing the entire body in a 
primer bath, and even that pretty paint is applied to a thickness de­
signed to help withstand the elements. And it doesn't cost an arm and 
a leg to buy or maintain a Celica. Celicas are Toyotas, and Toyotas are 

l�!��i���i����; 
economical and dependable. The Celica is truly a functional car 

� 
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with fine gold particles tend to clear the 
particles out of their way, producing 
particle-free tracks. The tracks can be 
seen clearly as black lines in low-power 
photomicrographs made with dark-field 
illumination (see illustration on p�ge 
104). Albrecht-Buehler has proposed 
that the formation of such tracks on par­
ticle-coated surfaces be called "phago­
kinetics," because it involves a com­
bination of phagocytosis (the propensi­
ty of certain kinds of cells, called phago­
cytes, to engulf and digest foreign ob­
jects in their vicinity) and kinetics (the 
study of motion). 

The record of cellular movements in­
scribed in the patterns left by the pha­
gokinetic tracks makes it possible to 
conveniently study the movements of 
large numbers of individual cells. For 
example, when Albrecht-Buehler exam­
ined the tracks formed by the supposed­
ly "identical twin" daughters of the pha­
gocytic mouse cells known as 3T 3 fibro­
blasts, he found that in approximately 
40 percent of the cases the separately 
moving daughter cells changed direc­
tion in a symmetrical way, forming 
tracks that looked like slightly distorted 
mirror images of each other. Further­
more, both daughter cells usually began 
the next mitosis at roughly the same 
time. The angle between the separating 
daughter cells in each generation turned 
out to be about either 90 degrees or 180 
degrees. 

This last observation, according to 
Albrecht-Buehler, raised "the suspicion 
that the angle between certain micro fila­
ment bundles of the two daughter cells 
may be related to the angle under which 
they move away from each other." 
When he examined the daughter cells by 
means of another recently invented mi­
croscopic technique, called indirect im­
munofluorescence, which reveals com­
plex cytoplasmic structures within tl1e 
cell, he found that in 42 daughter-cell 
pairs sampled, 34 percent contained 
symmetrical bundles of actin-contain­
ing microfilaments, 24 percent con­
tained identical actin patterns and 42 
percent contained unrelated actin pat­
terns. In reporting these early results in a 
paper written a year ago for The Journal 
0/ Cell Biology, Albrecht-Buehler re­
marked that the "obvious question" at 
that point was "whether the symmetry 
relationship between the two branches 
of a mitotic track correlates with the 
symmetry relationship between the ac­
tin patterns of the cells at the end of each 
branch." Although Albrecht-Buehler 
described his results at that stage as "in­
conclusive," he wrote that "I feel that 
my results support the idea that the 
intracellular organizations of daughter 
3T 3 cells form mirror images of each 
other," and he put forward the sugges­
tion that "the actin-bundle pattern, the 
angle of separation, major directional 

changes during interphase and the time 
of the next mitosis are predetermined 
by the parental cell." 

In a subsequent article published in 
the journal Cell Albrecht-Buehler de­
scribed three further observations ob­
tained with the new technique: ( 1) When 
the phagokinetic tracks of many differ­
ent 3T 3 cells are examined, track pat­
terns characteristic of particular cell 
lines become apparent. (2) In several 
cases second- or third-generation de­
scendants of 3T 3 cells were observed to 
repeat the track patterns of their ances­
tor cell. ( 3) When a 3T 3 cell collides 
with another 3T 3 cell or with a nonmi­
grating cell, it forms an outgoing track 
from the impact area "as if the cell 
[were] elastically reflected at the target." 
Taken together with his earlier observa­
tion of the mirror-symmetrical daugh­
ter-cell tracks, Albrecht-Buehler con­
cluded, the new findings "suggest that 
directions and techniques of displace­
ments of 3T 3 cells are controlled by 
various intracellular predeterminations, 
but are also subject to overriding extra­
cellular signals." Although tlie concept 
of parental predetermination advanced 
in his earlier paper therefore seemed to 
be "strengthened and supplemented" by 
the additional findings, he emphasized 
that "if such predetermination exists, 
there is no evidence as yet that it is 
genetic." 

In an even more recent paper pre­
pared for publication in Cell Albrecht­
Buehler reports the results of his latest 
search for "cellular structures able to 
store movement instructions and to con­
trol their timely execution by the motile 
apparatus of the cell." The results of this 
ongoing inquiry, he reports, suggest that 
a tiny rodlike structure called the pri­
mary cilium plays a role in the direction­
al control of a migrating 3T 3 cell and 
that the main actin-containing microfil­
ament bundles attach themselves to the 
substrate, acting as "rails" along which 
the rest of the cell slides in the course of 
its travels. 

Supervolts 

The system of detectors set up to mon­
itor compliance with the nuclear 

test-ban treaty of 1963 has provided a 
windfall of scientific findings quite unre­
lated to nuclear testing. A network of 
seismometers (installed to detect under­
ground explosions) has accumulated a 
file of information on worldwide earth­
quakes that is by far the most complete 
and consistent ever compiled. Bursts of 
gamma rays from astronomical objects 
were first detected in 1967 by instru­
ments aboard satellites launched to de­
tect the radiation from nuclear tests in 
the atmosphere or in space. Now an 
unexpected terrestrial phenomenon has 
been discovered in data collected by the 
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SYSTEMS 
Here, at last, is a profusely illustrated, 

easy-reading, "must" book explaining funda­
mental concepts behind operation of 

almost all microcomputers ... in simple 
English ... giving you that extra knowledge 

to read and understand computer magazines 
and manufacturer's literature ... and feel 

"at home" around computers. Things like: • How a CPU is organized; how it follows 
sequences of orders to solve problems • Illustrates basic instructions from 

almost every microcomputer. Discusses 
common memory addressing modes­

illustrates typical uses. What to know to 
tell a computer what to do when using 

machine language programming. Use of 
flow charts; program worksheets; hand 

assembly of source codes into object codes; 
memory maps; purpose of Editor, 

Assembler, Monitor. 

only $995• J?�er your· cOPl today! .. 
• How a computer communicates • Commonly used I/O devices and 

operational concepts • Practical aspects of 
selecting a small computer system • Plus, 

hundreds of other practical facts and 
information! If you're curious about small 

computers, you must own this 300 page 
no-nonsense easy-reading text. Includes 

easy-Io-use glossary of key microcomputer­
oriented words. UNDERSTANDING MICROCOMPUTERS. The 

name says it all! Only $9.95 ppd. 
Order your copy today! 
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able in many fine Computer Stores. 
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You can learn to take great 
pictures in 42 seconds. 
With the new Pentax ME. 

The new Pentax ME is the smallest, lightest, easiest-to-use, fully automatic 
35mm single lens reflex camera ever made. 

All the complicated calculations a pro goes through, the Pentax ME does 
for you. Automatically. Precisely. Instantly. With its electronic brain. 

Youjust set. focus, shoot-and get great pictures. It's as easy to use as a 
pocket camera, but it's built to satisfy the most demanding pro. 

If you want to be sure to capture fast-moving events Idiving, running, a 
ball game, a baby's first steps), you can add on the ME Auto Winder. It 
advances the film automatically. Far faster than you can by hand. So you can 
get a series of shots of all the action. You'll be doing rapid-fire shooting. Just 
like the pros, 

If you want special effects such as telephoto or wide angle shots, you can 
choose from among 40 different lenses. Then, as your knowledge of 
photography grows you can build a totally professional Pentax ME system. 

Go see your photo dealer today. Ask for the 42-second demonstration. 
He'll show you how easy it is to get great pictures with the new Penta x ME, 

It's that simple. 

PENTAX 
CORPORATION 

9 Inverness Dr East, Englewood, Co 80 II 0 

same series of sate l lites: numerous light­
ning strokes more than 100 times as 
powerful as a typica l stroke, 

The sate l lites, given the code name 
Ve la, are p laced in circular orbits some 
100,000 ki lometers above the earth's 

surface, Among their instruments are 
detectors of X rays and gamma rays and 
optica l detectors sensitive to sudden, 
bright flashes of light. The optica l sen­
sors are triggered by thousands of light­
ning strokes each year. Soon after the 
sate l lites were launched unusua l signa ls 
were recognized that had most of the 
characteristics of lightning but seemed 
much too powerful. That the signa ls are 
in fact generated by lightning has now 
been established. They have been given 
the name lightning super bolts. 

The nature of the signa ls was con­
firmed by sti l l  another system of test­
ban monitors: a network of very-Iow­
frequency radio receivers. The receivers 
were bui lt to detect the long-wavelength 
radiation associated with nuclear explo­
sions, but they are sensitive enough to 
detect virtua l ly a l l  lightning discharges 
over the Eurasian land mass. Convinc­
ing correlations were found between 
many of the light flashes recorded by the 
Ve la sate l lites and radio signals. 

The discovery of the super bo lts was 
described recent ly by B. N. Turman of 
the Air Force Technica l App lications 
Center at Patrick Air Force Base in 
F lorida. He reported his findings in 
Journal 0/ Geophysical Research. 

The superbolts radiate optica l power 
up to 1013 watts: severa l thousand times 
the output of a large e lectric-generating 
station. Because of the characteristics of 
the sate l lite instruments only the first 
"return" stroke is detected: the initia l 
surge of current that flows once a path 
of ionized atoms has been established in 
the atmosphere. The stroke lasts for 
about a mi l lisecond, giving the stroke a 
tota l radiant energy of more than a bi l­
lion joules. A typica l lightning stroke 
has a peak optica l power of about 1010 
watts and emits a tota l energy at optica l 
wavelengths of rough ly a mi l lion joules. 

In one sample period of 40 months 17 
super bo lts were detected with a peak 
optica l intensity greater than 3 X 1012 
watts. The largest number were over the 
northern Pacific near Japan. Since the 
discharges can be seen from above, they 
must fo l low paths at least partly in the 
upper levels of c louds, and they proba­
b ly do not reach the ground. Turman 
speculates, however, that the superbo lts 
may be re lated to unusua l ground dis­
charges associated with winter storms in 
Japan. In these storms lightning is infre­
quent but exceptiona l ly powerful. Its 
principa l distinguishing trait is that the 
first return stroke seems to propagate 
upward from the ground rather than 
down from the c loud as it does in most 
lightning. 
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Hewlett-Packard advances in measurement and computation 

" It 's against reaso n , "  said Filby.  

" What reason ? "  said the Time Traveller .  

-H.G. Wells ,  The Time Machine ( 1 895)  

The HP-01 : 
a new kind of "time machi ne" 
you wear on your wrist. 

New tools someti mes demonstrate their full sig­
n ificance only after people have invented a new 
range of uses for them .  Their  exi stence precedes 
their " reason" for existence. The H P-0 1 may be 
such a tool . I t  resu lts from a ti mely fus ion of two 
H ewlett-Packard tech nologies-precis ion t ime 
measurement1 and com putation-and interre­
lates t imekeeping with a computing element for 
the first time in a wrist-sized instru ment.  

Any resemblance between the HP-O l and a watch! 
calculator stops inside the case.  What makes the 
HP-Ol a new kind of "time machine" is that it can 
compute time data to produce numerical perspec­
tives in time. For example: 

It displays hours , minutes ,  and seconds in 12- or 
24-hour formats . Adds and subtracts time intervals 
from present time, and lets you use time intervals or 
segments in arithmetic manipulations . 

It times by increments of . 01  seconds from 00:00.00 to 
99 :59 :59 .  You can take cumulative splits (freeze an 
exact time in the display as the stopwatch continues 

to run) as often as des ired. It starts backwards from 
any nonzero time up to 99 :59 :59 ,  counts down to 
zero, sounds an alarm, and counts forward as de­
scribed above. (A second, separate alarm can be set to 
sound anytime during a 24-hour day) . You can make 
continuously updated arithmetical calculations 
using the stopwatch or timer. 

. 

It displays the current day, month, year (or month, 
day , year) .  Preprogrammed 200-year calendar allows 
the HP-O l to find the number of days between dates , 
or any date given any other date and number of days,  
or the day of the week or year. 

It computes . Whether interactively or not, it adds, 
subtracts , multiplies, divides; performs chain, mixed 
chain, serial, and mixed serial calculations ; finds 
percentages , changes signs . Computes to I I-digit ac­
curacy and rounds the display to seven digits . Au­
tomatically switches to scientific notation when the 
answer is equal to or greater than 107  or less than 
1 0 -4 , with a range of I X  10-99 to 9. 999 x l 099. 
Lets you store data and recall it for further com­
putation in memory. You can, for instance, keep 
a numeric quantity in continuous memory. 

Admittedly not everyone's cup of tea , the HP-Ol of­
fers fascinating ways to compute and keep track of 
numbers in the time domain. For example, you can 
compute and then count down the time it takes for a 
command to reach a spacecraft several hundred mil­
lion miles away. The HP-O l can alternately show you 
the time remaining until the message is received, 
displayed to seconds or hundredths of seconds , and 
the distance the radio waves have yet to travel ,  up­
dated each second. When the message arrives 
(T zero) the HP-O l 's alarm sounds automatically. 

Because only a relatively small number of these in­
struments will be made, we suggest you start your 
own discovery process by mailing the coupon now. 
Call 800-648-4 7 1 1  in the U.S .A.  ( in Nevada, call 
323-2 704 collect) fot the name of the HP-O l retailer 
nearest you. 

The HP-Ol with accessories costs $650* in stainless 
steel , or $750* with gold-filled case and gold-plated 
band. With its 200-year calendar , it not only bridges 
the generation gap , but represents a legacy of sorts . 

IHP cesium beam frequency and time standards keep time with an accuracy 

equivalent to a l-second error in 4500 years. They are used for calibration at 

observatories and at national centers for measurement standards throughout 

the world. The J-IP-Ol is calibrated against this standard. though obviously it 

does not possess the same degree of accuracy. 

For more Hewlett-Packard advances, turn the page. 
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In laboratory testing . . .  [:> 

This l ittle box is 
a computer conserver. 

I n corporati ng HP's  new s i l icon-on- sapph ire LSI  
technology, this m icroprocessor-based analogi 
d ig ital subsystem is designed to s impl i fy product 
testi ng and real-t ime mon itoring and contro l .  I t  
performs measurement and control tasks that 
your computer previously had to handle ,  freei ng 
the computer for other uses and red ucing pro­
gram ti m i ng constrai nts . 

Think of the HP 2240 as your industrial computer's . 
right arm. Too often, automating measurement and 
control jobs has required complicated computer lan­
guages and programming, and expensive intercon­
nection devices. The HP 2240 changes all that. In 
conjunction with the HP Interface Bus (HP-IB)2 ,  it 
s implifies task communications and programming. 
It decouples automation tasks from the computer 
through its microprocessor intelligence: timing , 
scanning , event synchronizing , formatting , and in­
terrupt tasks can now be delegated to the HP 2240. 
And an advanced level of self testing allows you to 
speed your installation and lower your service costs . 

The 1 6-bit silicon-on-sapphire (SOS) microproces­
sor, tailored for controller applications , operates at 
the high speed required for real-time applications , 
and consumes just half the power of comparable 
systems. This built-in intelligence , and an industry-

1 08 

Racked in the open cabinet 

below the HP 2 2 4 0  at left 

are signal conditioning 

trays and screw termina­

tions. These optional trays 

isolate the HP 2 2 4 0 ' s  elec­

tronics from the high volt­

ages and electrical noise 

common to industrial  

automation appl ications.  

standard interface (HP-IB) ,  let you implement mea­
surement and control solutions in three easy steps :  

• Connect t o  the computer o f  your choice. The HP 
2240 is designed to  operate with any computer that i s  
HP-IB compatible. With the HP 2240 ,  the HP 1 000 
and 2 1 MX series computers and HP 9800 series 
desk-top computers become powerful tools for the 
acquisition of data and the control of physical and 
electrical processes. 

• Connect to your measurement and control appli­
cation. Through common industrial sensors , the HP 
2240 accepts both analog and digital inputs and out­
puts , and several interrupt-driven inputs , to simplify 
interfacing with real-time processes. 

• Give simplified instructions to the lIP 2240. The 
powerful command set of the HP 2 240 is easy to use. 
When you delegate real-time tasks from the compu­
ter , the HP 2 240 holds the task instructions in mem­
ory and executes them in sequence without further 
computer interaction-freeing the computer for 
other operations. 

The HP 2240 measurement and control processor, 
with a typical mix of analog and digital I/O cards , 
costs about $6000 * .  Low-cost laboratory data acqui­
sition systems based on the HP 2240 and HP 982 5 
desk-top computer start at $ 1 5 ,000* . High-perfor­
mance equipment control systems based on the HP 
2240 and HP 1 000 Model 20 computer system begin 
at $27 ,600* . 

'HP's implementation of IEEE Standard 488- 1 975.  
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Small wonder: a breadbox-size 
computer with up to 1 mil l ion bytes 
of fau lt-control,  semiconductor 
memory- at 5¢ a byte. 

For tech nical ly and/or environmental ly demand­
ing appl ications where processi ng re l iabi l ity , or 
high speed , or both , are essentia l ,  HP 21 MX and 
HP 1 000 com puters can now contain u p  to 1 
megabyte of memory i n  modules of 1 28k bytes. 

With up to 1 million bytes of fault-control semicon­
ductor memory, HP's small computers can go to 

HEWLETT�PACKARD 

1 504 Page M i l l  Road.  Palo Alto. Cal i forn ia  94304 

For aSsistance call: Washington (30 1 )  948·6370. Chicago (31 2) 255·9800. 

Atlanta (404) 955·1 500. Los Angeles (21 3) 877·1 282. 

work in demanding applications where large or 
disc-based systems were previously needed: 

• in rugged environments such as ships and 
airplanes , or in remote , unattended locations such as 
offshore oilwell platforms-applications where re­
liability is critical and downtime must be held to a 
schedule; 

• in applications such as physics and electronics 
labs, where data must be acquired at speeds beyond 
those possible with a disc. 

A new fault-control memory system uses 22-bit 
Hamming error correction code to ensure high reli­
ability: B ecause the system automatically corrects all 
single-bit errors , programs can continue even if a 
memory chip malfunctions . Additionally, the system 
reports all double-bit errors and most errors of three 
bits or more . Fault-indicating LED's pinpoint failures 
at chip level. Maintenance can be performed on a 
scheduled rather than emergency bas is , and un­
scheduled downtime is effectively avoided. 

Reliability tests indicate that mean time between 
failures (MTBF) for an HP 2 1 MX computer with 1 
megabyte of h igh-density, fault-control memory is 
6000 to BOOO hours-roughly a year without proba­
bility of failure . 

The 1 2Bk byte high-density memory modules that 
make it all possible cost $6400* each, and can be 
used with 2 1 MX K, M, and E series computers , and 
HP 1 000 computer systems. 

Here are prices for typical configured computers : 

0 . 5  megabyte: An B1/z-inch-high 2 1 MX E Series com'­
puter with 5 1 2k bytes of memory , fully capable of 
running the supporting RTE software: $35 ,950* . 

1 megabyte: A 1 2 %-inch-high E Series computer 
with 1024k bytes of memory: $59 ,BOO* . 

1 . B  megabytes : A 1 2 %-inch-high E Series computer 
with an optional memory extender adding 76Bk 
bytes , for a total of 1 792k bytes of memory: 
$ 1 0B ,BOO* . 

Mail  to: Hewlett-Packard. 1 504 Page M i l l  Road. Palo Alto,  CA 94304 . 
Please send me further information on 

) HP·Ol  
I H P  2240 measurement and control processor 

) HP  hig h·density memory module 

Name _______________ _ 

Company ______________ _ 

Address ______________ _ 

City _______ State __ Zip ___ _ 

*Domestic U .S.  prices only.  00748 
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The Fabrication 
of Microelectronic Circuits 

The patterns of in tegra ted circuits are made in the large and then 

are put on the chip photographically. The objective of fabrication 

methods is the production of chips at the lowest cost per function 

The manufacture of large-scale in­
tegrated circuits has as its pri­
mary goal the lowest possible cost 

per electronic function performed. The 
main features of the fabrication proc­
esses adopted by the microelectronics 
industry can be best understood in terms 
of this goal. These features include the 
fabrication of many circuits at a time 
(an extraordinary example of mass pro­
d uction). the red uction of the circuits to 

by William G. Oldham 

the smallest possible size and the maxi­
mum simplification of the processing 
technology. 

The dramatic reduction in the cost of 
microelectronic circuits achieved in the 
past few years has not resulted from any 
major new breakthrough in fabrication 
technology. Indeed. most of the basic 
manufacturing processes involved have 
been widely adopted in the industry for 
five years or more. The recent sharp 

PHOTOMASK, a glass plate bearing the pattern for a single layer of integrated circuitry etched 
in a chromium film on its surface, is shown in silhouette in these two photographs, one repro­
duced actual size (above) and the other enlarged 10 diameters (opposite page). The photomask 
is used in the manufacture of a 16,384-bit random-access memory, a product of Intersil Inc. 

drop in fabrication cost has been 
achieved during a period of general eco­
nomic inflation. The cost of processing 
a "wafer" of silicon. the substrate on 
which the microelectronic circuits are 
made. has risen moderately, but the area 
of the wafers has increased more rapid­
ly. approximately doubling every four 
years. Thus the processing cost per unit 
area has actually decreased. Meanwhile 
the space required for a given electronic 
function has shrunk by a factor of two 
every 18 months or so. This reduction in 
size has come not only from great inge­
nuity in designing simple circuits and 
simple technological processes for mak­
ing them but also from the continuing 
miniaturization of the circuit elements 
and their interconnections. Moreover, 
the gradual elimination of defects in 
various manufacturing steps has result­
ed in a significant decrease in the net cost 
of fabrication. With a lower frequency 
of defects the yield of good circuits on a 
given wafer increases. 

The current pace of developments in 
the manufacture of microelectronic cir­
cuits suggests that the progress in reduc­
ing production costs will continue. Vir­
tually every stage of fabrication-from 
photolithography to packaging-is ei­
ther in the midst of a significant advance 
or on the verge of one. 

Alarge-scale integrated circuit con­
tains tens of thousands of elements, 

yet each element is so small that the 
complete circuit is typically less than a 
quarter of an inch on a side. The pure, 
single-crystal silicon wafers that bear 
the circuits are much larger: currently 
three or four inches in diameter. One of 
the key economies in the manufacture 
of microelectronic circuits is the simul­
taneous fabrication of hundreds of cir­
cuits side by side on a single wafer. An 
even greater scale of mass production is 
attained in several stages of manufac­
ture by processing as many as 100 wa­
fers together in a batch. Hence the cost 
of labor and equipment is shared by 
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thousands of circuits. making possible 
the extremely low per-circuit cost that is 
characteristic of microelectronics. 

After a wafer has passed through the 
fabrication stage it is sectioned into indi­
vidual dice. or chips. each of which is a 
complete microelectronic circuit. Not 
all the circuits will work. Defects in a 
wafer cannot be avoided. and a single 
defect can ruin an entire circuit. For ex­
ample. a scratch only a few micrometers 
long can break an electrical connection. 
It is impossible both physically and eco­
nomically to repair the defective cir­
cuits; they are simply discarded . 

As one might expect. the larger the 
die. the greater the chance for a defect to 
appear and render the circuit inopera­
tive. The yield (the number of good cir­
cuits per wafer) decreases with the size 
of the dice. both because there are fewer 
places on a wafer for larger dice and 
because larger circuits are more likely to 
incorporate a defect. 

At first it might app�ar most economi­
cal to build very simple. and therefore 
very small. circuits on the grounds that 
more of them would be likely to be good 
ones. It is true that small circuits are 
inexpensive; simple logic circuits are 

COMPUTER-ASSISTED 
DESIGN AND LAYOUT 
OF CIRCUIT 

GENERATION OF 
OPTICAL RETICLE 

available for as little as 10 cents each. 
The costs of testing. packaging and as­
sembling the completed circuits into an 
electronic system. however. must also 
be taken into account. Once the circuits 
are separated by breaking the wafer into 
dice. each die must be handled individu­
ally. From that point on the cost of any 
process such as packaging or testing is 
not shared by hundreds or thousands of 
circuits. In fact. for medium-scale inte­
grated circuits packaging and testing 
costs often dominate the other produc­
tion costs. 

A typical microelectronic system con-

MASTER MASKS MADE 
BY STEP-AND-REPEAT 
METHOD 

CONCEPTION OF NEW 
CIRCUIT; PRELIMINARY 
SPECIFICATION OF 
DESIGN ELEMENTS AND 
FABRICATION PROCESS 

PATTERN GENERATION )-- ____________ ---, 
BY ELECTRON BEAM 

OXIDIZED 
SILICON WAFER 

ISOLATION GATE 
DEFINITION 

CONTACTS INTERCONNECTIONS BONDING PADS 

PROBE TESTING SECTIONING INDIVIDUAL ASSEMBLY INTO PACKAGE 
SEALED 

FINAL TEST 
DIE PACKAGE 

MANUF ACTURE of a large-scale integrated circuit is outlined in 
this schematic diagram. The design of the circuit is often carried out 
with the aid of a computer, which helps to determine the most space­
conserving layout of the circuit elements. The resulting layout is used 
to prepare a set of photomasks, each containing the pattern for a sin­
gle layer. Usually this is done by first generating a tenfold enlarge­
ment of each layer, called a reticle, which is checked, corrected and 
regenerated until it is perfect. A photographically reduced image of 
the reticle is next reproduced hundreds of times in a "step and repeat" 
process to yield a set of final-size master masks, from which a large 
number of working plates are copied. (The electron-beam approach 
to pattern generation, represented here in color, is beginning to re­
place the optical method for producing the masks, thereby making it 
possible to eliminate two photographic steps and write the pattern 
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directly on the working mask from the information stored in the com­
puter memory; in time it is expected that electron-beam Iithograpby 
will also be introduced directly into tbe fabrication of the circuits 
themselves.) The silicon "wafers" that serve as substrates for the cir­
cuits are obtained by sawing a long single crystal of silicon into thin 
slices, which are polished, cleaned and oxidized in preparation for 
the first patterning step. (A "flat" is ground along the length of the 
crystal so that each wafer will have a reference edge parallel to a nat­
ural crystal plane.) Following the five-mask fabrication process de­
picted in this greatly simplified example, the wafer is probe-tested to 
determine the good circuits, and the defective circuits are marked 
with an ink spot. Individual "dice" bearing good circuits are then se­
lected from the sectioned wafer and assembled into packages. A final 
test is performed to ensure that the packaged circuit works properly. 
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tains both large-scale and medium-scale 
integrated circuits. and the cost of de­
signing and constructing the system rises 
rapidly as the number of circuits in­
creases . To minimize the total cost of 
the system one would like ideally to use 
either a small number of very powerful 
circuits (requiring that each circuit be 
large) or a large number of very cheap 
circuits (requiring that each circuit be 
small). In many complex systems the 
minimum total cost is achieved with the 
more expensive. larger circuits: ones 
costing closer to $ 10 each than to $ 1. If 
less powerful. cheaper circuits were to 
be used . many more would be needed 
for constructing the system. and testing 
and assembly costs would tend to build 
up. On the other hand. if too much elec­
tronic function is packed into a circuit. 
the large size of the die would result in 
such a low yield per wafer that the cost 
per circuit would become prohibitive. 

Assuming a typical selling price of 
$ 10 for a large-scale integrated circuit. 
one can work backward and estimate 
optimum die sizes. (The selling price of 
the circuit must of course be high 
enough to recover not only the direct 
costs of manufacture but also the costs 
of research and development. market­
ing and general overhead; thus it is rea­
sonable to assume that the direct manu­
facturing cost is a good deal less .  say 
about $5.) It costs roughly $ 100 just to 
process a silicon wafer. regardless of the 
size of the dice; when testing and pack­
aging are included. the total manufac­
turing cost is perhaps doubled. Hence if 
the manufacturing cost of the particular 
integrated circuit in question is assumed 
to be $5. the optimum die size is one that 
yields about 40 good circuits per wafer. 
At present it is possible to achieve such a 
yield for dice that measure approxi­
mately five millimeters on a side. It is 
interesting to note that in this example a 
rather low percentage of the circuits on 
the wafer are good. The yield is only 40 
good circuits out of the 250 that can be 
fabricated on a single wafer 100 milli­
meters in diameter. 

The structure of an integrated circuit 
is complex both in the topography of 

its surface and in its internal composi­
tion. Each element of such a device has 
an intricate three-dimensional architec­
ture that must be reproduced exactly in 
every circuit. The structure is made up 
of many layers.  each of which is a de­
tailed pattern. Some of the layers lie 
within the silicon wafer and others are 
stacked on the top. The manufacturing 
process consists in forming this se­
quence of layers precisely in accordance 
with the plan of the circuit designer. 

Before examining how these layers 
are formed it will be helpful to take an 
overall look at the procedure by which 
an integrated circuit is transformed 
from a conception of the circuit design­
er to a physical reality. In the first stage 

MICROCIRCUIT IS LAID OUT with the aid of a computer. The portion of the large-scale 
integrated circuit being laid out in this demonstration is studied by the circuit designer on the 
screen of a cathode-ray tube. By typing in commands or redrawing with a "light pen," circuit 
elements can be added, subtracted or moved. The terminal seen here is made by Applicon Inc. 

LAYOUT IS CHECKED by scrutinizing a photomask image that is 500 times larger than the 
actual circuit. Usually a reticle representing a tenfold enlargement of the pattern for a sin­
gle layer of the device is generated for this purpose on a glass photographic plate five inches 
square. In this case an image of the reticle that has been magnified an additional 50 times is 
checked to verify that every circuit element is correctly placed and is the right size. The mas­
ter masks are prepared by projecting a reduced image of the reticle onto another photograph­
ic plate by means of a lens system capable of extremely high resolution. The circuit seen on 
the light table here is the same as the one shown in the first two photographs in this article. 
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WAFER-FABRICATION FACILITY needs to be kept extremely 
clean in order to avoid contaminating the manufacturing environ­
ment with even the tiniest dust particles. Special clothing is worn 

by the workers, and the air is continuously filtered and recirculated 
to keep the dust level to a minimum. This photograph of a "clean 
room" was made at a plant operated by Zilog Inc. in Cupertino, Calif. 

of the development of a new microelec­
tronic circuit the designers who con­
ceive of the new product work at speci­
fying the functional characteristics 'of 
the device. They also select the process­
ing steps that will be required to manu­
facture it. In the next stage the actual 
design of the device begins: the size and 
approximate location of every circuit el­
ement are estimated.  Much of this pre­
liminary design work is done with the 
aid of computers.  

A computer can simulate the opera­
tion of the circuit in much the same way 
that electronic television games simu­
late the action of a table-tennis game or 
a space war. The circuit designer moni­
tors the behavior of the circuit voltages 
and adjusts the circuit elements until the 
desired behavior is achieved.  Computer 
simulation is less expensive than assem­
bling and testing a "breadboard" circuit 
made up of discrete circuit elements ;  it 
is also more accurate. The main advan­
tage of simulation. however. lies in the 
fact that the designer can change a cir­
cuit element merely by typing in a cor­
rection on a keyboard, and he can im­
mediately observe the effect of the mod­
ification on the behavior of the circuit. 
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The final layout giving the precise po­
sitions of the various circuit elements is 
also made with the aid of a computer. 
The layout designer works at a comput­
er terminal, placing and moving the cir­
cuit elements while observing the layout 
magnified several hundred times on a 
cathode-ray-tube display. The layout 
specifies the pattern of each layer of the 
integrated circuit. The goal of the layout 
is to achieve the desired function of each 
circuit in the smallest possible space. 
The older method of drawing circuit 
layouts by hand has not been entirely 
replaced by the computer. Many parts 
of a large-scale integrated circuit are 
still drawn by hand before being submit­
ted to the computer. 

At each stage of this process, includ­
ing the final stage when the entire cir­
cuit is completed. the layout is checked 
by means of detailed computer-drawn 
plots. Since the individual circuit ele­
ments can be as small as a few microme­
ters across. the checking plots must be 
greatly magnified; usually the plots are 
500 times larger than the final size of the 
circuit. 

The time required to complete the 
task of circuit design and layout varies 

greatly with the nature of the circuit. 
The most difficult circuits to design are 
microprocessors. and here the design 
and layout can take several years. Other 
devices, such as static memories with a 
largely repetitive pattern, can be de­
signed and laid out more quickly, in 
some cases in only a few months. 

When the design and layout of a new 
circuit is complete, the computer mem­
ory contains a list of the exact position 
of every element in the circuit. From 
that description in the computer memo­
ry a set of plates. called photo masks. is 
prepared.  Each mask holds the pattern 
for a single layer of the circuit. Since the. 
circuits are so small. many can be fabri­
cated side by side simultaneously on a 
single wafer of silicon. Thus each photo­
mask, typically a glass plate about five 
inches on a side. has a single pattern 
repeated many times over its surface. 

The manufacture of the photomasks 
is an interesting story in itself. Typically 
the process consists in first generating 
from the computer memory a complete 
pattern for each layer of the circuit. 
That is done by scanning a computer­
controlled light spot across a photo­
graphic plate in the appropriate pattern. 
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Intel Update 

Nine years of growth: 
microcomputers, 
memories and a 
look Into the future. 

A child born when Intel first 
opened its doors is now nine 
years old. In that short period 

of time, a new technology has 
come of age which may 

have a greater impact 
on man's productivity than 

all the gears and wheels of 
the industrial revolution . 

The technology we're referring 
to began at Intel with the devel­
opment of the semiconductor 
memory and the microcom­
puter. The results of these 
innovations can be seen in the 
thousands of 'smart" products 
that are proliferating every 
aspect of our society. 
Here is a brief look at the past 
nine years at Intel and some 
major technology achieve­
ments which created the age 
of the microcomputer and the 
semiconductor memory. 
Nln. years allnl.I ... In 1968. a small 
group of scientists and engineers 
headed by Dr. Robert Noyce and Dr. 
Gordon Moore form a company 
to develop LSI (large scale integration) 
electronic circuits. 
1969. Intel develops a process to 
integrate thousands of transistors in a 
small "chip" of silicon with a new LSI 
technology called silicon gate MOS. 
1970. Intel produces the first 1024-bU 
Random Access Memory (RAM) and 
computer manufacturers begin using 
semico nductor instead of core memories 
in new designs. 

1971. We invent the 4-bit micro­
computer and a UV erasable and 
reprogrammable memory that makes 
mic rocomputers easy to program. 

1972. We invent the first general pur­
pose 8-bit microcomputer. In memories. 
we introduce the first 5-volt n-channel 
MOS memory and the tirst high-speed 
1024-bit static memory. 

1973. We have learned to integrate 
over 10.000 transistors in a Chip. We de­
velop a powerful microprocessor (the 
8080) and the first 4096-bit RAM. 
1974. IBM computer users begin 
"adding on" Intel memory systems and 
we soon become the largest indepen-

dent supplier of semiconductor memory 
systems. 

1975. We produce the first complete 
computer on a single printed circuit 
board. the first 16K RAM and the first 16K 
Charged Coupled Device (CCD). 
1976. We develop the first single-chip 
8-bit computer. This microcomputer chip 
contains over 20.000 transistors and adds 
intelligence to games. appliances and 
other very low cost products. 

So far In 1977, we h ave introduced a 
new high-performance MOS process we 
call HMOS. This process significantly in­
creases the speed of MOS memories well 
beyond what was thought possible for 
MOS devices . We also introduced the first 
16K 5-voll EPROM and the next genera­
tion 8-bit microcomputer. the 8085. 

The e xpanding 
memory 
Since the early 70's, the semi­
conductor memory has 
replaced ferrite cores as the 
dominant data storage tech­
nology used in mainframe 
computers. And its use has 
expanded well beyond the 
computer. Over 1.6 trillion bits 
of semiconductor memory 
have been sold since 1970, and 
it is estimated that this will 
increase to a total of 85 trillion 
bits by 1985. 

The first widely-used semicon­
ductor memory was Intel's 
1103, a 1024-bit random access 
memory (RAM) . And, through 
a succession of technological 
firsts, such as the MOS n-channe1 
silicon gate process and the 
dual poly-silicon gate process, 
Intel continued its technologi­
cal leadership in semicon­
ductor memories. 

These inn ovations became 
the standard processes used 
t hroughout the industry for 
producing reliable semicon-
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ductor memories. They also led 
to Intel's production of the first 
4K RAM and the first 16K RAM. 

This latter device is 16 times 
more complex. only 2 times 
larger. 20 percent faster and 
costs 50 times less per bit than 
the lK RAM introduced only 
seven years earlier. 
Another significant memory 
technology pioneered by Intel 
was the development of the 
ultra-Violet erasable and elec­
trically reprogrammable 
memory (EPROM). The content 
of this memory d evice can 
only be erased by passing an 
ultra-violet light over it. 
The EPROM has become an 
essential element in proto­
typing systems because of the 
ease with which the software 
designs can be changed. 
Intel continues to advance the 
state-of-the-art in memories 
with the recent development 
of the high performance MOS 
process we call HMOS. This 
process increases the speed of 
MOS circuits by almost an 
order of magnitude while 
reducing power consumption 
substanti ally. 

A microcomputer 
on every corner. 
A microcomputer is a small 
computer where all the func­
tions-CPu. memory. input 
and output and other essential 
tasks-are integrated onto one 
or more MOS LSI circuits. 
When Intel invented the micro­
computer in 1971. few realized 
its eventual impact on society. 
Today. microcomputers are 
everywhere-on street corners 
controlling traffic signals. in 
automobiles controlling emis­
sions. increasing the reliability 
of blood analyzers and other 
scientific instruments. main­
taining inventory control in 
plants. supermarkets and retail 
stores. distributing intelligence 
in data communications 
systems. increasing the fun 

and challenge 
of electronic 
games and 
hobby computers 
and expanding 
a whole world 
of 'intelligent" 
machines. 
Intel's microcom-
puter innovations 
are making 
computing 
devices 
inexpensive 
and small 
enough to 
put the power of 
what used to be a room full of 
computers into the palm of your 
hand at very low cost. 
The most widely used micro­
computer in the world today is 
the Intel 8080. with over a mij.­
lion units shipped since 1973. 
And Intel's newest generations 
of microcomputers. the 8085 
and single chip 8048 microcom­
puters. continue to expand the 
performance 
range and 
lower the 
cost of �nl"nl 

intelligence 
to any 
system. 
In 1976. Intel 
introduced 
its first 
board 
puters. 
Each is a 

system 

advantage of the world's most 
sophisticated computer build­
ing blocks. 
T he microcomputer is man's 
new electronic tool and it all 
began at Intel. 

We're just beginning. 
Intel is now the largest manu­
facturer of semiconductor 
memories and microcom­
puters in the world. And in an 
industry where innovation and 
change is a way of life. Intel 
continues to pace the industry 
with state-of-the-art products 
based on our dedication to 
advanced process technology. 
Intel thrives on innovation. 
yet is committed to producing 
reliable. high technology 
products that can be made in 
large volume. Thus our motto. 
Intel delivers. It is this signature 
that is the ultimate tribute to 
our 8.000 employees at 16 sites 
on three continents. 

pack 
aged 
a small ��������::::�::::::= 
circuit board. They cut 
time needed to develop new 
products and systems by 50 
percent or more. 
Intel's innovations in micro­
computer peripheral LSI 
devices. development tools. 
software and kits are making it 
easier for more and more 
people to use microcomputers 
too. One need not be a com­
puter systems engineer to take 

At Intel. technology is our way 
of life. We are seeking continu­
ally to find better ways to make 
our products useful to more 
and more people. 

infel� delivers. 
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This primary pattern. called the reticle. 
is checked for errors and corrected or 
regenerated until it is perfect. Typically 
the reticle is 10 times the final size of the 
circuit. An image of the reticle that is 
one-tenth its original size is then project­
ed optically on the final mask. The im-

age is reproduced side by side hundreds 
of times in a process called "step and 
repeat." The constraints on both the me­
chanical system and the photographic 
system are demanding; each element 
must be correct in size and position to 
within about one micrometer. The origi-

nal plate created by the step-and-repeat 
camera is copied by direct contact print­
ing to produce a series of submasters. 
Each submaster serves in turn to pro­
duce a large number of replicas. called 
working plates. that will serve for the 
actual fabrication process. The working 

SIX STAGES in tbe fabrication of a microelectronic circuit are de­
picted in tbis sequence of pbotograpbs: growing a single-crystal in­
got of "doped" silicon by witbdrawing a small "seed" crystal of sili­
con from a quartz crucible containing pure molten silicon to wbicb 
tbe desired dopant bas been added (top left); slicing tbe precisely ma­
cbined silicon crystal into tbin wafers witb a diamond-edged circular 
saw (top right); testing tbe smootbness of a polisbed wafer in a preci­
sion measuring device (middle left); forming a tbin surface layer of 

silicon dioxide on a batcb of wafers, sbown being inserted into tbe ox­
idation furnace in a quartz "boat" (middle right); sawing grooves on 
tbe surface of tbe wafer prior to breaking tbe wafer into individual 
dice (bottom left); breaking tbe wafer into dice, eacb bearing a com­
plete circuit (bottom right). Tbe first tbree pbotograpbs were made in 
tbe Siltec Corporation's plant in Menlo Park, Calif. Tbe last three 
were made at tbe Zilog facility. Numerous otber processing steps, 
not sbown bere, are involved in building up tbe various circuit layers. 
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ELECTRICAL TESTING to distinguish good circuits from defec­
tive ones is carried out before the silicon wafer is broken into sepa­
rate dice. An appropriate probe card carrying an array of extremely 
fine needlelike contacts is used for this purpose. The computer-con­
trolled testing machine positions itself over each die, establishes con-

SINGLE DEFECT can ruin an entire microelectronic circuit. This 
scanning electron micrograph, made by William Roth of the Coates 
and Welter Instrument Co., shows a small portion of a 16,384-bit 

EFFECT OF CIRCUIT SIZE ON YIELD is demonstrated for mi­
crocircuits of three differeut sizes. The wafers bearing the circuits all 
measure 100 millimeters in diameter, and all were manufactured in 
the same Zilog fabrication facility. The circuits on the wafers have 
been tested and the defective dice marked with an ink spot. Wafer at 
left contains 340 good circuits, each 10.2 square millimeters in area. 
Wafer at center contains 240 good circuits, each 13.7 square milli-
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tact with the circuit pads, tests the circuit and, if the circuit is defective, 
marks it with an ink spot to indicate that it should be discarded. The 
machine then steps to the next die and repeats the operation. Photo­
graph at left shows an operator monitoring testing through a micro­
scope; photograph at right shows closeup view of circuit being tested. 

memory. A dust particle on the photomask used to define the alumi­
num layer has caused a break in an electrical connection. Aluminum 
strips are six micrometers wide. Magnification is 1,600 diameters. 

meters in area. Wafer at right contains 80 good circuits, each 22.9 
square millimeters in area. (In practice the yield varies greatly from 
wafer to wafer even for the same type of circuit; these three wafers 
were selected to be representative of the general trend.) The number 
of good circuits on a wafer decreases rapidly witb increasing circuit 
size, both because there are fewer places on a wafer for larger dice 
and because larger circuits are more likely to incorporate a defect. 
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plate may be either a fixed image in an 
ordinary photographic emulsion or a 
much more durable pattern etched in a 
chromium film on a glass substrate. 

A complete set of correct masks is the 
culmination of the design phase of the 
development of the microelectronic cir­
cuit. The plates are delivered to the wa­
fer-fabrication facility. where they will 
be used to prod uce the desired sequence 
of patterns in a physical structure. This 
manufacturing facility receives s ilicon 
wafers. process chemicals and photo­
masks. A typical small facility employ­
ing 100 people can process several thou­
sand wafers per week. Assuming that 
there are 50 working circuits per wafer. 
such a plant can produce five million 
circuits per year. 

The inside of a wafer-fabrication fa­
cility must be extremely clean and or­
derly. Because of the smallness of the 
structures being manufactured even the 
tiniest dust particles cannot be tolerated. 
A single dust particle can cause a defect 
that will result in the malfunction of a 
circuit. Special clothing is worn to pro­
tect the manufacturing environment 
from dust carried by the human opera­
tors . The air is continuously filtered and 
recirculated to keep the dust level at a 
minimum. Counting all the dust parti­
cles that are a micrometer or more in 
diameter. a typical wafer-fabrication 
plant harbors fewer than 100 particles 
per cubic foot. For the purpose of com­
parison the d ust level in a modern hospi­
tal is on the order of 10.000 particles per 
cubic foot. 

The circuit manufacturer often buys 
prepared wafers of silicon ready for 

the first manufacturing step. The low 
price (less than $10) of a prepared wafer 
belies the difficulties encountered in its 
manufacture. Raw silicon is first re­
duced from its oxide. the main constitu­
ent of common sand. A series of chemi­
cal steps are taken to purify it until the 
purity level reaches 99.9999999 per­
cent. A charge of purified silicon. say 10 
kilograms. is placed in a crucible and 
brought up to the melting point of sili­
con: 1.420 degrees Celsius. It is neces­
sary to maintain an atmosphere of puri­
fied inert gas over the silicon while it is 
melted. both to prevent oxidation and to 
keep out unwanted impurities . The de­
sired impurities. known as dopants. are 
added to the silicon to produce a specific 
type of conductivity. characterized by 
either positive (p type) charge carriers or 
negative (n type) ones. 

A large single crystal is grown from 
the melt by inserting a perfect single­
crystal "seed" and slowly turning and 
withdrawing it. Single crystals three to 
four inches in diameter and several feet 
long can be pulled from the melt. The 
uneven surface of a crystal as it is grown 
is ground to produce a cylinder of stan­
dard diameter. typically either three 
inches or 100 millimeters (about four 

HARDENED 
SILICON DIOXIDE / PHOTORESIST

, 
4 

SILICON / PHOTORESIST 

2 

ULTRAVIOLET RADIATION � � � � � / PHOTOMASK 

3 

PHOTOLITHOGRAPHY is tbe process by wbicb a microscopic pattern is transferred from a 
pbotomask to a material layer in an actual circuit. In tbis illustration a pattern is sbown being 
etcbed into a silicon dioxide layer (color) on tbe surface of a silicon wafer. Tbe oxidized wafer 
(1) is first coated witb a layer of a Iigbt-sensitive material called pbotoresist (2) and tben ex­
posed to ultraviolet ligbt tbrougb tbe pbotomask (3). Tbe exposure renders tbe pbotoresist in­
soluble in a developer solution; bence a pattern of tbe pbotoresist is left wberever the mask is 
opaque (4). Tbe wafer is next immersed in a solution of hydrofluoric acid, which selectively at­
tacks the silicon dioxide, leaving tbe photoresist pattern and the silicon substrate unaffected (5). 
In tbe final step the pbotoresist pattern is removed by means of anotber chemical treatment (6). 

TWO·LAYER STRUCTURE corresponding to step 5 in the top illustration on this page is 
seen in tbis scanning electron micrograph. The sample was cleaved to display this cross section 
just after tbe oxide layer was etcbed. Silicon appears black. Magnification is 10,000 diameters. 
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2 

FIRST POLYSILICON 
LAYER 

5 

SECOND POLYSILICON 
LAYER 

6 

INSULATING 
OXIDE FILM 

CONTACT 
"WINDOW" 

COMPLETE FABRICATION SEQUENCE for a two-level n-channel (denoting negative 
charge carriers) polysilicon-gate metal-oxide-semiconductor (MOS) circuit element requires 
six masking steps. The first few process steps involve the selective oxidation of silicon with the 
aid of a film of silicon nitride, which acts as the oxidation mask. A thin film of silicon dioxide is 
grown over the entire wafer, and a layer of silicon nitride is deposited from a chemical vapor 
(1). The layer is selectively removed in a conventional photolithographic step in accordance 
with the pattern on the first mask (2). A p-type dopant (for example boron) is implanted using 
the silicon nitride film as a mask, followed by an oxidation step, resulting in a thick layer of sili­
con dioxide in the unmasked areas (3). The silicon nitride is then removed in a selective etchant 
that does not attack either silicon or silicon dioxide (4). Since silicon is consumed in the oxida­
tion process, the thick oxide layer is partly recessed into the silicon substrate. The first layer of 
poly crystalline silicon is then deposited and patterned in the second masking step (5). A second 
insulating film of oxide is grown or deposited, followed by the deposition of the second poly­
silicon layer, which is in turn patterned in the third masking step (6). A short etch in hydro­
fluoric acid at this stage exposes certain regions to an implantation or diffusion of n-type 
dopant. A tbick layer of silicon dioxide is deposited next, and contact "windows" are opened 
with the fourth mask (7). Finally a layer of aluminum is deposited and patterned in the fifth 
masking operation (8). The wafer will also receive a protective overcoating of silicon dioxide 
or silicon nitride (not shown); the fact that openings must be provided in this overcoating at the 
bonding pads accounts for sixth masking step. Vertical dimensions are exaggerated for clarity. 
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inches). The crystal is mounted in a fix­
ture and cut into wafers with a thin high­
speed diamond saw. In the finishing step 
the wafers are first smoothed on both 
sides by grinding and then are highly 
polished on one side. The final wafer is 
typically about half a millimeter thick. 
The final steps must also be carried out 
in an absolutely clean environment. 
There can be no defects, polishing dam­
age, scratches or even chemical impuri­
ties on the finished surface. 

The dominant role of silicon as the 
material for microelectronic circuits is 
attributable in large part to the proper­
ties of its oxide. Silicon dioxide is a clear 
glass with a softening point higher than 
1,400 degrees C. It plays a major role 
both in the fabrication of silicon devices 
and in their operation. If a wafer of sili­
con is heated in an atmosphere of oxy­
gen or water vapor, a film of silicon di­
oxide forms on its surface. The film is 
hard and durable and adheres well. It 
makes an excellent insulator. The sili­
con dioxide is particularly important in 
the fabrication of integrated circuits be­
cause it can act as a mask for the selec­
tive introduction of dopants. Conve­
nient thicknesses of silicon dioxide can 
be grown at temperatures in the range 
between 1,000 and 1,200 degrees C. The 
exact thickness can be accurately con­
trolled by selecting the appropriate time 
and temperature of oxidation. For ex­
ample, a layer of oxide a tenth of a mi­
crometer thick will grow in one hour at a 
temperature of 1,050 degrees C, in an 
atmosphere of pure oxygen. A layer five 
times thicker will grow'in the same time 
and at the same temperature in steam. 

An important aspect of the oxidation 
process is its low cost. Several hundred 
wafers can be oxidized simultaneously 
in a single operation. The wafers are 
loaded into slots in a quartz "boat," sep­
arated by only a few millimeters. The 
high-temperature furnace has a cylin­
drical heating element surrounding a 
long quartz tube, A purified stream 
of an oxygen-containing ,gas passes 
through the tube. The boats of wafers 
are loaded into the open end and slowly 
pushed into the hottest part of the fur­
nace. The temperature in the process 
zone is controlled to an accuracy of bet­
ter than one degree C. Often the entire 
procedure is supervised by a computer. 
A small process-control computer mon­
itors the temperature, directs the inser­
tion and withdrawal of the wafers and 
controls the internal environment of the 
furnace. 

The fabrication of integrated circuits 
requires a method for accurately 

forming patterns on the wafer. The mi­
croelectronic circuit is built up layer by 
layer, each layer receiving a pattern 
from a mask prescribed in the circuit 
design. The photoengraving process 
known as photolithography, or simply 
masking, is employed for the purpose. 
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The most basic masking step involves 
the etching of a pattern into an oxide. 
An oxidized wafer is first coated with 
photoresist. a light-sensitive polymeric 
material. The coating is laid down by 
placing a prop of the photoresist dis­
solved in a solvent on the wafer and then 
rapidly spinning the wafer. A thin liquid 
film spreads over the surface and the 
solvent evaporates. leaving the poly­
meric film. A mild heat treatment is giv­
en to dry out the film thoroughly and to 
enhance its adhesion to the silicon diox­
ide layer under it. 

The most important property of the 
photoresist is that its sol ubility in certain 
solvents is greatly affected by exposure 
to ultraviolet radiation. For example. a 
negative photoresist cross-links and po­
lymerizes wherever it is exposed. Thus 
exposure through a mask followed by 
development (washing in the selective 
solvent) results in the removal of the 
film wherever the mask was opaque. 
The photoresist pattern is further hard­
ened after development by heating. 

The wafer. with its photoresist pat­
tern. is now placed in a solution of hy­
drofluoric acid. The acid dissolves the 
oxide layer wherever it is unprotected. 
but it does not attack either the photore­
sist or the silicon wafer itself. After the 
acid has removed all the silicon dioxide 
from the exposed areas the wafer is 
r insed and dried. and the photoresist 
pattern is removed by another chemical 
treatment. 

Other films are patterned in a similar 
way. For example. a warm solution of 
phosphoric acid selectively attacks alu­
minum and therefore can serve to pat­
tern an aluminum film. Often an inter­
mediate masking layer is needed when 
the photoresist cannot stand up to the 
attack of some particular etching solu­
t ion. For example. polycrystalline sili­
con films are often etched in a particu­
larly corrosive mixture containing nitric 
acid and hydrofluoric acid. In this case a 
film of silicon dioxide is first grown on 
the polycrystalline silicon. The silicon 
d ioxide is patterned in the standard 
fashion and the photoresist is removed. 
The pattern in the silicon dioxide can 
now serve as a mask for etching the sili­
( on film under it. because the oxide is 
a t tacked only very slowly by the acid 
m ixture. 

Photolithography is in many ways the 
key to microelectronic technology. It is 
i nvolved repeatedly in the processing of 
any device. at least once for each layer 
i n the finished structure. An important 
1 cq uirement of the lithographic process 
is that each pattern be positioned accu­
I � [ely with respect to the layers under 
t hem. One technique is to hold the mask 
) llst off the surface and to visually align 
t � le mask with the patterns in the wafer. 
' J he machine that holds the wafer and 
mask for this operation can be adjusted 
10 an accuracy of one or two micro me­
t rrs .  After perfect alignment is achieved 

CROSS SECTION of a 16,384-bit microelectronic memory circuit manufactured by means 
of the two-level n-channel polysilicon-gate MOS method is seen in this scanning electron mi­
crograph. The structure corresponds to the final step in the illustration on the opposite page. 

the mask is pressed into contact with the 
wafer. The mask is then flooded with 
ultraviolet radiation to expose the pho­
toresist. The space between the wafer 
and the mask is often evacuated to 
achieve intimate contact; atmospheric 
pressure squeezes the wafer and the 
mask together. According to whether a 
high vacuum or a moderate one is used. 
the process is called "hard" or "soft" 
contact printing. In another variation. 
proximity printing. the mask is held 
slightly above the wafer during the ex­
posure. 

The variations in the masking process 
arise from the need to print very small 
features with no defects in the pattern. If 
the mask were to be positioned very far 
from the surface. diffraction of the ul­
traviolet radiation passing through the 
mask would cause the smaller features 
to blur together. Thus hard contact 
would be preferred. On the other hand. 
small particles on the wafer or the mask 
are abraded into the mask when it is 
pressed against the wafer. Hence the 
masks can be used for only a few expo­
sures before the defects accumulate to 
an intolerable level. A masking tech­
nique is chosen that is appropriate to the 
particular technology. Depending on 
the flatness of the wafer and the mask. 
and on the type of mask employed. a 
technique is chosen that gives reason­
able mask life and sufficient resolution 
to print the smallest circuit elements in 
the device. 

A recent trend has been toward the 
technique known as projection align­
ment. in which the image of the mask is 
projected onto the wafer through an op­
tical system. In this case mask life is vir­
tually unlimited .  It is only in the past 
few years. however. that optics capable 
of meeting the photolithographic re­
quirements for fabricating integrated 
circuits have become available. The fact 
that the wafers increase in size every few 
years is a continuing problem. and the 

task of designing optics capable of 
forming an accurate image over the 
larger area is becoming more difficult. 
Recent projection aligners. however. 
circumvent the extreme difficulty of 
constructing a lens capable of resolving 
micrometer-sized features over an area 
of many square inches. A much smaller 
area. on the order of one square centi­
meter. is exposed. and the exposure is 
repeated by either stepping or scanning 
the image over the wafer. 

Active circuit elements such as metal­
£\. oxide-semiconductor (MOS) tran­
sistors and bipolar transistors are 
formed in part within the silicon sub­
strate. To construct these elements it is 
necessary to selectively introduce im­
purities. that is. to create localized n­
type and p-type regions by adding the 
appropriate dopant atoms. There are 
two techniques for selectively introduc­
ing dopants into the silicon crystal: dif­
fusion and ion implantation. 

If silicon is heated to a high tempera­
ture. say 1 .000 degrees C .. the impurity 
atoms begin to move slowly through the 
crystal. Certain key impurities (boron 
and phosphorus) move much more 
slowly thro\Jgh silicon dioxide than they 
do through silicon itself. This important 
fact enables one to employ thin oxide 
patterns as impurity masks. For ex­
ample. a boat of wafers can be placed 
in a furnace at 1 .000 degrees in an at­
mosphere containing phosphorus. The 
phosphorus enters the silicon wherever 
it is unprotected.  diffusing slowly into 
the bulk of the wafer. After enough im­
purity atoms have accumulated the wa­
fers are removed from the furnace. and 
solid-state diffusion effectively ceases. 
Of course. every time the wafer is re­
heated the impurities again begin to dif­
fuse; hence all the planned heat treat­
ments must be considered in designing a 
process to achieve a specific depth of 
diffusion. The important variables con-
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trolling the depth to which impurities 
diffuse are time and temperature. For 
example. a layer of phosphorus one mi­
crometer deep can be diffused in about 
an hour at 1, 100 degrees. 

To achieve maximum control most 
diffusions are performed in two steps. 
The predeposit. or first. step takes place 
in a furnace whose temperature is select­
ed to achieve the best control of the 
amount of impurity introduced. The 
temperature determines the solubility of 
the dopant in the silicon. just as the tem­
perature of warm water determines the 
solubility of an impurity such as salt. 
After a comparatively short predeposit 
treatment the wafer is placed in a second 
furnace. usually at a higher tempera­
ture. This second heat treatment. the 
"diffusion drive-in" step. is selected to 
achieve the desired depth of diffusion. 

In the formation of pn junctfons by 
solid-state diffusion the impurities dif­
fuse laterally under the oxide mask 
about the same distance as the depth of 
the junction. The edge of the pn junction 
is therefore protected by a layer of sili­
con dioxide. This is an important fea­
ture of the technique. because silicon di­
oxide is a nearly ideal insulator. and 
many of the electronic devices will not 
tolerate any leakage at the edge of the 
junction. 

Another selective doping process. ion 
implantation. has been developed as 
a means of introducing impurities at 
room temperature. The dopant atoms 
are ionized (stripped of one or more of 
their electrons) and are accelerated to a 
high energy by passing them through a 
potential difference of tens of thousands 
of volts. At the end of their path they 
strike the silicon wafer and are embed­
ded at various depths depending on their 
mass and their energy. The wafer can be 
selectively masked against the ions ei­
ther by a patterned oxide layer. as in 
conventional diffusion. or by a photo­
resist pattern. For example. phosphorus 

ACCELERATED BORON IONS 

ions accelerated through a potential of 
100.000 volts will penetrate the photo­
resist to a depth of less than half a mi­
crometer. Wherever they strike bare sili­
con they penetrate to an average depth 
of a tenth of a micrometer. Thus even a 
one-micrometer layer of photoresist can 
serve as a mask for the selective implan­
tation of phosphorus. 

As the accelerated ions plow their 
way into the silicon crystal they cause 
considerable damage to the crystal lat­
tice. It is possible to heal most of the 
damage. however. by annealing the 
crystal at a moderate temperature. Lit­
tle diffusion takes place at the annealing 
temperature. so that the ion-implanta­
tion conditions can be chosen to obtain 
the desired distribution. For example. 
a very shallow. high concentration of 
dopant can be conveniently achieved by 
ion implantation. A more significant 
feature of the technique is the possibility 
of accurately controlling the concentra­
tion of the dopant. The ions bombarding 
the crystal each carry a charge. and by 
measuring the total charge that accumu­
lates the number of impurities can be 
precisely determined. Hence ion im­
plantation is used whenever the dop­
ing level must be very accurately con­
trolled. Often ion implantation simply 
replaces the predeposit step of a diffu­
sion process. Ion implantation is also 
used to introduce impurities that are dif­
ficult to predeposit from a high-temper­
ature vapor. For example. the current 
exploration of the use of arsenic as a 
shallow n-type dopant in M OS devices 
coincides with the availability of suit­
able ion-implantation equipment. 

A unique feature of ion implantation 
is its ability to introduce impurities 
through a thin oxide. This technique is 
particularly advantageous in adjusting 
the threshold voltage of M OS transis­
tors. Either n-type or p-type dopants can 
be implanted through the gate oxide. 
resulting in either a decrease or an in-

POLYSILICON 
GATE 

ION IMPLANTATION is employed to place a precisely controlled amount of dopant (in this 
case boron ions) below the gate oxide of an MOS transistor. By choosing a suitable acceleration 
voltage the ions can be made to just penetrate the gate oxide but not the thicker oxide (left). 
After the boron ions are implanted polycrystalline silicon is deposited and patterned to form 
the gate regions of the transistor. A thin layer of the oxide is then removed, and the source 
and drain regions of the transistor are formed by the diffusion of an ll-type impurity (right). 
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crease of the threshold voltage of the 
device. Thus by means of the ion-im­
plantation technique it is possible to fab­
ricate several cWfe rent types of MOS 
transistors on tl�e sa'me wafer. 

The uppermost layers of integrated 
circuits are formed by depositing 

and patterning thin films. The two most 
important processes for the deposition 
of thin films are chemical-vapor deposi­
tion and evaporation. The polycrystal­
line silicon film in the important silicon­
gate M OS technology is usually laid 
down by means of chemical-vapor dep­
osition. Silane gas (SiH4) decomposes 
when it is heated. releasing silicon and 
hydrogen. Accordingly when the wafers 
are heated in a dilute atmosphere of 
silane. a uniform film of polycrystalline 
silicon slowly forms on the surface. In 
subsequent steps the film is doped. ox­
idized and Piltterned. 

It is also possible to deposit insulating 
films such as silicon dioxide or silicon 
nitride by means of chemical-vapor 
deposition. If a source of oxygen such as 
carbon dioxide is present during the de­
composition of silane. silicon dioxide 
is formed. Similarly. silicon nitride is 
grown by decomposing silane in the 
presence of a nitrogen compound such 
as ammonia. 

Evaporation is perhaps the simplest 
method of all for depositing a thin film. 
and it is commonly employed to lay 
down the metallic conducting layer in 
most integrated circuits. The metallic 
charge to be evaporated. usually alumi­
num. is placed in a crucible. and the wa­
fers to be coated are placed above the 
crucible in a movable fixture called a 
planetary. During evaporation the wa­
fers are rotated in order to ensure the 
maximum uniformity of the layer. The 
motion of the planetary also wobbles 
the wafers with respect to the source in 
order to obtain a continuous aluminum 
film over the steps and bumps on the 
surface created by the preceding photo­
lithographic steps. After a glass bell jar 
is lowered over the planetary device 
and a high vacuum is established the 
aluminum charge is heated by direct 
bombardment with h

'
igh-energy elec­

trons. A pure aluminum film. typically 
about a micrometer thick. is deposited 
on the wafer. 

In the fabrication of a typical large­
scale integrated circuit there are more 
thin-film steps than diffusion steps. 
Therefore thin-film technology is proba­
bly more critical to the overall yield and 
performance of the circuits than the dif­
fusion and oxidation steps are. In a re­
cent development a thin film is even em­
ployed to select the areas on a wafer that 
are to be oxidized. The compound sili­
con nitride has the property that it oxi­
dizes much more slowly than silicon. A 
layer of silicon nitride can be vapor­
deposited. patterned and used as an oxi­
dation mask. The surface that results is 
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Steinway builds only one piano. 
It is built in several models, several sizes and at 

various prices. All bear the Steinway name and 
trademark. 

There is no second line. 

STEINWAY VERTICAL- HEPPLEWHlTE 

STEINWAY GRAND - MODEL M 

There is no lower level of 
finish - no technical 
compromise designed to 

"bring an instrument in" 
for a lower price. 

The grandest grand and 
the smallest upright are built in 
the same factory by the same 
practiced hands, 
drawing on the same stock of 
raw materials. 

Biggest and smallest share 
the same patented features ­
features which cannot 
be found in other pianos. 

From beginning to end every Steinway is created the equal of 
every other Steinway . . .  which is to say that all Steinways are created 

superior to any other piano you can buy. 
For literature about them write to one of them: John H. Steinway, Steinway & Sons, 

Steinway Hall, 109 W. 57th St. ,  New York 100 19. 

All Steinways® are created equal. 
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PACKAGING, the final step in the manufacture of a microelectronic circuit, is represented 
by this sequence of photographs. The dice bearing the finished circuits are first fastened to 
a metal stamping. Fine wire leads are connected from the bonding pads of the dice to the 
electrodes of the package; a plastic cover is molded around each die, and the units are separat­
ed. The components portrayed in the photographs were supplied by the Intel Corporation. 
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much flatter than the s urface if the thick 
oxide is grown everywhere and selec­
tively removed. For n-channel MOS de­
vices there is the additional advantage 
that an ion-implantation step involving 
boron can be added just before the oxi­
dation step, relying on the nitride pat­
tern as a mask. This procedure res ults in 
a heavily doped p-type region located 
precisely under the oxide, which acts as 
an obstacle to the formation of channels 
from adjacent elements in the device. 

This "channel stopper" diffusion step 
is necessary in high-performance 1/­
channel MOS technology. Without se­
lective oxidation a special masking step 
would have to be added . The spacing 
between elements would then necessari­
ly be larger; hence selective oxidation 
leads to greater circuit density. B ipolar 
integrated circuits also benefit greatly 
from the use of selective oxidation. By 
replacing the conventional diffused iso­
lation with oxide isolation the space tak­
en up by one bipolar transistor is re­
d uced by more than a factor of four. 

The wafer-fabrication phase of man u­
facture ends with an electrical test .  

Each die on the wafer is probed to deter­
mine whether it functions correctly. The 
defective dice are marked with an ink 
spot to ind icate that they should be dis­
carded . A computer-controlled testing 
machine quickly tests each circuit, steps 
to the next one and performs the inking 
without human intervention. It  can also 
keep accurate statistics on the number 
of good circuits per wafer, their location 
and the relative incidence of various 
types of failure. Such information is 
helpful in finding new ways to improve 
the yield of good circuits. 

The completed circuit must undergo 
one last operation: packaging. I t  m ust be 
placed in some kind of protective ho us­
ing and have connections with the out­
side world. There are many type s of 
packages, but all have in common the 
fact that they are much larger and 
stronger than the silicon dice them­
selves. First the wafer is sectioned 1 0  
separate the individ ual chips, us ually by 
simply scribing between the chips and 
breaking the wafer along the scribe 
lines . The good circuits are bonded into 
packages, and they are connected to the 
electrodes leading out of the package by 
fine wires. The package is then seale d .  
and the device is ready for final test in g .  
The packaged circuit goes through a n  
exhaustive series o f  electrical tests t o  
make sure that i t  functions perfectly a n d 
will continue t o  d o  s o  reliably for many 
years. 

After the ind ivid ual chips are ob­
tained from the wafer the cost per man­
ufacturing step rises enormously. No 
longer is the cost shared among many 
circuits . Accordingly automatic han­
dling during packaging and testing m llst 
be introd uced wherever possible. The 
trad itional cost-saving techniq lie has 
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CBALLENGE 

The m i ra c l e  of the m i c roprocessor ( M P U )  l i es in its pe rformance,  
s ize ,  a n d  pr ice rather than its tec h n o l ogy. I t  takes a n  effort of the 
i maginat ion  to rea l ize that today's u nder  $25 sc ient i f ic  ca l c u lator 
with memory can acco m p l ish as  m uc h  as  the $ 1 , 00 0 , 000 vac u u m  
t u be com puter of t h e  e a r l y  5 0 ' s .  I n  a d d i t i o n ,  beca u se o f  the M P U ' s  
sma l l  s i ze a n d  l o w  p r i c e ,  it can be used i n  ded icated a p p l icat i o n s ,  
w h i c h  u nt i l  n o w  req u i red cost ly  i ntercon nected a n d  f i xed h a rd -w i red 
logi c ,  d i ff i c u lt to mod i fy. In t h i s  respect , the M P U i s  a who le  new 
wor l d .  The M etamorphoses of Ovid c a n ' t  hold a cand l e  to the tra n s­
format i o n s  of the M P U .  W hatever the a p p l icat i o n ,  the M PU ha rdwa re 
re ma i n s  the sa me,  o n l y  the progra m cha nges. 

"A bout half the world's scien tists and technicians are 
today engaged in improving existing weapons and 

developing new ones. " 

T h i s  rema rka b l e  device is prese nted to the world at a t i m e  when there 
is reason to be l i eve that we a re movi ng away from a soc i ety i n  w h i c h  
status d e p e n d s  on w h a t  Thorste i n  Ve b l e n  ca l l ed "consp icuous  con­
s u m pt i o n "  towa rds a soc i ety based o n  consp icuous conse rvat i o n . The 
e ra of consp ic uous waste,  the so-ca l l ed " t h rowaway soc i ety, " has 
reached the end of its tether. ( I t 's  worthy of note that yo u n g  peo ple  
a n t i c i pated the new soc i ety by m a k i n g  o l d  cars a n d  u sed c loth i n g  " i n "  
t h i ngs.  Jeans  a n d  work c lothes a re beco m i n g  " c h i c "  a n d  accepta b l e  
f o r  a l l  occas ion s . )  

We know now that the e n e rgy reso u rces stored i n  t h e  earth  a re l i m ited 
and n ot renewa b l e  in our l i fet i m e  or in the centur ies  a h ead . S i m pl e  
extra po lat ion  i nd icates dep let ion o f  present domest ic o i l  a n d  gas 
reserves ear ly  i n  the next century. Water and a i r, once c l a ss i f ied as 
free , have become prec ious  commod it ies.  A ga l l o n  of d r i n k i n g  water 
may soon cost more than a ga l lo n  of ga so l i n e .  U n t i l  recent ly, there was 
l itt l e  eco n o m i c  reason to conserve or recyc l e  our  resou rces.  B ut now it 
is no l o n ge r  a q uest i o n  of d o l l a rs,  i t 's  a q uest i o n  of s u rv iva l .  A new 
perspective i s  tak ing  over in assess i n g  present e n e rgy usage , and from 
t h i s  perspect i ve it i s  a p pa rent that a bout 40% of a l l  e n e rgy used is 
wasted . How to contro l ,  a d a pt ,  and coope rate in the use of e n e rgy may 
be the a n swer to our surviva l .  

"Every home, factory, public building, a s  well a s  every 
automobile and appliance can be con trolled efficiently 

with an MPU chip. " 

W h i c h  b r i n gs us back to the M P U ,  a f lex i b l e ,  econom ica l ,  a n d  pract i ­
ca l  too l  that can h e l p  so l ve many of the pro b l e m s  assoc i ated with 
energy conservat i o n .  Every home,  factory, p u b l i c  b u i l d i n g ,  as we l l  a s  
eve ry a utomob i l e  a n d  a p p l iance can be contro l led eff i c i ent ly  with a n  
M P U c h i p .  T h e  resu lt wo u l d  b e  a huge sav i n g  i n  e n e rgy. Furt h e rmore,  
the M P U is  a d ream prod uct which def ies  i n f l at i o n  by go i n g  down in 
pr ice a l m ost month ly .  I t 's  a m i stake to assu m e  that conservat ion  

a l ways i m p l ies c utt i n g  down or  d o i n g  without .  N ot so . Te n years  ago a 
19" color  TV set used 3 7 5  watts,  today a 1 9" set consumes o n ly 89 
watts. Even o u r  a utomo b i les  have u p ped the i r  fue l  m i l eage by a l most 
50% in j u st a few years. The M PU can f u n ct ion  i d ea l ly by e l i m i n a t i n g  
waste a n d  reta i n i n g  f u n ct i o n . 

What is most d i stu r b i ng,  even shoc k i ng,  is the s lowness of the sc ien­
t i f ic  com m u n ity to adopt the M P U i n  the batt l e  to conserve e n e rgy. 
The greatest i nterest in M P U 's has come from the non-sc i ent i f ic  
a reas.  The c reat ive peo p l e  i n  the e nterta i n ment a n d  consumer f ie lds  
have been a mo n g  the f i rst to  recogn i ze its pote n t i a l  a n d  have f l ooded 
the ma rket with M P U - ba sed p i n ba l l  ga mes,  TV ga mes,  m i c rowave 
ove n s ,  C B  eq u i pment ,  sew i n g  m ac h i nes ,  cash regi sters, etc . The u se 
of M P U ' s  i n  the i nd ust r i a l  a n d  sc ient i f ic  a reas is shoc k i ng ly  lagg i n g  
be h i nd these ot her, aggressive f i e l d s .  

The sc i e n t i f i c  com m u n ity m ust t a k e  u p  the c h a l l enge a n d  become t h e  
l e a d e r  i n  the deve l opment o f  systems,  proj ects, a n d  prod ucts that 
contro l ,  mon itor, m a n age, and conserve our reso u rces.  On not i n g  that 
a recent w i n ner i n  our  M P U contest was a n  e n g i n ee r  t u rned farmer 
who designed a complete i rr igat ion system based on a n  M PU, we 

"A gallon of drinking water may soon cost more than a 
gallon of gasoline. " 

wondered when the c reat i v ity of the sc ient i f ic  com m u n ity wou l d  
su rfac e .  Perhaps one reason f o r  sc i e nce's laggi ng pace i s  conta i ned i n  
the state ment o f  O l of Pa l me ,  former pr ime m i n i ster o f  Swede n :  
" About ha lf  t h e  wor ld 's  sc i e n t i sts and tec h n i c i a n s  a re tod ay e n gaged 
in i m prov i n g  ex ist i n g  wea pons and deve l o p i n g  new ones. " 

The world no longer expects sc i e n t i sts to d evote the mse lves so l e ly to 
the i nvent ion  of atom bombs or rockets that can l a n d  a man on the 
moo n ,  or even to c i rc u mvent nature by deve l o p i n g  sq uare tomatoes. 
We look to them n ow to so l ve our resou rce pro b l e m s  and to esta b l ish  
t i me-bo u n d  targets .  

The l a st i t e m  Vi ctor H ugo wrote i n  h i s  d ia ry wa s :  "There i s  one t h i n g  
stronger than  a l l  the a rm ies i n  the wor l d  and t h a t  i s  a n  idea whose t i m e  
has come . "  

The M P U i s  the idea , a n d  the t i m e i s  n ow. The c ha l l enge to the 
sc ient i f ic  co m m u n ity i s  to put the  idea to work for now a n d  for the 
future of a l l  m a n k i n d .  

Pres ident  
Sc hweber E l ectro n ics 

For further information about microcomputer technology, write: 

Seymour Schweber, President, Schweber Electronics, Westbury, New York 1 1 590. 
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been to employ less expensive overseas 
labor for the labor-intensive packaging 
operation. As the cost of overseas labor 
rises and improved packaging technol­
ogy becomes available. overseas hand 
labor is gradually being supplanted by 
highly automated domestic assembly. 

Anumber of advanced processing 
techniques are now under develop­

ment. For example. the simple wet-etch­
ing process in which films of aluminum 
or polycrystalline silicon are selectively 
removed is already being supplanted by 
dry-etching processes. Polycrystalline 
silicon can be "plasma-etched" in elec­
trically excited gas of carbon tetrafluor­
ide molecules (Freon). A high-frequen­
cy electric discharge at low pressure 
breaks the Freon molecule down into a 
variety of ions and free radicals (such as 
atomic fluorine). The free radicals at­
tack the film but do not react with the 
photoresist mask. In addition to being a 
more controllable method for the selec­
tive removal of silicon. plasma-etching 

promises to be much less harmful to the 
environment. Instead of yielding large 
quantities of corrosive acids. the reac­
tion products are very small quantities 
of fluorine and fluorides of silicon. 
which are easily trapped from the out­
put of the system. 

The technology of photolithography. 
which was stable for about 10 years. is 
also undergoing several changes. First. 
as projection lithography replaces con­
tact lithography. the number of defects 
is decreasing. Second. the availability of 
masks of higher quality is steadily re­
ducing the size and cost of microelec­
tronic devices. Third.  new methods of 
lithography are being developed that 
could result in a tenfold reduction in the 
size of individual circuit elements and a 
hundredfold reduction in circuit area. 

The smallest features that can be 
formed by the conventional photolitho­
graphic process are ultimately limited 
by the wavelength of light. Present tech­
nology can routinely reproduce ele­
ments a few micrometers across. and it 

DRY PLASMA ETCHING, an advanced processing technique currently under development 
in the author's laboratory at the University of California at Berkeley, is viewed through a 
quartz window at one end of the reaction chamber. A gas of carbon tetrafluoride molecules 
(Freon) at a pressure of about a thousandth of atmospheric pressure flows through the quartz 
chamber, where it is ionized by a radio-frequency electric discharge. A perforated aluminum 
shield protects the polysilicon-coated wafers from the direct discharge. Free atomic fluorine, 
created in the discharge by the breakdown of the Freon molecules, diffuses to the surface of 
the wafers and reacts with the polycrystalline silicon wherever it is unprotected by a layer of 
photoresist. The process can yield finer patterns than the conventional wet-etching method. 
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appears possible to reduce the smallest 
features to about one micrometer. Elec­
tron beams and X rays. however. have 
wavelengths measured in nanometers 
and smaller; hence they are capable of 
producing extremely fine features. 

X-ray lithography is simply a form of 
contact photolithography in which soft 
X rays are substituted for ultraviolet ra­
diation. The X-ray technique does in­
deed offer high resolution; simple struc­
tures less than a tenth of a micrometer 
across have already been produced. Be­
cause the entire wafer is exposed the 
process is also potentially quick and 
cheap. There are still many unsolve d 
problems. however. X-ray masks. which 
consist of a heavy metallic pattern on a 
thin membrane such as Mylar . are frag­
ile and difficult to make. It is also hard to 
align the mask with respect to the pat­
tern on the wafer. Because of the attenu­
ation of X rays in air . the wafer must be 
exposed in a vacuum or in an atmo­
sphere of helium. Present-day X-ray 
sources are comparatively weak. and 
long exposures are required. As a result 
no commercial integrated circuits have 
yet been manufactured with the aid of 
X-ray lithography. 

Electron-beam lithography is an older 
and maturer technology. having its basis 
in electron microscopy. Actually a sys­
tem for electron-beam lithography is 
much like a scanning electron micro­
scope. A fine beam of electrons scans 
the wafer to expose an electron-sensitive 
resist in the desired areas. Although im­
pressive results have been demonstrat­
ed. the application of electron-beam li­
thography is limited by its present high 
cost. The machines are expensive 
(roughly $ 1  million per machine). and 
because the electron beam must scan the 
wafer rather than exposing it all at once 
the time needed to put a pattern on the 
wafer is quite long. The rate of progress 
in this area is rapid. however. and more 
practical systems are clearly on the way. 

Although electron-beam lithography 
is currently too expensive to be part of 
the wafer-fabrication process. it is al­
ready a routine production technique 
for the making of photolithographic 
masks. With the aid of the electron­
beam method it is possible to eliminate 
two photographic-reduction steps and 
write the pattern directly on the mask 
from the information stored in the com­
puter memory. Masks can thereby be 
created in a few hours after the design is 
finished .  The advantages of higher reso­
lution. simplicity of manufacture and 
shorter production time may well result 
in the complete conversion of the in­
dustry to electron-beam mask-making. 
Gradually. as the cost decreases. elec­
tron-beam lithography will be intro­
duced directly into the fabrication of 
wafers. and a new generation of even 
more complex microelectronic circuits 
will be born. 

© 1977 SCIENTIFIC AMERICAN, INC



Eaton Update: 
1 Growing hydraulic power 
Rugged hydrau l ic power by Eaton 
is improving the re l iabi l i ty and 
handl i ng ease of many new ag­
r icultural machines.  Our hyd rau l ic 
motors and hydrostatic transmis­
sions del iver power more 
smooth ly, and stand up to dust, 
water and corrosive ferti l izers bet­
ter than any other form of power 
transmission.  

Our Char-Lynn® hyd rau l ic power 
steering , for instance, freed the 
desig ners of a new generation of 
combi nes from the restrictions of 
mechanical l i nkage,  whi le giv ing 
the d river fi ngert ip control of a 
seven-ton machine . 

Eaton has been a leader in hydrau­
l ic  power for thi rty years . We saw 
the need , hel ped the ag ricu ltural 
revolution happen ,  and are g row­
ing with it .  

2 Payoff at the truck stop 
Meeting the u rgent demand for 
improved fuel economy, Eaton's 
newly developed drive-trai n 
packages team our special ly 
geared Ful ler® transmissions with 
new low-ratio Eaton® axles. The re­
sult :  defi n ite fuel savings up to 1 0% 
in many cases . 

These up-to-date economy com­
binations i l lustrate our commit­
ment to maintai n Eaton's important 
position in the truck market, which 
dates back 66 years . A commit­
ment underscored by the con­
struction of five new manufactur­
ing faci l it ies s ince 1 970 and major 
cap ital expansion at seven others 
to serve our axle ,  brake and 
transmission customers .  

3 Cutting the cost of 
moving things arou nd 
Eaton's response to the g rowing 
need for improved effic iency in 
materials hand l ing has been the 
i ntroduction of 23 new Yale® l i ft 
truck models i n  the last two years . 
This has made our l ine of industrial 
trucks the most up-to-date , as wel l  
a s  the broadest i n  the i ndustry. 

For more than 50 years Eaton has 
been the leader in  what is  now the 
fastest g rowi ng segment of the 
market-electric l i ft trucks . We stay 
ahead by antic ipat ing the chang­
ing needs of various industries, 
where materials hand l ing can ac­
count for as much as 40% of man­
ufactu ring or processing costs . 

Eaton is a family of technologically 
related businesses with a bal­
anced combination of manufactur­
ing and engineering ski l ls .  We're 
always looking for new ways to 
use these ski l ls in markets where 
needs are growing. This approach 
to the management of change has 
been achieving record sales and 
earnings. For the complete story, 
write to : Eaton Corporation,  1 00 
Erieview Plaza, Cleveland , Ohio 
441 14 .  
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Microelectronic Memories 
Present memories based on transistors typically store some 16, 000 
bits (binary digits) on a chip. Magnetic-bubble and charge-coupled 
devices are providing an even higher density of information storage 

Modern information-processing 
and control systems call for the 
rapid storage and retrieval of 

digital information. The amount of in­
formation to be stored ranges from few­
er than 100 bits (binary digits) for a sim­
ple pocket calculator to somewhere be­
tween a billion and a trillion bits for a 
large computer. The technology of digi­
tal storage is perhaps the most rapidly 
changing sector in all microelectronics. 
Over the past decade operating speed 
and reliability have increased by at least 
an order of magnitude as physical size, 
power consumption and cost per bit of 
storage have been reduced by factors 
ranging from 100 to 1.000. Improve­
ments of comparable magnitude can be 
envisioned for the decade ahead before 
fundamental physical limitations en­
force a slowdown. 

In the context of electronics "mem­
ory" (or, in British usage, "store") usual­
ly refers to a device for storing digital 
information. Storage ("write") and re­
trieval ("read") operations are complete­
ly under electronic control. The storage 
of auditory or visual information in ana­
logue form, which is commonly done on 
magnetic tape, is usually referred to as 
recording. In analogue recording the in­
tensity of the "track" on the storage 
medium directly mimics the varying in­
tensity of the input signal. Although 
there is some overlap between analogue 
and digital recording, I shall concen­
trate here on digital memory. 

The most widely used digital memo­
ries are read/write memories, the term 
signifying that they perform read and 
write operations at an identical or simi­
lar rate. It is obvious that storage capaci­
ty, cost per bit and reliability are impor­
tant characteristics for memories. Other 
important characteristics are speed of 
operation (defined in terms of access 
time), cycle time and data-transfer rate. 
Access time is simply the time it takes to 
read or write at any storage location. 
Some memories, such as random-access 
memories (RAM's), have the same ac­
cess time to any storage location. Serial­
access and block-access memories have 
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access times that depend on the storage 
location selected. 

Random-access memories can com­
plete read or write operations in the 
specified minimum period known as the 
cycle time. Serial-access and block-ac­
cess memories have a variable and rela­
tively large access time, after which the 
data-transfer rate is constant. The data­
transfer rate is the rate at which infor­
mation is transferred to or from sequen­
tial storage positions. 

Digital memories can be conveniently 
classified as either moving-surface 

devices or entirely electronic devices, 
with subdivisions in each category. Al­
though moving-surface devices cannot 
really be considered microelectronic, 
microelectronic techniques are being 
fruitfully exploited to improve their 
performance. For many memory appli­
cations either a moving-surface system 
or an entirely electronic one is clearly 
superior, but in certain current and im­
minent applications the two systems are 
closely competitive. For this reason I 
shall briefly describe the characteristics 
of moving-surface devices. 

Most commonly moving-surface 
memory devices provide information 
storage in localized areas of a thin mag­
netic film that is coated onto a nonmag­
netic supporting surface. The magnetic 
material must be capable of holding a 
remnant magnetic flux in the absence of 
externally applied fields. The supporting 
surface can be flexible, in the form of a 
tape or disk made of plastic, or it can be 
rigid, in the form of a disk or drum made 
of aluminum or some other material. 
The magnetic film and the read/write 
head (a small electromagnet) move in 
relation to each other in order to bring a 
storage site into position for writing or 
reading of information. Information is 
stored in the form of tiny magnetized 
spots in the magnetic film. The stored 
information is sensed in the form of a 
weak current that is induced in the read/ 
write head as the magnetic film moves 
under it. 

The simplest digital magnetic-tape 

memories are adapted from audio cas­
sette tape recorders. One cassette, or 
tape cartridge, is capable of storing 106 
to 107 bits and can provide access time 
to any chosen storage location ranging 
from 10 to 100 seconds. The speed of 
the tape is limited by wear and heat be­
cause the tape is in frictional contact 
with the read/write head (or heads). 

More sophisticated digital tape mem­
ory systems, and disk and drum memo­
ries as well. employ a laminar-flow air 
bearing to hold the read/write head a 
few micrometers above the magnetic 
surface. This stratagem makes it possi­
ble to have much higher surface veloci­
ties and improves the reliability of data 
storage. 

Large magnetic-disk memories store 
109 to 1010 bits on one or more disk 
surfaces mounted on a single spindle ro­
tated by a single motor. Access to stor­
age locations is achieved by moving one 
or more read/write heads radially 
across the spinning disk or disks. For 
typical systems the average access time 
is 20 milliseconds. 

Moving-surface memories are block­
accessed devices. After an access time 
determined by rates of mechanical mo­
tion and the location being sought, data 
is transferred at a rate determined by 
the surface velocity and the density of 
data storage on the surface. Typical 
transfer rates range from 106 to 107 bits 
per second. 

Information stored in magnetic medi­
ums is usually retained when the exter­
nal power is turned off; such storage is 
said to be nonvolatile. It is normally fea­
sible to remove the recording medium 
from tape and disk systems, making it 
possible to physically transfer informa­
tion from one location to another and 
providing access to virtually unlimited 
quantities of information simply by the 
interchange of disks or reels of tape. 
These useful properties are rarely found 
in electronic memories. 

Moving-surface memory devices 
serve widely as "file" memories in com­
puter systems, where they store infor­
mation that is changed much less often 
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than it is read. The cost per bit of infor­
mation stored in moving-surface mem­
ories is lower by one to four orders 
of magnitude than that of information 
stored in electronic memories (roughly 
10.5 cent per bit for the least expensive 
magnetic-tape storage as against . 1  cent 
per bit for the least expensive microelec­
tronic memory). The nonvolatility of 
moving-surface memories is often an es­
sential feature. On the other hand. the 
access time to electronic memories can 
be faster than 10-8 second. or six to eight 
orders of magnitude faster than the ac­
cess time to moving-surface memories. 

Continuing improvements are being 
made in the cost per bit. the data-trans­
fer rate and the reliability of moving­
surface memories. Microelectronic fab­
rication techniques are helping to shrink 
the size of read/write heads. yielding 
higher bit densities on the recording sur­
face. Microelectronic circuits also serve 
to implement error-correcting codes in 
moving-surface memory sytems. sub­
stantially reducing the rate at which er­
rors are made in the total storage and 
retrieval process. It is clear that for cer­
tain essential tasks of information stor­
age moving-surface systems are not 
likely to be supplanted by electronic 
memories in the foreseeable future. 

The newest electronic-memory sys­
tems have been made possible by 

modern semiconductor technology: the 
ability to emplace thousands of elec­
tronic elements on a tiny chip of sili­
con. In the 1950's and 1960's electronic 
memories were arrays of cores. or rings. 
of a ferrite material a millimeter or less 
in diameter. strung by the thousands on 
a grid of wires. Ferrite-core memories 
have now been largely succeeded in new 
designs by semiconductor memories 
that provide faster data access. smaller 
physical size and lower power consump­
tion. and all at significantly lower cost. 
In the 1980's new memory technologies 
involving magnetic bubbles. supercon­
ducting tunnel-junction devices and de­
vices accessed by laser beams or elec­
tron beams may come into play. I shall 
describe some of these devices below. 
The fact remains that because semicon­
ductor memories are extremely versa­
tile. are highly compatible with other 
electronic devices in both small and 
large systems and have much potential 
for further improvement in perform­
ance and cost. they are expected to dom­
inate the electronic-memory market for 
at least another decade. 

The smallest block of information ac­
cessible in a memory system can be a 
single bit (represented by 0 or 1). a larg­
er group of bits such as a byte or charac­
ter (usually eight or nine bits). or a 
"word" ( 12 to 64 bits depending on the 
particular system). Most memories are 
location-addressable. which means that 
a desired bit. byte or word has a spec i-

RANDOM-ACCESS MEMORY (RAM) circuit provides storage for 16,384 bits (binary dig­
its). Each bit is held in a single-transistor storage cell (see illustration on page 136). The time 
required to write one bit in any arbitrary location or to read it out is about 200 nanoseconds. 
RAM chip shown here, which is the MK 4116 manufactured by Mostek Corporation, m ea­
sures 2.8 by 5.1 millim eters. Packaged, each chip sells for $30 iu orders of 1,000 or more. 
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If only there was an 
SX-70 telephoto lens 

for times like thiS. 

Koala in eucalyptus tree. 9 feet up. 

There are times when you 
can't get your SX-70 close 
enough to your sub ject. 
("Look where that darned 
Koala climbed!") And times 
when you don't want to get 

close enough. ("Ho w hot 
does this geyser get ?") And 
times when you shouldn't get 
close enough. ("1 hope I can 
catch that expression before 
she sees me.") 

No w there is a lens for all 
those times. It's a superbly 
sharp optical glass telephoto 
lens whose accuracy is pre­

cisely matched to the accu­
racy of the SX-70 lens. It 
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Koala in eucalyptus tree. still 9 feet up. 

magnifies your photo image 
by 50%. And it's called the 
Polaroid SX-70Tele/1.5lens. 

Just snap it in place on qny 
SX-70 Alpha Land camera* 
when you can't move close 

enough to your subject ... and watch your sub­
j ect move close enough to you. 

Introducing the Polaroid 
SX-70 Tele/I.5 Lens. 

-For information on use with 

other SX-70 models call 

Polaroid Customer Service, 

toll free: 800-225-1384. 

© 1977 Polaroid Corporation 

.. Polaroid" and "SX-70" ® 
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fied address. or physical location. to 
which it is assigned. 

Content-addressable memories. in 
which partial knowledge of a stored 
word is sufficient to find the complete 
word. would be extremely useful in 
some applications. Electronic content­
addressable memories have never been 
common because the cost per bit is far 
higher than it is for location-addressable 
memories. 

The most widely used form of elec­
tronic memory is the random-access 
read/write memory fabricated in the 
form of a single large-scale-integrated 
memory chip capable of storing as 
many as 16.384 bits in an area less than 
half a centimeter on a side. A number of 
individual circuits. each storing one bi­
nary bit. are organized in a rectangular 
array. Access to the location of a single 
bit is provided by a binary-coded ad­
dress presented as an input to address 
decoders that select one row and one 
column for a read or write operation. 
Only the storage element at the intersec­
tion of the selected row and column is 
the target for the reading or writing of 
one bit of information. A read/write 
control signal determines which of the 
two operations is to be performed. The 
memory array can be designed with a 
single input-output line for the transfer 
of data or with several parallel lines for 
the simultaneous input or output of 
four. eight or more bits. 

As William G. Oldham points out in 
the preceding article [see "The Fabrica­
tion of Microelectronic Circuits." page 
1 10]. the cost of a microelectronic cir­
cuit is proportional to the area on a wa­
fer of silicon that it occupies. Accord­
ingly much ingenuity has gone into 
the development of simple. small-area 
memory circuits. The individual circuit. 
or "cell." that stores one bit is a critical 
design element because it must be re­
peated thousands of times. Address de­
coders and other ancillary circuits can 
be more complex because they are em­
ployed only once per row or column or 
even less frequently. 

Asimple one-transistor storage cell is 
widely used today in the most ec­

onomical random-access read/write 
memo�y devices. Information is stored 
as an electric charge on a small capaci­
tor. The value of the capacitance is on 
the order of 50 femtofarad (50 X 10.15 
farad). For the representation of bina­
ry information two different levels of 
stored charge are needed. A binary 0 
might be represented by zero charge and 
a binary 1 by a charge of 500 femtocou­
lombs (equivalent to 10 volts on the 
storage capacitor). Although this may 
seem like a tiny amount of charge. it is 
the charge on three million electrons. 
Reliable binary storage should ultimate­
ly be attainable with a charge 1.000 
times smaller. 

The transistor in the cell functions 

only as an on-off switch to connect the 
storage capacitor to the data line. The 
data line is shared by many identical 
cells. but only one cell is connected to it 
at any one time. The data line corre­
sponds to a column in the memory ar­
ray. Only one of the many selection 
lines. corresponding to the rows at right 
angles to the columns in the array. is 
activated at any one time. When a selec­
tion line is activated. it turns on all the 

INPUT 
CURRENT 

WRITE 
HEAD 

MAGNETIC 
FLUX 

MAGNETIC 
SURFACE 

LAYER 

FLEXIBLE OR RIGID BACKING / 

transistor switches connected to it. but 
only one of these switches is on a simul­
taneously activated data line. 

The capacitor storage cell can lose 
stored information in two ways. First. 
the capacitor itself has a significant leak­
age current. Through this process stored 
charge can be lost in as little as a few 
milliseconds. Second. when the cell is 
selected for a read operation. the charge 
stored in the cell is shared between the 

+ 
VOLTA GE 
OUT 

READ 
HEAD 

MOVING MAGNETIC SURFACE stores binary information at lowest cost: 100,000 or more 
bits for a cent. The information is permanently retained unless it is intentionally erased. Bina­
ry digits are stored sequentially on a moving magnetic medium by the application of electric 
pulses to a tiny electromagnet, which serves as the "write" head. When the film passes below a 
"read" head of similar design, magnetized spots on film generate tiny electric pulses, which 
are readily amplified. One head can serve for both reading and writing on a time-shared basis. 

DATA _ ....... :-....... _ 
IN/OUT--E:----;'.......,. 

READ/WRITE HEADS 

SOLENOID 

- 800 TRACKS 
- 100,000 BITS PER TRACK 
- 80 x 106 BITS PER SURFACE 

(TWO SURFACES) 

MAGNETIC-DISK MEMORY SYSTEMS are widely used for large, frequently searched 
files, or information stores. The simple system shown here has only one disk, but multidisk sys­
tems are common. Information is stored on both sides of a disk by separate read/write heads. 
A typical modern system has about 800 tracks per side, with storage for 1 00,000 bits per track. 
The total storage capacity of both sides of one disk is therefore 1,600 X 100,000, or 160 mil­
lion bits. Sequential information can be transferred into and out of system at rates of five mil­
lion to 10 million bits per second. Average access tim e to a random location is 25 milliseconds. 
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cell capacitor and the larger capacitance 
of the data line. In typical designs the 
data-line capacitance is 10 to 20 times 
larger than the cell capacitance because 
the data line is connected to many cells. 
As a result the voltage representing the 
stored information is attenuated by a 
factor of 10 to 20. The stored infor­
mation that is to be retained must there­
fore be regenerated after every read op­
eration. 

It is also necessary to regenerate the 
stored charge periodically. usually ev­
ery two milliseconds. in order to com­
pensate for leakage. The necessary re­
generation functions are performed by 
a thresholding amplifier. A sampling 
switch takes a sample of the signal on 
the data line at precisely the right time: 
just after a chosen storage cell has been 
connected to the data line by a signal on 
the selection line. The sampled signal is 
compared with a threshold level that is 
chosen to be midway between the nomi­
nal binary levels for 0 and 1. The ampli­
fier then regenerates the binary level. 

There is only one thresholding ampli­
fier on each data line. It is time-shared 
by all the storage cells connected to that 
line. typically 64 or 128 in present de-

ROW ROW 
ADDRESS DECODER 

o 000 
1 001 

2 010 
3 01 1 
4 100 
5 101 
6 1 10 
7 1 1 1  

READ/WRITE 
CONTROL ---7 
CLOCK SIGNALS---7 
DATA IN/OUT 

COLUMN ADDRESS 

ARRAY OF 
STORAGE CELLS 

oooo� ..... ..-..-00 .......... 00..-..... 0 ..... 0 ..... 0 ..... 0 ..... 

0 123 4 5 6 7  

signs. If each cell requires a regenera­
tion cycle every two milliseconds and a 
single cycle occupies 400 nanoseconds. 
the regeneration cycles for 64 cells wili 
occupy 25.6 microseconds of every two­
millisecond interval and the cycles for 
128 cells will occupy twice that amount 
of time. or 5 1.2 microseconds. The re­
quirement for "refresh." or regenera­
tion. operations adds a complication to 
the design of memory systems. (Al­
though there are ways to avoid refresh 
operations. as I shall explain. they add 
to the cost of the device.) The "write" 
function is performed simply by actuat­
ing switches that are under the control 
of a read/write input signal. 

Additional circuits are needed to cOrn­
n plete a useful semiconductor mem­
ory chip. Most important are the ad­
dress decoders. which select a unique 
row and column for each unique ad­
dress input. Address decoders can be 
implemented with logic gates that per­
form the logical "and" function. There 
is room for much ingenuity in striking 
a good balance among conflicting de­
mands for high-speed operation. low 
power consumption and minimum chip 

STORAGE 

area (lowest cost). A clever innovation 
in some recent designs involves using 
the address input connections to a com­
ponent twice in succession on each 
memory cycle. First the row address is 
applied; then about halfway through the 
cycle the column address is presented. 
The advantage is that the number of ex­
ternal address connections is cut in half. 
The number of external connections 
(the "pin count") is a significant factor 
affecting the cost. reliability and size 
of microelectronic components. so that 
cutting it in half is highly advantageous. 
Other peripheral circuits usually includ­
ed with a microelectronic memory chip 
are data buffers (which transform the 
levels of data signals entering and leav­
ing the chip) and timing generators for 
the sequencing of functions. 

The semiconductor memory chip 
with only a single transistor in each stor­
age cell is just one of many designs. Stor­
age cells with two. three. four. six and 
more transistors offer useful addition­
al features but with the penalty of in­
creased silicon area and cost. For ex­
ample. in metal-oxide-semiconductor 
(MOS) technology storage cells with 
three transistors provide amplification 

CHANNEL 

CAPACITOR ----f----IL� 

REGENERATOR 
CIRCUITS 

COLUMN 
DECODER 

MOS 

GATE --____ -+_
-l-

.......:::
�:L-

-
t---I--TRANSISTOR 

SWITCH 

SELECTION LINE 

(ROW) 

01 1 
(3) 

MEMORY CELL 
(LOCATION 3. 5) 

DATA LINE 
L

-----
(COLUMN) 

THRESHOLDING 
�AMPLIFIER 

_.l----- REGENERATE 

RANDOM-ACCESS MEMORIES are usually organized in rectan­
gular arrays of rows and columns. The diagram at the left shows an 
eight-by-eight array for storage of 64 bits, one bit being stored in 
the cell at each intersection. To specify a particular memory location 
three binary digits are needed to indicate the row and another three 
to indicate the column. In this example row address 011 (binary for 3) 
and column address 101 (binary for 5) specify the memory location 
3,5. (The locations start with 0,0 at the upper left and end with 7,7 at 
the lower right, specifying 64 locations in all.) The organization of a 
single one-transistor memory cell of the array is depicted at the right. 
Binary information is stored as a charge on a small capacitor. For ex­
ample, zero charge might represent a binary 0 and a charge of 500 X 

10-15 coulomb might represent a binary 1. When one of the selec­
tion lines, or rows, in an array is activated (here it is row 3), it turns on 
all the transistor switches connected to it. The transistor functions 
as an on-off switch to connect the storage capacitor to its particular 
data line, which corresponds to a column in the array. The simulta­
neous activation of a row and a column identifies the cell selected for 
reading or writing (here cell 3,5). Because the storage capacitor loses 
charge both by being read and by leakage it must be regenerated peri­
odically, usually once every two milliseconds. The regenerated charge, 
which is supplied by the thresholding amplifier, is returned to the 
capacitor by the closing of the switch in the data line. All the switch­
ing in this type of memory device is accomplished by transistors. 
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How has Ireland acquired this leading name 
in high level electronics? 

The same way as they acquired all the others. 
ANALOG DEVICES 

(C-MOS AID CONVERTORS) 

CENTRONICS 
(MATRIX PRINTERS FOR THE COMPUTER INDUSTRy) 

DATA PRODUCTS 
(PRINTERS AND MEMORIES FOR THE COMPUTER INDUSTRy) 

MEASUREX 
(SYSTEM 2000 PROCESS CONTROLLERS) 

TECHNICON 
(COMPUTER CONTROLLED BIOMEDICAL ANALYSERS) 

F or a growing list of major 
electronics manufacturers, the 
Republic of Ireland has become 
Europe's most favored location. 

In its drive to expand its high 
technology sector as quickly as 
possible, Ireland has put together 
Europe's most persuasive package 
of location incentives. 

Profit 
These incentives have been 

assembled with one aim in view-
to make it easier and quicker to be 
highly profitable in Ireland. The 
welcome includes non-repayable 
cash grants towards starting up cost, 
including free worker training. PLUS 
a tax package that includes no 

V ARIAN 
(ATOMIC ABSORPTION SPECTROMETERS) 

tax on export profits until 1990, and 
unrestricted repatriation. 

Success 
Latest US Department of 

Commerce figures of earnings by 
US subsidiaries in Ireland show the 
policy to be paying off. US 
investment jumped 35% in '75 (EEC 
average 8%). R.O.I. in Ireland 
averaged 29% against an EEC 
average of 10.7%. 

And wi thin  the overall picture, 
sectors like electronics are doing 
even better, with an annual growth 
rate of over 40%; and individual 
companies expanding by almost 
100% per annum. 

The Irish Gove rnment's one-stop 
development agency (IDA -Ireland) 
can provide a detailed comparative 
assessment of your company's 
prospects in the Republic. It could 
be a highly profitable enquiry. 

REPUBLIC 
OF IRELAND 

Contact Industrial Development Authority­
Ireland at: 200 Park Avenue, NEW YORK, 
NY 10017/(212) 972-1000; 1 East Wacker 
Drive, CHICAGO, IL 60601/(312) 644-7476; 
Suite 2065, 1100 Milam Building, HOUSTON, 
TX 77002/(713) 658-0055; 515 South Flower 
Street, LOS ANGELES, CA 90071/(213) 
624-1024. Overseas offices also in Toronto, 
Tokyo, Sydney, Brussels, Paris, London, 
Cologne, Stuttgart, Copenhagen, Amsterdam 
and Milan. 

This announcement is published by IDA Ireland, 200 Park Avenue, New York. 10017. which is registered under the Foreign Agents Registration Acts. as amended. as an agent of the Government of Ireland. This 
material is filed with the Department of Justice where the required registration statemenl is available for public inspection. Registration does not indicate approval of the contents by the United States Gove rnmenl. 

137 

© 1977 SCIENTIFIC AMERICAN, INC



TWO RAM STO RAGE CELLS appear in this scanning electron micrograph made by the 
author. Each cell includes one transistor and one capacitor. For maximum clarity this picture 
of a circuit manufactured by the Intel Corporation was made after only three of the five major 
fabrication steps had been completed. The fourth step forms a series of small openings, one for 
each transistor, in the insulating layer that covers the third level. The last step creates the metal­
lic pattern that is needed for the selection lines (rows) in the finished memory array. The metal 
makes contact with the transistor gates in third level, as is shown in the exploded view below. 

" II II 
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SELECTION LINE (ROW) 

INSULATING LAYER /11 
CONNECTION BETWEEN / II 

LEVELS 4 AND 3 II 
OUTLINE OF ONE CELL 

TRANSISTOR GATES k� 
\I II , " ..... __ �____ t 

�- � 
b:============================================ INSULATING LAYER 

I:;e�:�r �" w, '�m oe c,,,o«o", 
-

- INSULATING LAYER 

L
fl �. � ;\BOTTOM LEVEL (SILICON SUBSTRATE) 

,_ _ __ � ___________ � TRANSISTOR CHANNELS 

I ' 
�_._____ _ ___ -- "j-' 

DATA LINES (COLUMNS) 

I I BOTTOM PLATES 
. _ OF CAPACITORS 

CONSTRUCTION OF A RAM CELL begins with the creation of multipurpose structures 
(color) in the bottom level by "doping" certain areas of the substrate with arsenic, which con­
verts those areas into n-type silicon. The undoped area is chemically transformed into silicon 
nitride, an insulator (gray). The second and third levels of the cell are formed hy the deposition 
of polycrystalline silicon. Fourth level is formed by deposition of aluminum. Thin insulating 
layers of silicon dioxide are deposited between levels. This cell measures 15 by 30 microm eters. 
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of the stored signal, sharply reducing the 
problem of detecting the "read" signal 
on the data lines. Refreshing the stored 
signal every two milliseconds, however, 
is still required. Continuous refreshing 
within each storage cell can be achieved 
by adding from one transistor to three 
more transistors per cell, but in addition 
to taking up more silicon area the design 
demands that each cell consume power 
continuously. 

Memories that do not require refresh 
operations are termed static memories. 
In spite of their higher cost per bit of 
storage they are favored for small mem­
ory systems because they call for a mini­
mum of external support circuitry. At a 
further premium in cost the power con­
sumption of static memories can be re­
duced to such a negligible value that 
small batteries will power them for days 
or weeks. Such memories exploit the 
"complementary" MOS (CMOS) tech­
nology; they are found in some pocket 
calculators that hold their data or their 
program even when the power switch is 
in the "off" position. 

The memories with the highest speed 
of operation usually employ bipolar­
transistor technology rather than the 
fundamentally somewhat slower MOS 
or CMOS technologies. The price paid 
for attaining the higher speed is a more 
complex manufacturing process and in 
most instances higher power consump­
tion. A recently developed form of the 
bipolar-transistor technology known as 
integrated injection logic (J2L) , or 
merged transistor logic (MTL), has been 
widely discussed as a memory technolo­
gy, but it has not yet proved to have 
advantages either in performance or 
cost over memories based on the older 
bipolar-transistor technologies. 

Some applicati?ns requir
.
e :andom-ac­

cess memones contammg perma­
nently stored or rarely altered informa­
tion. For example, the control programs 
in pocket calculators are usually perma­
nently stored. Such storage is provided 
by read-only memories (ROM's). Infor­
mation is placed in the storage array 
when the chip is manufactured. A read­
only memory can be obtained by replac­
ing the storage capacitor in a one-tran­
sistor memory cell with either an open 
circuit or a connection to ground, thus 
representing one or the other of the two 
binary states. As an alternative to form­
ing this pattern of connections in the ini­
tial manufacture of the memory, the 
cells can be fabricated with a small fu­
sible link from the transistor to the 
ground in place of the storage capacitor. 
A pattern of stored information can 
then be placed in the array simply by 
applying a pattern of electrical signals 
strong enough to blow out the unwant­
ed connections. Of course, once a fu­
sible link is blown it cannot be re­
formed. Fusible-link memories are one 
type of programmable read-only mem-
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ory (PROM). Information stored in 
ROM's and PROM's is nonvolatile, 
that is, it is not lost when external power 
is removed. 

Another variation on the read-only 
memory is the read-mostly memory, 
which is desired when read operations 
are far more frequent than write oper­
ations but for which nonvolatile stor­
age is required. Read-mostly memories 
have two forms. The commonest is the 
optically erasable read-only memory. 
This memory is read and written by en­
tirely electronic means, but before a 
write operation all the storage cells must 
be erased to the same initial state by 
exposing the packaged chip to ultravio­
let radiation. 

Each cell in the most modern form of 
such memory chips contains an MOS 
transistor with two gate electrodes, one 
above the other. The lower gate is a 
"floating" one totally surrounded by sili­
con dioxide, an excellent insulator, and 
is not connected electrically to anything. 
The turn-on threshold voltage of the 
transistor at the upper gate electrode is 
controlled by the charge on the floating 
gate. The insulated floating gate can be 
charged with electrons by applying a 
fairly high voltage (about 25 volts) at 
the gate and one of the drain electrodes 
while the p-type substrate material of 
the device is held at low voltage. This 
gives some electrons enough energy 
(about four electron volts) to cross the 
silicon dioxide insulating barrier and 
charge the floating gate. By doing this 
selectively in an array of cells one can 
store the desired pattern of information. 

Because of the high quality of the sili­
con dioxide insulator the floating gate 
will remain reliably charged for years. 
To discharge the floating gate one expos­
es the entire memory chip to ultraviolet 
radiation, which makes the silicon diox­
ide sufficiently conductive to allow the 
charge on the gate to leak away. Because 
of the tiny size of the individual storage 
cells it is not practical to erase them se­
lectively. Instead all the memory cells 
are erased simultaneously, after which a , 
new information pattern is imposed. 

An alternative form of read-mostly 
memory is the electrically alterable 
read-only memory (EAROM), which 
can be altered without the necessity of 
erasing the entire array. Its cell structure 
is roughly similar to the optically eras­
able cell except that the function of the 
floating gate is taken over by an inter­
face between two dielectric materials, 
usually silicon dioxide and silicon ni­
tride, which may be selectively charged 
and discharged by signals applied to a 
single overlying gate electrode. These 
read-mostly memories are called metal­
nitride - oxide - semicond uctor (MN OS) 
devices. A variant of the read-mostly 
memory is made from certain amor­
phous semiconductor materials, or semi­
conducting glasses, that hold a pattern 
of local charges until the charges are 

SOURCE FLOATING 
GATE 

CHANNEL 

ULTRAVIOLET RADIATION 
FOR ERASURE 

SUBSTRATE 

DRAIN 

SILICON 
DIOXIDE 
INSULATOR 

OPTICALLY ERASABLE READ-ONLY MEMORY CELL is shown in plan view and in 
cross section. The floating gate, which is not electrically connected to anything, holds a binary 
digit of information in the form of a stored charge that modifies the electrical characteristics 
of the device. Information is "written" (stored) in the floating gate by applying about 25 volts 
to the control gate and drain while the source and the substrate are grounded. The resulting 
high electric fields in the channel accelerate electrons to a considerable velocity. A small frac­
tion of the electrons are able to cross the thin insulator and become trapped on the floating 
gate. The charge on the gate is not lost during "read" operations or when external power is re­
moved. The stored charge can be erased, however, by exposing the cell to ultraviolet radiation, 
which temporarily makes the silicon dioxide sufficiently conductive for charge to leak away. 
All the cells in a m emory are erased at one time, after which a new pattern can be written in. 

erased by a strong pulse of current, after 
which a new pattern can be electrically 
imposed. Although the potential useful­
ness of EAROM devices is large, they 
have not yet been endowed with the 
combination of low cost, fast writing, 
long-term retention and reliability after 
many erasures that is desired for most 
applications. As a result EAROM's 
have so far found only a few applica­
tions. 

All the el�ctro�ic memori�s I have 
Il. beeh dlscussmg are deSigned for 
random access, that is, the time req uired 
for a read or write operation is indepen­
dent of the physical location within the 
storage array of the cell being accessed. 
The access times of random-access 
memories are on the order of .1 micro­
second to one microsecond. Substantial 
economies can be achieved in the design 
of memories if random access is not re­
quired. One alternative scheme of grow­
ing importance is serial access, in which 
the stored bits circulate as if they were in 
a closed pipeline. 

Leading examples of electronic mem­
ory devices organized in this way are 
charge-coupled devices (CCO's) and 
magnetic-bubble devices. Each bit that 
is stored is transferred sequentially 
through 64 or more storage locations 
between the time it is written into the 
memory and the first time it becomes 
available for reading. The rate at which 
bits are shifted from one storage site to 
the next in a CCO memory is about the 
same as the cycle time for a random-ac-

cess memory. Thus the longest access 
time for a serial memory with 64 storage 
locations is 64 times the cycle time for 
a random-access memory. There are 
many applications where serial access is 
entirely satisfactory. For example, a 
memory used to refresh the information 
presented in a conventional video dis­
play, which is scanned point by point in 
a repeating linear pattern, does not re­
quire a memory with random access. 

There are several reasons why CCO 
memories can be designed to have a 
smaller total area per bit (and hence can 
have a potentially lower cost) than ran­
dom-access semiconductor memories. 
First, when the process technology is op­
timized for CCO purposes, the area re­
quired for an individual storage cell is 
somewhat smaller than it is for a RAM 
cell. Second, the amount of address de­
coding required in a serial memory is 
inherently less than it is for a RAM, 
since decoding to select individual loca­
tions is not needed. Third, the charge 
representing the stored information is 
always conveyed and held on tiny 
nodes, or intersections, in the circuit, 
which have very little capacitance. As a 
result the signal voltage in a CCO is not 
attenuated as it is when the signal is 
shared between the storage cell and the 
data line in a random-access memory. 
Therefore the amplifiers and refreshing 
circuits for the CCO memory can be 
somewhat simpler. The net result of 
these simplifications is that the total sili­
con area per bit for complete memory 
components is about a factor of two to 
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CHARGE-COUPLED DEVICE (CCD) made by the Fairchild Camera and Instrument Cor­
poration provides serial access to 65,536 bits of memory. Tbe total number of bits is divided 
among tbe 16 square arrays, each of which therefore holds 4,096 bits. Since the bits in aU the 
arrays are circulating continuously and synchronously, the time it takes to access any of the 
65,536 bits is set by the circulation time of the 4,096 bits in any one array (see top illustration 
on page 142). The average access time is .5 millisecond. Chip measures 4.4 by 5.8 millimeters. 
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MAGNETIC-BUBBLE MEMORY made by Texas Instruments Incorporated provides serial 
access to 1 00,637 bits, with an average access time of four milliseconds. Magnetic bubbles are 
domains, or islands, of magnetic polarization embedded in thin magnetic films of the opposite 
polarization. The bubbles can be circulated along prescribed tracks at high velocity (see bot­
tom illustration on page 142) and do not disappear when power is turned off. The density in 
present devices is about 150,000 bits per square centimeter, or somewhat less than in CCD's. 
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three smaller for a CCD memory than it 
is for a random-access memory. One of 
the latest designs of a CCD serial-access 
memory has storage for 65.536 bits on a 
chip measuring about 3.5 by five milli­
meters. 

The other principal form of micro­
electronic serial-access memory ex­

ploits the mobility of magnetic bubbles. 
or microscopic domains of magnetic po­
larization. in a thin magnetic film of or­
thoferrite or garnet. In the presence of a 
steady magnetic field of the appropriate 
strength. with its lines of force perpen­
dicular to the plane of the film. domains 
of one polarization (say upward) are sta­
ble within a larger area of the opposite 
polarization (downward). The domains 
can be moved in the plane of the film by 
applying weaker magnetic fields at right 
angles to the principal field. When the 
domains are appropriately organized. 
they can constitute a magnetic-bubble 
memory. 

If a small domain with an upward po­
larization is used to designate a binary 1. 
the absence of such a domain can be 
considered as designating a binary O. 
Domains can be formed or eliminated 
with single-turn electromagnetic loops 
on the surface of the magnetic film. Ar­
rays of electrodes in the shape of chev­
rons. T's or disks. made of another mag­
netic material. are used to create local 
variations in the magnetic field in order 
to localize and separate the individual 
bubbles. A rotating magnetic field in the 
plane of the magnetic film can be used to 
shift the domains along a line of fixed 
chevrons (or some other pattern) . 

A key feature of bubble memories is 
that stored information is retained when 
external power is interrupted. a valuable 
property that is exploited in most pres­
ent applications. The polarization of the 
bubbles is preserved by using a per­
manent magnet to maintain the steady 
perpendicular magnetic field. Electronic 
circuits are required to drive the bubble­
forming and -steering loops and to am­
plify the small output signal that is ob­
tained by electromagnetic induction or a 
magnetoresistive effect when a bubble is 
passed under a sensing device. These cir­
cuits are powered during the read and 
write operations . 

Bubble memories are inherently serial 
in organization. so that access time de­
pends on the number of storage loca­
tions in a serial path and on the maxi­
mum shifting rate. In present devices se­
rial paths range in length from about 10 
locations to 1.000 or more; shifting rates 
range from a fraction of a microsecond 
to several microseconds. Like CCD 
memories. bubble memories cannot 
compete with random-access electronic 
memories in speed. Their most attract­
ive potential application is the replace­
ment of tape and disk memories with a 
capacity of between one million and 10 
million bits. In such applications semi-
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5) Best acceleration 
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to go qUietJy like the Wind, to 
handle superbly and to not 
need a lot of fUSSing over. 

All in all, there is hardly any­
thing you can ask of a car that 
the Rabbit can',t deliver. 

We are grateful to General 
Motors for proving what we sus­
pected all along. 

It takes a very big company 
to admit publicly that our car 
is beHer than their car. 

And we want to take this op­
portunity to thank them pub­
licly for saying so . 

VOLKSWAGEN 
DOES IT 
AGAIN 
� 141 
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DIAGRAM OF CCD MEMORY depicts the circulation pattern of the 4,096 bits stored in 
each array of the 16-array, 65,536-bit memory device at the top of page 140. As in most ran­
dom-access memory devices, the pattern of stored bits must be continuously regenerated, or 
refreshed. The regeneration cycle also establishes the access time for reading and writing. Here 
the 64 bits in each of the 64 columns shift downward synchronously into the regenerator along 
parallel lines at a rate of some 80,000 bits per second. The 4,096 bits (64 X 64) flow serially out 
of the regenerator at a rate 64 times higher (that is, at about five million bits per second) and 
reenter the top of the array, distributed along 64 parallel lines into their original columns. Since 
all 16 arrays operate in a similar fashion, the 65,536-bit device is externally indistinguish­
able from a single 4,096-bit serial shift register operating at five million cycles per second. 
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DIAGRAM OF MAGNETIC-BUBBLE MEMORY shows the pattern of circulation in the 
100,637-bit memory. The major loop holds a single data block, consisting of l's and O's (bub­
bles or no bubbles) that are being written into the m emory, read out, replicated or erased. In 
this particular device the data block contains 157 bits. In the writing cycle the 157 bits first 
enter the major loop, whence they are transferred simultaneously, at a signal, to the 157 minor 
loops, one_ bit per loop. Each minor loop in turn provides sites for 641 bubbles. Thus total ca­
pacity of device is 157 X 641, or 100,637, bits. In read cycle 157 bits are transferred simulta­
neously, at a signal, from minor loops into major loop, which carries them past read head. 
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conductor memories may be ruled out 
because their storage of information is 
volatile_ At present the cost per bit of 
bubble memories. if they are produced 
in quantity. should be roughly compara­
ble to that of moving-surface memories 
for storage capacities of up to about 1 0  
million bits_ For the storage o f  larger 
quantities of information moving-sur­
face memories still have a major cost 
advantage_ 

A promising variation of the bubble 
memory. the bubble-lattice file or struc­
tureless bubble circuit. eliminates the 
requirement for one or two physically 
patterned surface electrodes per bit of 
information stored_ The bubbles are 
packed tightly together; the distinction 
between binary states is determined by 
changes in the magnetization within the 
wall of a single domain rather than by 
the presence or absence of a domain_ 
The successful development of bubble­
lattice memories would overcome the 
limitations imposed by the techniques 
for defining patterns. which now deter­
mine the maximum storage density_ 

The device that offers perhaps the 
most dramatic potential for improv­

ing microelectronic memories. indeed a 
potential for creating a new generation 
of superfast computers. is the supercon­
ductive tunnel junction_ Such junctions 
are multiterminal switching devices that 
harness the transition between a super­
conducting tunneling state and a normal 
tunneling state in response to a small 
change in a local magnetic field_ "Tun­
neling" refers to the ability of electrons 
under certain conditions to penetrate en­
ergy barriers they would ordinarily lack 
the energy to surmount. In order for the 
tunnel junction to go into the supercon­
ducting state the device must be cooled 
to cryogenic temperatures by immer­
sion in liquid helium_ 

Since tunnel junctions operate at tem­
peratures close to absolute zero and at 
the very low voltages characteristic of 
the superconducting state. they are ca­
pable of performing switching opera­
tions one or two orders of magnitude 
faster than semiconductor circuits can 
perform. and they consume two or three 
orders of magnitude less power _ The re­
duction in power con�umption makes it 
possible to pack circuits very densely 
without creating problems arising from 
the necessity to dissipate heat. The sig­
nal-propagation times in a large system 
are in turn reduced because the inter­
connecting lines can be shorter_ In view 
of these considerations one can fore­
see the development of cryoelectronic 
memories with extremely high compo­
nent densities. operating at speeds 1 0  
to 1 00 times faster than today' s fastest 
electronic memories_ 

A number of difficult problems re­
main to be solved before cryoelectronic 
memories and computers become prac­
tical. The fabrication of tunnel junctions 
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NEW FROMm M 
Practical Solutions to Pr oblems I nvolving InstrumentatioI 

I B M ' s  I n s t r u m e n t  S ys t e ms 
Group is actively solving prob­
lems requiring interaction be­
tween analyt ical instruments 
and computers. 

The Device Coupler ( fore­
ground) is the quickest easiest 
most economical way we know 
to couple analytical instruments 
to computers. It should be ap­
plied wherever productivity is 
improved by automating data 
handling and control tasks. With 
this product the technician, sci­
entist engineer or other end-user 
can set up and initiate within 
hours data acquisition and con­
trol functions involving virtually 
all analytical instrumentation. 

In addition, the analog and 
digital capabilities of the Device 
Coupler permit the hookup to 
computers of most other types of 
instrumentation and devices 
such as temperature sensors, dis­
plays, scales and numerically 
controlled machine tools. 

Device Coupler prices start 
at $3,050. 

For the high-technology semi­
conductor industry; IBM has de­
veloped a unique solution, the 
Film Thickness Analyzer. The FTA 
aut omates the measurement, 
analysis and display of thickness 
data used to control semicon­
ductor manufacturing processes. 

Another product the Textile 
Color Analyzer: improves re­
peatability; control and plant 
productivity for  dyeing and · 
printing operations in the Textile 
Industry by automatically com­
puting color matches, produc­
tion adds and least -cost color 
formulations. 

The most recent offering, the 
Color Analyzer II ,  measures and 
analyzes color for industries such 
as paint and plastics.  The Color 
Analyzer II helps match color 
automatically; increasing labor­
atory and plant produ ctivity In 
addition, optimum use of pig­
ments can be calculated, there­
by decreasing operating costs . 

The work being done by IBM 
I nstrument Systems promises to 

help serve both public and pri­
vate sectors better than ever. To 
find out more about how these 
products can help solve your 
applicatio n  problems, please 
drop us a line. 
r-----------------------------------· 
: Please send me details about 
I : 0 The IBM 7406 Device Coupler 
: 0 The IBM 7840 
: Film Thickness Analyzer 
I 0 The IBM 784 1 Textile Color Analyzer 
: 0 The IBM 7842 Color Analyzer II 
1 
I : My application is ______ _ 
I : -------------! �N���E __________ __ 
! �T�!TL�E __________ __ 

: TELEPHONE 
, ���----------: COMPANY 
, ���----------
: ADDRESS 
,�==�----------: CI1Y 
,��-----------: STATE ZIP 
,�=------�-----
i ==- = =® 
1 =--=-= -=-� : j§ _ _ == == Instrument 
i - - - - � - Systems 
: System Products Division 
i 1000 Westchester Ave. 
i White Plains, NY 10604 SAl ' ______ -------------------------------
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.JOSEPHSON MEMORY CELLS, wbicb operate close to absolute zero, can store information 
as a single quantum of magnetic ftux, tbereby achieving tbe ultimate energy economy attain­
able in a magnetic storage device. Tbis experimental device, built by tbe Zuricb Researcb Lab­
oratory of tbe International Business Macbines Corporation, bas 392 .Josepbson m emory cells 
arranged in four strings of 98 cells eacb. Test chip, only a section of whicb is seen bere, was fab­
ricated in part to see wbetber entering or removing information would disturb information 
stored in otber cells. Results confirm storage of single quanta in closely spaced cells is feasible. 

requires perfect insulating films (usually 
amorphous oxides grown in situ) with a 
thickness of about a two-hundredth the 
wavelength of blue light. New packag­
ing and interconnection techniques are 
needed to achieve the high packing den­
sity required for minimum interconnec-

en f-­Z w 
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a: w a.. 
w 

BIPOLAR RAM 

tion delays. Mechanical stresses gener­
ated by differing thermal-expansion co­
efficients must be dealt with in order 
to avoid damage when the temperature 
is reduced from room temperature to 
nearly absolute zero. Such considera­
tions suggest that some years of work 

� 1 0-2 r--------------�f=�-,--------�--------���_+--------------_1 a.. 
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ACCESS TIME (SECONDS) 

ACCESS TIME AND PRICE are compared for various memory tecbnologies. Tbe cbarge­
coupled devices and magnetic-bubble memories are filling an important gap between ultra­
bigb-speed, random-access memories and tbe mucb slower moving-surface magnetic mem­
ories. Cost for all memory systems sbould drop by a factor of 10 or more in coming decade. 

144 

will be needed before cryoelectronic 
systems become available. 

So far I have been describing mostly 
the functional features and high-speed 
performance of alternative memory 
technologies. At this point I should like 
to comment briefly on matters that may 
be the most important in the selection of 
a memory technology: the price per bit 
of storage capacity and reliability. Fi­
nally I shall touch on the prospects for 
further advances in the technology of 
moving-surface memories and all-elec­
tronic memories. 

The price per bit of a memory system 
is roughly correlated with the complexi­
ty of the structure or system on a per-bit 
basis. For example. the highest-speed 
electronic memories require several 
transistors. resistors and interconnect­
ing lines for each cell. In contrast. the 
simplest electronic memories require 
only one transistor and two intercon­
necting lines per bit. The fabrication 
of semiconductor memories calls for 
four to eight sequential pattern-transfer 
processes. Bubble memories are po­
tentially cheaper than semiconductor 
memories because they require only one 
to three pattern-transfer processes in the 
fabrication of the storage-cell array. 

Moving-surface memories are cheap­
er than electronic memories because 
there is no need to define individual 
physical patterns or structures for each 
individual storage cell. The minimum 
price of a moving-surface memory sys­
tem. however. is relatively high because 
of the need for precision mechanical 
components to transport the magnetic 
storage medium. The economic attract­
iveness of the bubble-lattice memory is 
based on the fact that it requires neither 
moving parts nor the definition of fea­
tures at each cell. 

One way to consider the prices of var­
ious forms of memories is to com­

pare them as a function of average ran­
dom-access time. In the currently avail­
able systems the access time ranges 
from about 10 nanoseconds for bipolar­
transistor memories to 10 seconds or 
more for magnetic-tape memories. The 
corresponding cost per bit varies from 
about one cent for the bipolar memories 
to less than 1 0-5 cent for tape. Across a 
million-to-one range in price per bit the 
pattern is uniform: one must accept a 
two orders of magnitude increase in ac­
cess time in order to obtain a one order 
of magnitude saving in price. 

The reliability of memory systems is a 
function of both fundamental and prac­
tical problems. The fundamental prob­
lems have to do with phenomena such 
as corrosion. For the well-established 
memory technologies these problems 
are now quite well understood and typi­
cally are not the cause of many failures. 
The practical problems have to do with 
defective manufacturing. packaging or 
testing and with mistakes in the use and 
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maintenance of components and sys­
tems. Most of the failures in today's 
memory systems result from such prac­
tical problems. For example, in semi­
conductor memories failure rates in 
field service are better correlated with 
the number of separately packaged 
chips in the system than with the total 
number of bits the system stores. 

For many years it has been empirical­
ly observed that the manufacturing cost 
of technologically complex products 
tends to decrease as accumulated pro­
duction experience increases. A similar 
pattern is believed to exist in failure 
rates, which for a given electronic prod­
uct seem to decrease with increasing 
manufacturing experience. This phe­
nomenon, which is known in graphical 
representation as the learning curve or 
the progress function, creates a barrier 
to the introd uction of new memory tech­
nologies. Over the past 20 years dozens 
of new memory technologies have fall­
en by the wayside in the face of contin­
ued improvements in established mem­
ory technologies. Moving-surface mag­
netic memories have improved steadily 
in this period. The success of semicon­
ductor memories in overtaking ferrite­
core memories as the dominant elec­
tronic storage technique is the only ex­
ample that breaks the pattern. Many ob­
servers think this success resulted only 
from the fact that semiconductor micro­
electronic technology was already pro­
ceeding along a steep learning curve be­
fore it was employed for memory. 

A number of promising memory tech­
nologies have not achieved commercial 
success in spite of intensive research and 
development and in some instances even 
limited production. Examples are the 
magnetic-film memories (such as plat­
ed-wire and planar-film memories) and 
the electron-beam and optical-beam 
memories. Often the investment re­
quired to bring a new memory technolo­
gy to the stage of being manufacturable 
at low cost and with high reliability has 
been considered too great in relation to 
the risks and the potential rewards. 

The next decade is likely to bring sub· 
stantial improvements in the per­

formance of both moving-surface and 
electronic memories, together with re­
ductions in cost. There are no funda­
mental barriers to increasing the bit­
storage density on moving magnetic 
surfaces a hundredfold, with little ac­
companying increase in the price of the 
system. The anticipated introduction of 
electron-beam and X-ray techniques in 
the fabriCation of microelectronic cir­
cuits should also make it possible to in­
crease the bit density of these devices by 
a factor of 1 00, again with only minor 
increases in price per component. Thus 
the expectation is that over the next 1 0  
years there will be a reduction of more 
than an order of magnitude in the price 
per bit of all forms of digital memory. 

WITHOUT THESE rel iable Ten nessee 
loggers , Jack Daniel Disti l lery would be in a fix .  

T hese gen clemen I i  ve where there aren ' t  
many ad d resses . A n d  you can hard ly reach 
them by phone . .  But every November  they ' l l 
arrive in our Hol low with truckfuls of upland 
hard mapl e .  A n d  we' l l  rick  burn this wood 
to charcoal for mel lowing Jack Danie l ' s .  
Charcoal mel lowing ( an d  
pure l i mestone water )  
l argely accoun t for our 
w h iskey ' s  populari ty. 
So , you can be sure , 
we ' re glad these loggers 
are so rel iable . 

CHARCOAL 
MELLOWE D 

6 
DROP 

6 
BY DROP 

T e n n e s s e e  W h i s k e y · 90 P r o o f · D i s t i l l e d  a n d  B o t t l e d  b y  J a c k  D a n i e l  D i s t i l l e r y 

L e m  M o t l o w ,  P r o p . ,  I n c . ,  L y n c h b u rg ( P o p .  3 6 1 ) ,  T e n n .  3 7 3 5 2  
Placed in the National Register of His toric Places by the United States Government . 
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Microprocessors 
A microprocessor is a computer central processing unit on a single chip. 

Currently it is associated with other chips in a microcomputing system. 

Now emerging, however, are complete computer systems on a single chip 

Amicroprocessor is the central ar­
ithmetic and logic unit of a com­
puter. together with its associat­

ed circuitry. scaled down so that it fits on 
a single silicon chip (sometimes several 
chips) holding tens of thousands of tran­
sistors. resistors and similar circuit ele­
ments. It is a member of the family of 
large-scale integrated circuits that re­
flect the present state of evolution of a 
miniaturization process that began with 
the development of the transistor in the 
late 1940·s. A typical microprocessor 
chip measures half a centimeter on a 
side. By adding anywhere from 10 to 80 
chips to provide timing. program mem­
ory. random-access memory. interfaces 
for input and output signals and other 
ancillary functions one can assemble a 
complete computer system on a board 
whose area does not exceed the size of 
this page. Such an assembly is a micro­
computer. in which the microprocessor 
serves as the master component. About 
20 U.S. companies are now manufactur­
ing some 30 different designs of micro­
processor chips. ranging in price from 
$10 to $300. More than 120 companies 
are incorporating these chips in micro­
computer systems selling for $100 and 
up. The number of applications for mi­
croprocessors is proliferating daily in in­
dustry. in banking. in power generation 
and distribution. in telecommunications 
and in scores of consumer products 
ranging from automobiles to electronic 
games. 

As in the central processing unit. or 
CPU. of a larger computer. the task of 
the microprocessor is to receive data in 
the form of strings of binary digits (O's 
and l·s). to store the data for later proc­
essing. to perform arithmetic and logic 
operations on the data in accordance 
with previously stored instructions and 
to deliver the results to the user through 
an output mechanism such as an electric 
typewriter. a cathode-ray-tube display 
or a two-dimensional plotter. The block 
diagram of a typical microprocessor 
would show the following units: a de­
code and control unit (to interpret in-
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structions from the stored program). the 
arithmetic and logic unit. or ALU (to 
perform arithmetic and logic opera­
tions). registers (to serve as an easily ac­
cessible memory for data frequently 
manipulated). an accumulator (a special 
register closely associated with the 
ALU). address buffers (to supply the 
control memory with the address from 
which to fetch the next instruction) and 
input-output buffers (to read instruc­
tions or data into the microprocessor or 
to send them out). 

Present microprocessors vary in their 
detailed architecture depending on their 
manufacture and in some cases on the 
particular semiconductor technology 
adopted. One of the major distinctions is 
whether all the elements of the micro­
processor are embodied in one chip or 
are divided among several identical 
modular chips that can be linked in par­
allel. the total number of chips depend­
ing on the length of the "word" the user 
wants to process: four bits (binary dig­
its). eight bits. 16 bits or more. Such a 
multichip arrangement is known as a 
bit-sliced organization. A feature of bit­
sliced chips made by the bipolar tech­
nology is that they are "micropro­
grammable" : they allow the user to cre­
ate specific sets of instructions. a definite 
advantage for many applications. 

The flood of microprocessors and mi­
crocomputers reaching the market. 

combined with the rapid rate of innova­
tion. guarantees that any attempt to cat­
alogue them will be instantly obsolete. 
A more fruitful introduction to the "mi­
cro" marketplace is to classify systems 
hierarchically according to their capa­
bility and function. Along these two di­
mensions there is a well-defined upward 
progression in both hardware and soft­
ware. In hardware the levels are chips. 
modules. "breadboard" systems. small 
computer systems. full-development 
systems and multiprocessor systems. 

This hierarchy is not absolute because 
the evolving technology creates ever 
more powerful chips. some of which can 

bridge two or three hierarchic levels. 
Chips are used to construct a module. 
modules to construct a small computer 
system (SCS) and small computers to 
construct a full development system 
(FDS). Multiprocessor -systems can in­
corporate modules. SCS's or FDS·s. de­
pending on the application and com­
plexity. 

At the first level of the hierarchy are 
the microprocessor chips. representing 
the large-scale integration of tens of 
thousands of individual electronic de­
vices: transistors. diodes. resistors and 
capacitors. At this level there are also 
more specialized chips: random-access 
memories (RAM·s). read-only memo­
ries (ROM·s). programmable read-only 
memories (PROM·s). input-output (1/ 
0) interfaces and others. The cutting 
edge of the technology works most di­
rectly at the chip level. providing. for 
example. RAM's of ever higher storage 
capacity. (Currently the most advanced 
commercially available RAM can store 
16,3 84 bits; within a year or two the 
maximum storage capacity will be 
64.536 bits.) 

Generally the various kinds of chips 
are grouped into families that are com­
patible with particular microprocessors. 
The families will include a series of 
RAM. ROM and PROM chips to create 
a memory system. a series of interface 
chips capable of handling both parallel 
and serial input-output functions and 
miscellaneous chips to enhance system 
capabilities. such as high-speed arith­
metic operations. Master-control chips 
are needed to establish priorities and to 
keep signals flowing smoothly through 
the complex maze of interconnections. 
The compatibility of chips and chip 
families made by different manufactur­
ers varies widely. For example. the mi­
croprocessors of different builders are 
generally not physically interchange­
able. whereas several types of memory 
chips often are. 

The second level of the hierarchy. the 
module and breadboard systems. repre­
sents the simplest true computer sys-
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tems. They can be created by combining 
a microprocessor with a limited array of 
memory chips (RAM's and RO M's) and 
input-output chips. In order to commu­
nicate with such a minimal system the 
user will also need a simple device such 
as a numeric keyboard and a device ca­
pable of displaying or recording the 
computer output. Such single-board 
systems are useful for introductory 
teaching purposes or can serve as bread­
board prototypes for more sophisticated 
systems. For a modest investment (usu­
ally under $300) a beginner can learn 
the fundamentals of microprocessor 
programming. Because of the system's 
limited memory, its lack of software-de­
velopment tools and its crude interface 
with the user, however, even a novice is 

apt to outgrow a single-board system 
quickly. 

At the next level in the hierarchy of 
capability and function are the small 
computer systems that are prepackaged 
as stand-alone units. Unlike the single­
board modules, they have a self-con­
tained power supply, the capability for 
memory expansion and room for a se­
ries of plug-in interface modules. Some 
of the more powerful single-board de­
velopment modules can be expanded 
with the appropriate hardware to create 
such a single-box computer system. All 
the small computer systems have soft­
ware capabilities that approach in so­
phistication those found in much larger 
conventional systems. They also pro­
vide an interface for a cathode-ray tube 

or a keyboard-display console. In addi­
tion many of the small systems can be 
interfaced to such peripheral devices as 
"floppy disk" memories, tape cassettes, 
paper tapes and line printers. With such 
enhancements a small computer system 
could serve as a full development sys­
tem. For the most part, however, the 
single-box computers find their princi­
pal market today among computer hob­
byists, who employ them for small pro­
gramming tasks, word processing, gen­
eral computation and game playing. 

At the next ievel in the hierarchy we 
come to the FDS, or full development 
system. Perhaps its most important role 
is to provide a quick and efficient means 
for developing a low-cost microproces­
sor module that will later be manufac-

SINGLE-CHIP MICROCOMPUTER is a complete general-pur­
pose digital processing and control system in one large-scale integrat­
ed circuit. The device combines a microprocessor, which would or­
dinarily occupy an entire chip, with a variety of supplementary func­
tions s.uch as program memory, data memory, multiple input-output 
(I/O) interfaces and timing circuits. The device shown, the 8748 made 
by the Intel Corporation, measures 5.6 by 6.6 millimeters. The pro-

gram is stored in an erasable and reprogram mabie read-only memory 
(EPROM), which has a capacity of one kilobyte, or 8,192 bits (binary 
digits). The program is erased by exposing the circuit to ultraviolet 
radiation, which causes the electric charges stored in the EPROM 
to leak away, after which a new program can be entered electrical­
ly. In volumes of 25 or more a packaged 8748 sells for $210. A func­
tional map of chip appears in the illustration at bottom of page 151. 
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Don't settle for 2nd-best when you want your new microcomputer-

specify Motorola: 
#1 with 
impartial experts. 
Of all industry-popular 8-bit microcomputer 
families, Motorola's fully-compatible 
M6800 ranks first in cost-effective 
performance. Most objective authorities 
agree, based on comparative analysis of 
architecture, instruction set, input! output, 
software, systems development support 
products, and the total family approach. 

#1 with 
electronics buyers. 
Motorola is #1 , as determined by the 
latest-available independent study of 
"microprocessor" brand preferences, 
conducted among thousands of buyers 
in the electronics OEM industries. 

Motorola came out first with buyers 
not only in microprocessors but also in 
overall preference of major suppliers of 
integrated circuits and discrete 
semiconductors. 

#1 with 1977 
microcomputer 
introductions. 
Compare. In NMOS alone, Motorola is 
introducing over 100 compatible 
microcomputer family components this 
year. One-chip microcomputers. Simpler 
MPUs for lower-cost systems. More 
complex MPUs for dedicated applications. 
And all the needed LSI memories, input! 
output devices, and peripheral parts for 
your widest choice of system options. 

Concurrently we are continuing to 
_expand our bipolar microprocessor slice 
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controlled product to be #1. Your future depends on its success. 

�1 in microcomputers. 
families, our line of single-board and 
mix-and-match Micromodule subsystems 
and support products, our add-on memory 
systems, applications support and 
documentation, system design courses 
and seminars, and the industry's broadest 
range of associated discrete devices. 

#1 in worldwide 
• 

commitment. 
It's an unparalleled marshalling of micro­
computer resources: our massive new 
product introduction schedule which 
dwarfs anything you've seen; second­
source agreements in the U.S., Europe 
and Japan; and manufacturing facilities in 
the free-world's major marketplaces. 

Such commitment assures you the 
widest possible price/performance 
latitude in your choice of microcomputers 
and the freedom to build virtually any kind 
of system the most cost-effective way. 

Be #1 
in your market. 
Obtain technical information and 
applications assistance on Motorola 
microcomputers from your nearby 
Motorola sales office or authorized 
distributor, or write us at 3501 Ed 
Bluestein Blvd., Austin, Texas 78721. 
You'll get a whole lot more than you 
bargained for .. . and your best shot at 

® 
being #1 in your market 

MOTOROLA 
Semiconductor Group 
The mind to imagine ... the skill to do. 
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Delivering 
Computer 
Power. 
Access 

to big 

computers 

can be a problem, Harris S-110 Computer System 

and minicomputers have limited power. 

Harris medium-scale computer systems 

put number crunching power 

at the fingertips of the people who need it. 

. Economically. 

Write: Harris Corporation, 

55 Public Square, Cleveland, Ohio 44113. 

COMMUNICATIONS AND 
INFORMATION HANDLING 
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tured in volume to solve a manufactur­
ing. telecommunications or business 
problem. In other words. the FDS is a 
full-capability microelectronic system 
that can serve as a vehicle for helping to 
develop a smaller target system. 

Whereas the FDS may represent an 
investment of some $15.000. counting 
both hardware and software. the target 
system will be a microprocessor or mi­
crocomputer costing perhaps $500. or 
even less when it is manufactured in vol­
ume. For example. if one wanted to de­
velop a microprocessor to optimize the 
performance of an automobile engine 
(by continuously adjusting the amount 
of fuel. the ignition timing and the 
fuel mixture), the final unit might be a 
small integrated-circuit module affixed 
to each engine and costing well under 
$100. One would use an FDS to develop 
the programs that would ultimately be 
placed in the ROM and PROM memo­
ries of the target system. A full develop­
ment system normally includes a small 
computer system. a dual floppy-disk 
drive with a controller. a line printer. a 
cathode-ray-tube display terminal or 
teleprinter console. a ROM or PROM 
programmer and possibly a few other 
specialized pieces of hardware. 

The final level of microcomputer us­
age is the multiprocessor system. 

The microprocessor represents truly 
low-cost computing. Its economics are 
so compelling that microcomputers are 
serving not only in many applications 
where computing power was previously 
too costly but also in applications where 
several dozen dedicated microprocessor 
modules can now be teamed to monitor 
and control parts of existing industrial 
or commercial systems where computer 
control was formerly unthinkable. Such 
an assembly of microprocessors or mi­
crocomputers can be organized in two 
functionally distinct ways. 

In the first type of organization a 
tightly coupled group of microproces­
sors is designed to exchange data at high 
rates over short distances with a high 
degree of parallelism to achieve a maxi­
mum of computational power. Such a 
system could be used to emulate a large 
computer. to provide high reliability or 
to handle a specific problem that can 
take advantage of several processors op­
erating in parallel. 

The second organization, with by far 
the greatest application potential, is a 
loosely coupled system in which sever­
al widely distributed microcomputers 
communicate at low data rates with lit­
tle or no parallelism. Examples of such 
distributed systems would be applica­
tions to factory automation. the control 
of oil refineries and chemical plants and 
the control of electrical devices in a 
home. Distributed systems are approach­
ing reality in sizable numbers. 

As can be imagined, the design and 

E MEMORY 
(PROM) 

----------------

� 
(RAM) 
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I REGISTERS I I ALU I CONTROL 
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CENTRAL PROCESSING UNIT (CPU) 

BASIC COMPONENTS OF COMPUTER SYSTEM can now be compressed onto a single 
cbip, as in tbe Intel 8748. In tbis block diagram "control" includes control logic and instructions 
for decoding and executing tbe program stored in "memory." "Registers" provide control witb 
temporary storage in tbe form of random-access memories (RAM's) and tbeir associated func­
tions. "ALU" (for aritbmetic and logic unit) carries out aritbmetic and logic operations under 
supervision of control. "110 ports" provide access to peripberal devices sucb as a keyboard, a 
catbode-ray-tube display terminal, "floppy disk" information storage and a line printer. Tbe 
functions tbat are in black convert a microprocessor (color) into a complete microcomputer. 
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MEMORY 
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INTERRUPT I LOGIC EXTERNAL CONTROL LOGIC DATA BUS 

MAP OF 8748 MICROCOMPUTER identifies tbe location of tbe various computer func­
tions. Tbe color scbeme used in tbe preceding illustration is repeated bere. Eacb function can 
be assigned to one of tbe five basic functional blocks: control, memory, registers, ALU and 110 
ports. Tbe portions of tbe cbip outlined in black represent tbe functions tbat transform tbe 
8748 from a simple microprocessor into a microcomputer. Device bolds some 20,000 transis­
tors fabricated by n-cbannel silicon-gate metal-oxide-semiconductor (n-MOS) tecbnology. 
Eigbt-bit central processor responds to 96 instructions in average time of 2.S microseconds. 
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development tools for multiprocessor 
systems are much more primitive than 
those for single processor systems. Soft­
ware problems that are difficult enough 
to solve for one microcomputer expand 
almost geometrically in complexity as 
more units are added to the system. The 
problems include the organization of 
distributed files, or information-storage 
systems, process scheduling and achiev­
ing what programmers like to call 
"graceful" degradation, which means 
that the system should not merely "fail 
safe" but fail in gentle stages-graceful­
ly. On the hardware side of the problem 
manufacturers have so far given scant 
attention to the configuration of micro­
computers that would lend themselves 
efficiently to distributed installations. 

So far I have used the term software 
without being very specific about its 
meaning. Since an understanding and a 

manipulation of software are funda­
mental to all computer usage, let me be 
somewhat more explicit. Like the hard­
ware described above, software has its 
hierarchies. In the broadest sense soft­
ware provides the means for telling a 
computer explicitly what to do through 
a step-by-step sequence of instructions 
that form a program. Each computer is 
provided with an "instruction set": a list 
of all the basic operations the computer 
is capable of performing. Each instruc­
tion is written in binary machine code: a 
sequence of O's and l's, typically eight or 
16 bits long. Although a complete pro­
gram could be written in this low-level 
language, the task is so tedious that an 
intermediate representation known as 
assembly language was developed and is 
currently the commonest language em­
ployed for programming microproc­
essors. Usually each symbolic instruc-

RESIDENT 
EPROM/ROM 

lK x a 

tion written in assembly language repre­
sents a single instruction in machine 
language. The translation is done by 
the computer itself with an "assembler" 
program. 

To make programming still easier 
"higher level" languages were devel­

oped in which the instructions more 
nearly approximate ordinary English 
and the notations of mathematics. Ex­
amples are FORTRAN, ALGOL, COBOL and 
PL/l. One statement in such languages 
usually corresponds to many statements 
in machine language. The translation is 
done by the computer with the aid of a 
program called a compiler. 

Even with such simplifications writing 
a program is arduQus. Discovering the 
inevitable mistakes and correcting them 
is known as debugging. To simplify 
making changes in a program, the user 
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FUNCTIONAL BLOCK DIAGRAM of the 8748 microcomputer 
can be used to follow the sequence of steps involved in a simple opera­
tion, for example the addition of the contents of two registers, A and 
R, where A is the accumulator and R is any of the registers in the array 
at the lower right. The computer's first step (1) is to fetch the instruc­
tion from memory: "ADD A, R." The next step is to place the instruc­
tion in the instruction register and decoder (2), where the decoder 
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finds that the instruction is to add R to A and to leave the result in A, 
In the next step the contents of register R are sent to the temporary 
register (3) and the contents of the accumulator to the accumulator 
latch (3), The ALU (4) then adds the contents of the two registers and 
the result is returned to the accumulator (5), Instruction ends and a sig­
nal is generated (6) to fetch next instruction. The 8748 microcomput­
er is capable of performing some 400,000 such additions per second. 
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can employ a special editing program, 
which facilitates the changing of indi­
vidual instructions. Once the program is 
debugged it is usually stored in some 
nonvolatile memory device, such as a 
magnetic tape or disk. When the pro­
gram is ready for the computer, it is rap­
idly transferred from the tape or disk 
into the computer's high-speed random­
access memory. As we have seen, how­
ever, the usual goal of a full develop­
ment system is to create a program that 
can be stored in the permanent (ROM or 
PROM) memory of a microcomputer 
targeted to solve a specific problem re­
petitively. 

Over the years there has been a prolif­
eration of symbolic and higher-level 
languages for special purposes, each 
with its own assemblers or compilers for 
making it intelligible to particular mod­
els of computers. As a result "cross soft­
ware" systems have been developed to 
facilitate communication between com­
puters. Thus users of large computer 
systems and time-sharing services have 
access to cross-software assemblers, 
compilers and simulators (programs 
that enable a computer of one make or 
model to duplicate the actions of anoth­
er). At present this represents an expen­
sive alternative to a full development 
system for creating microprocessor soft­
ware. In addition software simulators do 
not readily duplicate real-time input­
output and execution speeds of the tar­
get microprocessor. 

In order to project the rate of intro­
duction of future microprocessor appli­
cations it is helpful to understand the 
process by which applications are typi­
cally developed. Given an identifiable 
use for a microprocessor in a product or 
system, how does a manufacturing com­
pany go about developing a suitable de­
vice equipped with a suitable program? 
As I have indicated, the prospective user 
does not as a rule try to design a special 
microprocessor chip for his particular 
task. He starts with one of the chips 
already on the market and selects from 
the wide assortment of other available 
chips: RAM's, ROM's, PROM's, I/O 
interfaces or whatever may be needed to 
construct a module capable of carrying 
out the task he hopes to perform. In 
many cases commercially available gen­
eral-purpose, single-board microcom­
puter modules will be satisfactory for 
his task. Microprocessors have become 
so inexpensive that it is usually cheaper 
to exploit as little as 10 or even 5 percent 
of the computing power of an existing 
chip or module than to invest in the de­
sign and programming of a special unit 
that would do the job with only the mini­
mum number of electronic components. 
Given a sufficient volume of produc­
tion, however, development of a special 
unit may be justified. 

The process of developing a micro­
processor application begins with the 

SINGLE-BOARD COMPUTER MODULES provide a capability for the design and develop­
ment of systems for special tasks. The photograph shows a briefcase microcomputer built by 
the authors group at the Massachusetts Iustitute of Technology. A commercial single-board 
module, an Intel SBC 80/10 (nearest brie/case), is combined with a custom-designed module 
(lower right) and two peripheral units: a keyboard and a display unit. The arrangement demon­
strates how standard modules can be integrated with custom ones to solve a particular problem. 

MICROPROCESSOR SYSTEM DEVELOPMENT is studied in the author's laboratory at 
M.I.T, The development engineer is working at a terminal tied into a full development system 
of the kind described in the illustration on the next two pages. The microcomputer itself, an 
Intellec MDS-80, is in the cabinet at the rear immediately to the left of the engineer's head. 
Directly under the microcomputer is a paper-tape reader. To the left of the microcomputer 
is a dual floppy disk, and above it is a PROM programmer. The software facilities available 
to the engineer can be extended beyond full development system to include complete software 
capabilities of a minicomputer in "Triad" system depicted in upper illustration on page 156. 
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identification of a need. Often the per­
son in an organization who perceives the 
need is unfamiliar with the details of the 
new microelectronic technology. As a 
result in most cases the need is commu­
nicated to an engineering project man­
ager, who makes an evaluation to deter­
mine whether the use of a microproc­
essor is justified. Such an evaluation 
would include an analysis to determine 
which, if any, of the available micro­
processors have suitable capabilities 

and to estimate the time and manpower 
needed to develop the necessary soft­
ware, by far the most time-consuming 
and costly part of the job. 

If a microprocessor appears to be jus­
tified, the task is broken down into two 
distinct paths: the hardware require­
ment is turned over to a design engineer 
and the. computation and control re­
quirements are given to a software pro­
grammer. In the typical case hardware 
and software efforts are carried out in 

CAPABI L1TI ES TYPICAL USES 
AND USERS LEVEL 

DISTRIBUTED COMPUTING 

TIGHTLY COUPLED 
PARALLEL PROCESSING 

FULL SOFTWARE 
DEVELOPMENT 

PROCESS AUTOMATION 

COORDINATION AND 
CONTROL ON A DIS­
TRIBUTED AND LOCAL 
BASIS 

SOFTWARE-APPLICATIONS 
PROGRAMMING 

MUL TIPROCESSOR 
SYSTEM 

parallel by two separate groups. The key 
to a successful application is close com­
munication between the two as the sys­
tem evolves. Unfortunately there is no 
standard methodology for achieving a 
good design. As in all engineering, much 
depends on intuition, a good working 
knowledge of available products and 
past experience. 

With "ad hoc" design procedures for 
both hardware and software a prototype 
system is developed. Hardware proto-

MICRO HARDWARE HIERARCHY 

REPRESENTATION 

FDS, 
SCS 
OR 
MODULE 

DlJ( DUAL 
FLOPPY DISK 

VIDEO PROM -"""----./'7" DISPLA Y 

HARDWARE DEBUGGING 

HIGHER-LEVEL LANGUAGE 
PROGRAMMING 

DEBUGGING OF HARD­
WARE TARGET 
SYSTEM 

FULL DEVELOPMENT 
SYSTEM 
(FDS) 

PROGRAMMER ./ TERMINAL 

)=_J ./ 1{."""", 10/D 
TAPE ll�)lr, SMALL � 

PERSONAL COMPUTER 

READER � J [ "e» COMPUTER 

I NTERMEDIA TE-COMPLEXITY 
APPLICATIONS PROGRAMS 
(1-10 K) HOBBYIST SMALL COMPUTER 

SYSTEM le�"":o I I 
SOME HIGHER-LEVEL 
LANGUAGE CAPABILITY 
(E.G., BASIC) 

SMALL DEVELOPMENT 
SYSTEM FOR LEARNING 
MICROPROCESSOR 
CHARACTERISTICS 

BEGINNING USERS OF 
MICROPROCESSORS 

(SCS) i I 
I' �I 

, , ELEMENTARY PROTO­
TYPING MODULES ����:i.��. - ..-- ; 

SMALL-USER PROGRAMS 
(UNDER 1 K) 

CUSTOM DESIGN OF 
A HARDWARE SYSTEM 
FOR PARTICULAR NEED 

USER EVALUATION 
OF MICROPROCESSOR 

HARDWARE DESIGNERS CHIPS 

MICROPROCESSOR SYSTEMS can be arranged in an ascending 
hierarchy of hardware and software in which smaller components are 
assembled into successively larger systems with more powerful capa­
bilities, The building blocks are the families of chips designed for var-
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ious functions. To solve an application problem, for example the con­
trol system of an airplane, designers usually assemble modnles or 
small computer systems and provide them with a suitable program 
for the task. Chips and modules have become so cheap (less than $30 
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typing mechanisms commonly include 
wire-wrap breadboard models, plug­
board setups or printed-circuit proto­
types. The corresponding proto typing 
system in software is a target, or object, 
program that can be derived from any 
of several translation mechanisms: hand 
assembly (by means of a code book), the 
use of a resident assembler on a full de­
velopment system or the use of a cross 
assembler on a time-sharing system. 

When prototypes of both hardware 

COMPONENTS LEVEL 

MICROCOMPUTER SYSTEMS 

COMMUNICATION SUB-
SYSTEMS DISTRIBUTED-

and software are sufficiently advanced, 
the two must be mated, a task usually 
performed by a systems engineer. The 
target program is loaded into the hard­
ware prototype to see if the resulting 
system meets the original specifications 
of the program manager. Deficiencies in 
either hardware or software at this level 
must be fed back through the hardware 
and software "loops" in iterative fash­
ion until satisfactory performance is 
achieved. 

Now a major decision must be made: 
whether or not to put the microproces­
sor module into production. The length 
of time from the start of development to 
a successful prototype is often critical. 
Many prototypes are shelved at this 
stage because development has taken so 
long (it can take as long as two years) 
that the original problem requirements 
have changed, the perception of the 
problem has changed or a competitor 
may have reached the market first with 

MICRO SOFTWARE HIERARCHY 

REPRESENTATION COMPONENTS 

DISTRIBUTED NETWORK 
MODULES FOR FILE MANAGEMENT, DISTRIBUTED OPERATING 

SYSTEMS SOFTWARE DEVICE CONTROL, COMMUNICATION SYSTEM 
REAL-TIME CONTROL APPLICATIONS, ETC. 
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MICROCOMPUTER, DISK-BASED OPERATING SYSTEM 
VIDEO DISPLAY TERMINAL, FLOPPY-DISK/CASSETTE 
FLOPPY DISK, PROM HIGHER-LEVEL LANGUAGES (E.G., FORTRAN, OPERATING SYSTEM 
PROGRAMMER, ETC. DEVELOPMENTAL BASIC, PLlM) 
OR SOFTWARE COMPILERS 
MINICOMPUTER-BASED EXAMPLE: X = X + 1 

CROSS-SOFTWARE WHERE X IS AN 8-BIT NUMBER IN-CIRCUIT DEBUGGERS 
SYSTEM AND Y IS ITS ADDRESS 

PACKAGED VERSION SIMPLE HIGHER-LEVEL 

J OF MODULES LANGUAGES (E.G., BASIC) 
WITH EXPANSION STAND-ALONE MONITOR 

CAPABILITY FOR STAND-ALONE ASSEMBLY LANGUAGE LXI H,Y 
MEMORY AND SOFTWARE (E.G., 8080) MOV A,M 

ASSEMBLER 

INTERFACES (NO PERIPHERALS) 
ADI 1 k 
MOV M,A EDITOR 

-

BARE PLUG-IN CIRCUIT ASSEMBLY LANGUAGES 21 J BOARD INCORPORATING (E.G., HEXADECIMAL) Y 
CHIP FAMILY WITH ELEMENTARY 7E SIMPLE MONITOR 

EXPANSION CAPABILITY SOFTWARE C6 ,....., 
FOR MULTIPLE BOARDS 01 LIMITED DEBUGGER 

77 

CENTRAL PROCESSING UNITS (CPU'S) BINARY MACHINE CODE 0010 oooy 
RANDOM-ACCESS MEMORIES (RAM'S) 

OPERATIONS HARD-WIRED READ-ONLY MEMORIES (ROM'S) BARE INSTRUCTION 0111 1110 
PROGRAMMABLE ROM'S (PROM'S) SET 1100 0110 OR MICROPROGRAMMED 

INPUT-OUTPUT (I/O) INTERFACES 0000 0001 AT CHIP LEVEL 

OTHER SPECIAL-PURPOSE CHIPS 0111 0111 

for a microprocessor and less than $300 for a single-board module) 
that a major cost in engineering an application is the cost of develop­
ing the software to create the final program for the "target" system. 
Improvements in semiconiluctor technology are steadily making it 

possible for systems at each level to include more of capabilities once 
assigned to level above. Symbols and characters in color show how 
the same instruction looks when it is written in different languages 
of an increasingly bigher level, beginning with binary machine code. 
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Complete. 
Are we bugs? 

The MMD-1 is your ticket to 
the world of microprocessors. It's 
a complete microcomputer sys­
tem. And just as important, it 
comes with the industry's most 
advanced instructional software -
700 pages by Rony/Larsen/Titus, 
authors of the famous BUGBOOK® 
series. 

Without any prior knowledge 
of electronics you can be up and 
operating in a matter of hours. 
Teaching yourself everything from 
fundamental logic to sophisticated 
interfacing. 

And you'll be learning on the 
most complete hardware pack­
age of its kind. Direct Keyboard 
Entry of Data . . .  Built-in Power 
Supply ... Direct Access to Output 
Ports . . .  Monitoring of Address 
and Data Busses ... Unique Bread­
boarding Facilities for Interfaces ... 
and ... more. 

The MMD-1 is clearly the best 
buy in the industry. And it's avail­
able now at your nearest computer 
store. Stop in. Or write us for the 
store nearest you and a full 8 
page illustrated brochure. 

·Suggested resale price. 

an equivalent product, so that it is now 
necessary to come out with something 
better. Since time is often critical, soft­
ware- and hardware-design groups have 
an urgent need for a development tool 
that is more powerful than those I have 
outlined and that will make it possible to 

compress the development time of pro­
totype systems into a few weeks. 

Let me describe such a tool. As we 
have seen, the development of a proto­
type microprocessor application obliges 
hardware designers and software pro­
grammers to work at nearly all levels of 

FULL DEVELOPMENT 

SYSTEM (FDS) 

MINICOMPUTER SYSTEM 

(MS) 

HIGHER-LEVEL LANGUAGES 

SYSTEMS SOFTWARE 

CROSS SOFTWARE 

DOWNLOADING MECHANISMS 

LARGE FILE STORAGE 

REAL-TIME EMULATION OF 

PROGRAM UNDER DEVELOPMENT 

ACTUAL HARDWARE 

SYSTEM FOR APPLICATIONS 

LIMITED SOFTWARE 

AND HARDWARE 

DEBUGGING FACILITIES 

DOWNLOAD OF TRIAL PROGRAM 

FROM MS OR FDS TO 

RUN ON TARGET SYSTEM 

"TRIAD" STRUCTURE has as its goal reducing the time needed to develop an applications 
program for a microprocessor module or a microcomputer, The use of the centralized mini­
computer system greatly facilitates the task of the programmer in developing software for the 
target system. In addition microprocessor of target system is tied into effort from the outset. 

SINGLE USER 

MINICOM­
PUTER 

SYSTEM 

MULTIPLE USERS 

ELABORATIONS OF "TRIAD" SYSTEM may be warranted in large organizations where a 
number of microprocessor applications are under development. The system entirely in black is 
designed to give one programmer access to several different Triads, each dedicated to a differ­
ent microprocessor. In the more powerful time-sharing system (color) engineers and program­
mers can work simultaneously on development efforts involving different microprocessors. 
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Olympus re- invented the 35mm SLR camera. 

Turned the camera world upside down. The 
OM -1 - smaller, lighter and quieter than 
conventional cameras - yet you could see more 
in the viewfinder. 

N ow other manufacturers are t rying to do 
the' same t hing. But Ol ympus has a five year 
lead - and we didn't let the grass grow under 
our feet! We have steadily perfected our concept 

and developed a complete system with an amazing choice of accessories. 
Even if you're a rank amateur, you can start with an OM -1 and get 
wonde rful pictures immediately. But - once you've learned the way - we 
have all the accessories the most demanding professionals need. 

And while competition studied our OM-I, our engineers came up 
with an even more incredible camera, the OM -2, with an automatic 
exposure system so sensitive it measures light even during exposure! 

For five years both amateurs and professionals have been testing 
Olympus in the field - really putting it through the paces - and today 
there is no enthusiasm anywhere compared to that of an Olympus o wner. 
Ask one - he or she is our best advertisement. 

Then see an Olympus dealer - it's time you began to enjoy the 
finer things in photography. 

OLYMPUS 
the experts call it "incredible:' 

Marketed in the USA by Ponder & Best Inc Corporate OffIces 1630 Stewart Street Santa MonIca. California 90406 ©Ponder & Best, Inc .• 1977 
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OBJECT 
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TASK OF DEVELOPING APPLICATIONS FOR MICROPROCESSORS requires close 
cooperatiou between hardware engineers, concerned with the selection and iuterfaciug of chips, 
and software programmers, whose job is to provide a "debugged" program that will meet the 
project objectives. Because the time needed for programmiug is often underestimated the origi­
nal objectives are sometimes obsolete by the time prototype is debugged and ready for produc­
tion. As a result many projects are abaudoned at this stage. It is not unusual for development 
programs to take two years. Author believes the time can be greatly compressed with Triad. 
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the hierarchies that have been evolving 
in their respective disciplines. The hard­
ware designers must work from the level 
of chips up to full development systems, 
and the programmers must work from 
the level of the computer's instruction 
set up. to floppy-disk operating systems 
with the various compilers, assemblers 
and editors associated with a full devel­
opment system. Moving from level to 
level in the two hierarchies is inevitably 
inefficient because of incompatibilities 
between levels and the difficulty of mov­
ing results upward or downward be­
tween levels. 

I t turns out that even the FDS does not 
provide all the development features 

that many system designers would like, 
such as large file-handling capabilities, 
quick response to system commands, 
powerful editing programs and a library 
of software for the microprocessors of 
different makers. Designers who require 
such features are finding it desirable to 
use minicomputers (the small but high­
performance computing systems that 
first reached the market in the early 
1960's) as a supplementary develop­
ment tool. 

Although some cross-software pack­
ages exist for enabling minicomputers 
to develop microprocessor programs, 
there are very few systems for close­
ly coupling minicomputers, FDS's and 
the microcomputer target system. Such 
coupling is desirable because it enables 
a development engineer to move easily 
within this hierarchy as well as to exploit 
the distinctive features of each system: 
the minicomputer to provide efficient 
editing, mass storage, documentation 
tools and shared data bases; the FDS to 
emulate the real-time performance of 
the microcomputer as programs are 
evolving and to debug the hardware, 
and the microcomputer target system it­
self to evaluate the final programs and 
control routines under the actual envi­
ronmental and electrical constraints of 
the application setting. 

The cleanest integration of these three 
systems is the "Triad," a recently devel­
oped research tool that enables the pro­
grammer or engineer to work at any lev­
el in achieving a desired program. The 
Triad closely couples three systems: the 
minicomputer, with its powerful soft­
ware capabilities; the FDS, with its real­
time emulation and hardware-debug­
ging facilities, and the target system, 
with its application-defined construc­
tion. The Triad provides fast and direct 
access to all levels of the hierarchy. 

The hardware designer and the soft­
ware programmer would use the Triad 
as follows. The hardware engineer de­
velops the target system, which might 
consist of a commercial general-pur­
pose, single-board computer module in 
conjunction with an additional module 
of his own design that provides an inter-
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face to the larger system to which the 
microprocessor is being applied. In or­
der to debug the target system he will 
need some test programs. Such pro­
grams can be quickly prepared with the 
editor on the minicomputer. cross-as­
sembled into the machine code of the 
microprocessor and loaded directly into 
the undebugged target hardware. As the 
engineer works out the errors in his 
hardware he will continually update 
his test programs. It takes only a few 
minutes to reassemble and load each 
change. 

Concurrently with the hardware de­
velopment the programmer can be edit­
ing. assembling and simulating his pro­
grams on the minicomputer and on the 
FDS. He would maintain all his pro­
grams in the central file system of the 
minicomputer and share a library of ap­
plications software with other users of 
the Triad. System integration can pro­
ceed smoothly. because the same facili­
ties the hardware engineer has been us­
ing to load test programs into the target­
system hardware can also be used by the 
programmer to load the final applica­
tions program downward into the hard­
ware. Changes at this stage are readily 
achieved by a simple process of re-edit. 
assemble and download. In this way the 
Triad system can sharply reduce the 
time needed for development of a mi­
croprocessor application. 

Several Triad systems can be super­
vised simultaneously by a single central 
minicomputer system. Such an arrange­
ment enables a user to develop applica­
tion packages utilizing several different 

microprocessors while he is still main­
taining all his programs. documentation 
and engineering reports within the file 
system of the central minicomputer. 
Moreover. other users can share his pro­
grams. thus making the development cy­
cle more efficient. As the next step the 
minicomputer operating system could 
be rewritten to allow time-sharing 
among simultaneous users. This gives 
rise to the most powerful variation of 
the Triad concept. 

The potential applications of micro­
processor technology are so numer­

ous that it is hard to visualize any aspect 
of contemporary life that will escape its 
impact. Here are some of the areas that 
will feel the effect soonest. 

In automobiles a few 1977 models al­
ready employ microprocessors to meet 
Federal emission standards by control­
ling exhaust-gas recirculation systems. 
Many more 1978 models will include. 
microprocessors both for emission con- -
trol and for optimiZing engine adjust­
ments to improve gasoline mileage. In 
the near future microprocessors will 
also be connected to safety devices. such 
as sensors to prevent skidding on wet or 
icy surfaces. 

In business offices among the first ap­
plications of microprocessors will in­
volve the distribution and control of in­
formation. Desk-sized computers will 
become nearly as common as typewrit­
ers. They will handle small. specialized 
data bases appropriate to each person's 
job as well as accounting information 
and personnel data. The transfer of 

typewritten documents between offices 
will be largely replaced by electronic 
memorandums. relayed through the of­
fice computer system. Complete office 
systems are under development by ma­
jor companies such as the International 
Business Machines Corporation and the 
Xerox Corporation. 

In ind ustry microprocessors are now 
used for such diverse tasks as machine­
tool control and remote monitoring of 
oil fields. Microcomputers will also 
make possible a new generation of "in­
telligent" robot arms and hands capable 
of factory assembly operations hereto­
fore too complex for mechanization. 

In the home microprocessors have al­
ready appeared in a host of video games 
and such household appliances as mi­
crowave ovens and food blenders. They 
will rapidly be extended to temperature 
controls. refrigerators. telephones. so­
lar-energy systems and to fire- and bur­
glary-alarm systems. In time microcom­
puters linked directly to one's bank. and 
provided with multimillion-bit files for 
personal records. will be as common­
place as high-fidelity sound systems are 
today. 

Devising a successful microprocessor 
application. however. is only the first 
step toward achieving its adoption and 
acceptance. The advent of the micro­
processor presages more than just a 
technical revolution. It will probably 
touch more aspects of daily life than 
have been affected by all previous com­
puter technology. In many instances so­
ciety is neither aware of nor prepared 
for the microprocessor's nontechnical 

CENTRALIZED 
COMPUTATION 

PASSENGER 
COMFORT AND 

SAFETY 

MICRO· 
PROCESSOR 

I 
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PROCESSOR 

I 
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1 
DISTRIBUTED COMPUTATION 

MODERN JET AIRCRAFT depend on a variety of sophisticated 
systems for navigation, communication, passenger comfort and safe­
ty, engine control and the control of aerodynamic surfaces. At pres­
ent the sensors that monitor these various systems transmit their data 
to a central computer, which generates the control signals needed to 
keep the systems working properly. The miles of cahles required for 
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such centralized systems have become a significant fraction of the 
total cost of modern aircraft. In principle various systems of aircraft 
could be controlled locally by microprocessors with a great saving 
in cable costs, increased reliability, increased computing power and 
lower maintenance costs. Such distributed computing networks are 
under active examination for a wide variety of similar applications. 
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impact. For example. the introduction 
of microprocessors in automobiles to 
improve fuel economy and reduce ex­
haust emissions will have a profound ef­
fect on tens of thousands of small auto­
mobile-repair shops and hundreds of 
thousands of gasoline service stations. 
Literally millions of maintenance work­
ers who at this moment may never have 
heard of microprocessors. much less 
seen one. must quickly become ac­
quainted with them and become reason­
ably expert in their testing and replace­
ment. Otherwise the entire network of 
automobile service will have to be dras­
tically revamped. 

I n other areas microprocessor technol­
ogy is likely to move more slowly 

than one might expect. For example. it 
would not be difficult to equip every gas­
oline service station with a microproces­
sor terminal that would record the de­
tails of every credit-card transaction. At 
the end of each day the recorded infor­
mation could be transmitted rapidly by 
code over an ordinary telephone circuit 
to computers in the credit-card compa­
ny's central office. speeding up by sever­
al weeks the billings on millions of dol­
lars' worth of sales. Although such sys­
tems are eminently practicable. they 
have not been adopted. One can in­
fer that the innovation is unwelcome 
because it threatens the existence of en­
tire divisions of credit-card organiza­
tions: the optical-character-recognition 
(OCR) divisions that now transcribe 
into computer-usable form the trans­
action data from millions of separate 
pieces of paper filled out and mailed in 
by service-station attendants. Entire. di­
visions of companies do not willingly 
disappear overnight. 

These are just two examples of how 
thousands of business organizations and 
millions of individuals may be affected 
by what appears to be a straightforward 
engineering decision either to apply or 
to not apply the new microprocessor 
technology. Within the business organi­
zation itself the microprocessor and mi­
crocomputer are making more acute the 
already difficult question of how to dis­
tribute computing and information re­
sources for maximum effectiveness. Al­
though many companies are rapidly 
consolidating and centralizing all as­
pects of their computing resources. oth­
er companies are decentralizing with 
equal aggressiveness. The elusive "opti­
mal" strategy involves delicate consid­
erations of management control. strate­
gies of system development and opera­
tional procedures. Business managers 
who had to penetrate the mysteries of 
the $250.000 room-sized computer 
barely 15 years ago and of the $25 .000 
minicomputer six or seven years ago 
must now try to weigh the costs and ben­
efits of the $250 microcomputer and the 
$25 microprocessor. 
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d ecentra l izes and personal izes the deC is ion-mak ing  work for you . There i s  no  spec ia l  l anguage  to learn . The 
power of the computer ,  b r i ng ing  to you what  was entry system is so easy and f lex ib le  to use that you can 
never  before ava i lab le  in a programmab le  ca lcu lator app ly it qu i ckly to your  own personal p rob lem-so lv ing 
with such featu res , yet  at an amazi ng ly  affo rdable pr ice .  techn iques  and sty le .  
Method of Entry: The Commodore PR-l 00 is  des igned Spec ia l  Functions of the  PR-l00 : To a l low you g reater 
for "Th ink  and Touch" operation  ut i l i z ing  an a lgebra ic  f lex ib i l ity i n  p rogram m i n g ,  there are 3 special funct ions :  
mode of entry. You can enter equat ions which have u p  1 .  HALT - The p rog ram w i l l  ha lt  and a l low the user  to 
to 4 levels of parenthesis.  Add to these features the 10 read o r  enter data .  2. GOTO - Al lows branch ing  from 
memory registers, and you can work the most com- one sect ion of a p rogram to another .  3 .  S KI P - Al lows 
p l icated mathematical , scient if ic ,  eng ineeri n g ,  bus iness ,  cond it iona l  f low of a p rog ram on an intermed iate result ;  
statistical and combinationa l  functi ons .  Fu rthermore,  that i s - the p rog ram goes one  way if an answer is 
you can also perform u n it convers ions :  metric to Eng l i sh  negative and another way is  positive . 
and Eng l i sh  to metr ic .  Load ing .  Editing and  Mod ifying Progra m s :  You can 
Keyboard :  The keyboard cons ists of 40 keys and 2 s ing l e  step through a p rog ram to check it out, backstep 
switches .  35  keys are for n u mber  and funct ion entry .  th rough  a p rog ram , easily read entered steps and 
l O af these keys are dua l  funct ion (sh ifted keys) . mod ify a s i ng l e  step of a progra m .  
SPECIALIZED FUNCTIONS :  Now personal programming i s  here.  A step-fu nct ion 
Most of the important funct ions found on  large scale i ncrease i n  capab i l ity over soph ist icated s l ide-ru le  cal­
computer systems are final ly now ava i lab le  to you on  cu lators. Capabi l ity you won't ful ly d iscover u nt i l  you 
the u lt imate hand-held programmab le  calculator:  own a PR- l00  yourself .  F i l l  out the coupon be low o r  
iterative and recursive p rob l em so lv i ng  tech n iques ;  l oop - ca l l  o u r  to l l  f r ee  number  for your  two  week  tr ia l . 
i n g ;  cond it iona l  and uncond it ional b ranch i n g .  T h e  Commodore P R - l 0 0  is  pbwered b y  rechargeab le 
ADVANTAGES OF THIS N iCad batteries and is furn ished with an AC adapterl 
PROGRAMMABLE: charger ,  leatherette carry ing  case a n d  fu l l  instruct ion 
Cons ider for a moment the advantages of the Commodore book let One y�a; ma� �!act� r�r ' s  warranty . 
P R- l 00 .  In terms of i ncreased productivity you can now DimenS ions .  3 V. x 6 V2 X 1 VB Weig ht.  4 oz.  
ach ieve the capabi l ity of opt imiz ing mathematical and I Compute W ith It For Two Weeks - No Obl igation 
scientif ic models ;  mak ing trend and r isk analyses;  p ro- I Please send _. __ Commodore PR· 100 Calcu lalor(s) al 1he 
jecti ng and forecast ing more accu rate ly ;  performing I Inlroduclory pnce 01 only $59 .95 . ( p l us $3 .95 sh ipp ing and Insur­
?,tatistical red uctio�,s ;  automating t ime-consu m ing I �

n
e�
eJs i�;� p

l�0;;;�1cr�7:,�ldleIY sallSf red . I can relurn 11 w,lh,n 1wo 
n u m ber-crunchmg . 1 0. I nslead . I Iwe would l i ke 10 lake advanlage 01 your quanlity The PR- l 00 IS also a p re-proQrammed . ca lcu lator pnce offer ing 01 $54 . 95 (p lus $3 . 95 sh ipp ing and Insurance) 

that can ach ieve a mu ltitude  of fu nctions :  BaSIC + - x � I each. OFFER GOOD ONLY ON QUANTITY ORDERS OF 6 UN ITS 
and � functio ns ;  clear entry o r  the ent ire ca lcu lati on ;  l O R MORE ' You can save 530 .00 ' 
Hyperbo l iC  fu nctIOns Inc lude :  S i nh , cos h ,  arc cosh and I 0 Check or M . O .  Enclosed ( I I I residents add 5% sa l es lax) 
arc tan ; Trigonometric funct ions i nc lude :  sin x, cos x, 0 Please charge my credil card checkM below: 
tan x ,  arc s in  x ,  a rc cos x ,  and arc tan x .  Calcu lates i n  I 0 Amencan Express 0 BankAmencard 0 Carte Blanche 
rad ians ,  deg rees o r  g rad ians .  Enter x 0 " to 360 " (0 to I 0 D lners C lub 0 Masle r C harge 
27T) or mult ip les of 360 " (2 7T) . Natural Log (Ln x) , I Credil Card # -------------
Common Log ( log x) , Exponent ial (e' ) . Ant i log ( 1 0') ; I Master Charge Bank # ____ Exp . Date ____ _ 
Algebra ic Funct ions i nc lude :  x, x' , l /x .  Powers:  (Y') ; N _______________ _ 7T (p i )  Change S ign  (+1-) ;  x � y exchange functi on ;  I arne 
Parenthesis ( )  enter equat ions tha t  contain up  to  4 levels I Add ress ---------------
of parenthesis without us ing  temporary or intermed iate I City State ____ Zip __ _ 
storag e .  Signalure 
Memory Functions: The PR-l 00 has 1 0  separate mem- I -------------SC-A-:-V=71 
ory reg isters . For each memory there are 7 operations I ContemdpCO'Q� motketlnft Inc that can be performed: memory storage and c lear ,  I • '7 "7' . 
recal l ,  add i t ion ,  su btractio n ,  mu l t ip l i cati o n ,  d iv is ion and I 790 Maple Lane. Bensenville, I I I .  60106 
performs the des i red funct ions on  each memory. Cal l Toll Free: 800-621 -8318 III. cal l : 312-595-0461 
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The Role of Microelectronics 
in Data Processing 

Large modern computers could not exist without microelectronic 

components. Microelectronics has also led to the rise of smaller 

computers able to perform tasks that do not call for larger ones 

Modem computers and micro­
electronic devices have inter­
acted so closely in their evolu­

tion that they can be regarded as virtual­
ly symbiotic. The first large stored-pro­
gram digital computers were based on 
vacuum tubes; their successors were 
based on discrete transistors. Such ele­
ments could not be used to build com­
puters with the capabilities of those we 
have today. They would be too costly 
and too unreliable, and they would re­
quire too much power. Above all, they 
would be too large and too slow. The 
number of operations per second a com­
puter can perform depends on the speed 
with which the computer's active ele­
ments communicate with one another, 
and that speed depends on how fast the 
active elements operate and how close 
together they are. Computer technolo­
gy has demanded microelectronics, and 
microelectronics has evolved largely in 
response to that demand. 

Computers themselves have evolved 
largely in response to the demand for 
the processing of data: large quantities 
of characters, such as numbers or let­
ters, representing information of almost 

by Lewis M. Terman 

every conceivable kind. In science com­
puters digest and analyze masses of 
measurements, such as the sequential 
positions and velocities of a spacecraft, 
and solve extraordinarily long and com­
plex mathematical problems, such as 
the trajectory of the spacecraft. In com­
merce they record and process invento­
ries, purchases, bills, payrolls, bank de­
posits and the like and keep track of on­
going business transactions. In industry 
they monitor and control manufactur­
ing processes. In government they keep 
statistics, analyze economic informa­
tion and bill people for taxes. Today it 
would be difficult to find any task that 
calls for the processing of large amounts 
of information that is not performed 
by a computer. Moreover, many less­
er tasks, requiring comparatively small 
amounts of data processing, are also be­
ing taken over by computers. 

Although a large computing sys­
I\. tem is expensive, it can perform 
millions of operations a second; even a 
small computing system can perform 
100,000 operations a second. Therein 
lies the fundamental reason for the 

PROCESSOR BOARD of a Burroughs B 80 small "mainframe" computer coutains the deci­
sion logic for the entire computer: it is responsible for executing the programs entered into the 
machine. The actual processor board measures 10 inches by 12'/2 inches. The logic compo­
nents are nine metal-oxide-semiconductor (MOS) large-scale integrated-circuit chips, each 
housed in one of the nine white-and-gold packages. On this board the logic functions, iustead 
of being executed by logic circuits, are stored as permanent bit patterns in small read-only 
memories, which are contained in the top, middle and bottom white-and-gold packages in the 
left column. The second and fourth packages in that column house working-register chips, 
which store data for execution in the processor. The top chip in the column at the right controls 
the operation of the input-output devices of the computer. The second chip in that column is 
the main-memory address register, which holds the address of the bit word currently being ac­
cessed from the computer's main memory. The chip next to the bottom in the right column is 
a microstack, another tYpe of memory-address register. At the bottom of that column is the 
"timing-machine-state" chip, which controls the timing and the sequence of operations execut­
ed by the entire processor board. The remaining components on the board have no logic func­
tions. The black rectangles are amplifiers. The white rectangles and the tiny striped cylinders 
are resistors. The red sausage-shaped components, the black cylinders and the large silver cyl­
inders are capacitors. The two white bars running the entire length of the board are busbars, 
which distribute power and ground across the board. AIl the components are interconnected 
by soldered tracks. Board is inserted into computer by way of gold connectors along the edges. 

growth of data processing by computer: 
a computer can perform so many opera­
tions in so little time that the cost of 
each operation is very low. 

Perhaps the key element in the growth 
of data processing by computer is the 
fact that with the advent of microelec­
tronics the cost of computer hardware 
has steadily decreased as capacity and 
performance have steadily increased. 
Since 1960 the cost of a computer divid­
ed by its computing power (measured in 
millions of operations per second) has 
dropped by a factor of more than 100. In 
the same period the cycle time (the time 
it takes to do an operation) of the largest 
machines has decreased by a factor of 
10. The increase in the performance of 
computer hardware has been important 
for the development of "high end" or 
"mainframe" computers: the largest and 
fastest machines. It has been even more 
important for the development of low­
end computers: the smaller and slower 
machines. Many tasks do not require the 
great processing capability, flexibility 
and speed of even a small mainframe 
computer system. In the 1960's ad­
vances in microelectronic components 
led to the development of the minicom­
puter, followed more recently by the 
even smaller microcomputer. Both have 
filled a need for small but relatively flex­
ible processing systems able to execute 
comparatively simple computing func­
tions at lower cost. Moreover, with the 
development of the microprocessor 
there has been an almost Darwinian 
speciation of computers into machines 
of different sizes and organizations, 
each tailored to a different range of 
functions. The progress toward smaller 
computers is likely to continue; there is 
already talk of nanocomputers and pi­
cocomputers. 

Today a large mainframe computer 
system may consist of 100,000 logic cir­
cuits and between four million and eight 
million bytes of memory. (One byte is 
either eight or nine bits; a bit is a binary 
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digit.) A small mainframe system might 
have 20,000 logic circuits and 128,000 
bytes of memory. A typical minicom­
puter system might have between 5,000 
and 10,000 logic circuits and between 
16,qOO and 32,000 bytes of memory. 
A microcomputer system might have 
some 1,000 to 2,000 logic circuits and 
a few hundred to a few thousand bytes 
of memory. There is a corresponding 
range in the cost of such systems: the 
largest mainframe computers cost sev­
eral million dollars, and a complete mi­
crocomputer system costs as little as a 
few hundred dollars. 

Most computer systems, regardless 
of their size, consist of three basic ele-

ments: the input-output ports, the mem­
ory hierarchy and the central process­
ing unit. The input-output ports are 
the paths whereby information (instruc­
tions and data) is fed into the computer 
or taken out of it by such means as 
punch cards, magnetic tapes and termi­
nals. The memory hierarchy stores the 
instructions (the program) and the data 
in. the system so that they can be re­
trieved quickly on demand by the cen­
tral processing unit. The central proc­
essing unit, which consists of a control 
logic unit and an arithmetic and logic 
unit, controls the operation of the entire 
system by issuing commands to other 
parts of the system and by acting on the 
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MAINFRAME COMPUTER SYSTEM concentrates most of the computer's data-process­
ing capability in the computer's central processing unit, or CPU (colot-) •. Physically the CPU 
mainframe of a large computer system holds the central processing unit itself, the high-speed 
buffer memory and the main memory, and it may also hold several of the input-output ports. 
The central processing unit itself consists of one unit that executes the arithmetic and logic op­
erations in the computer program, and another unit that controls the operation of the entire 
computer system. The computer program and the data in active use are stored in the buffer 
memory (dark gray), where they can be accessed by the central processing unit at high speed. 
Behind the buffer is a larger and slower main memory (medium gray). Away from the CPU 
mainframe itself are disks, tapes and other memory-storage systems (light gray), wnich are the 
largest and slowest of all. The input-output devices are tape readers, card readers, keyboards, 
cathode-ray-tube displays, disks, tape drives, teletypewriters, high-speed printers and so forth. 
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responses. It reads information from the 
memory, interprets instructions, per­
forms operations on the data according 
to the instructions, writes the results 
back into the memory and moves in­
formation between memory levels or 
through the input-output ports. The op­
erations it performs on the data can be 
either arithmetic, such as addition or 
subtraction, or logical, such as the com­
parison of two fields of numbers to de­
termine whether or not they are equiv­
alent. 

The memory organization of a com­
puter is hierarchical in terms both of 
speed and of cost. Interacting directly 
with the central processing unit is a buff­
er memory, which transfers information 
into the central processing unit at high 
speed. Speed is expensive, however, and 
the cost per bit of storing information in 
the buffer memory is high. Below the 
buffer memory in the hierarchy is the 
computer's main memory, which is larg­
er and slower than the buffer and costs 
much less per bit of information stored. 
Below the main memory are storage sys­
tems such as magnetic disks and tapes, 
which are larger and slower still and cost 
even less per bit. Hence the memory lev­
els further removed from the central 
processing unit are progressively larger, 
slower and cheaper. 

The information that is currently in 
active use is moved to the fastest memo­
ry (the buffer) for ready access; the less 
active or inactive information is placed 
in the low-cost-per-bit storage. The cen­
tral processing unit thus finds in the buff­
er the information it needs for immedi­
ate processing, and only occasionally 
does it have to retrieve information in 
the lower levels of the hierarchy. The 
performance of the entire computer sys­
tem is determined by the speed of the 
buffer memory, whereas the system's 
capacity and cost per bit is determined 
by the number and the size of the stor­
age levels. 

The impact of microelectronics on 
computer memories has been differ­

ent at the different levels in the hierar­
chy. From the first the buffer memory 
has consisted of purely electronic cir­
cuits. With the advent of microelectron­
ics the circuits have become smaller and 
faster than their predecessors of five or 
10 years ago and have contributed to the 
increase in the speed of high-end com­
puters. 

The structure of the main memory 
has been transformed to an even great­
er degree by microelectronic devices. 
From the mid-1950's through the 1960's 
the individual information-storage ele­
ment in the main memory of a computer 
was the magnetic "core," a small toroid 
of ferrite material in which one bit of 
information was stored as the direction 
of magnetization around the toroid. 
Each core was fabricated individual­
ly, and millions of them were strung to-
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M icrocotnputers: 
Just Ask IMSAI. 

If you wonder who leads the way in 
te<;hnology. look into IMSAI's list of 
industry firsts-IMSAI S04S. first complete 
control computer on a board: IMSAI 65K 
RAM Board. first to offer four times the 
memory capacity previously available on 
one board: IMSAI printers. first with high­
speed direct memory access. 

If you wonder why IMSAI products 
have gained the reputation for the standard 
of excellence in microcomputer systems. 
check with any one of the more than 10.000 
IMSAlowners. 

If you wonder who offers the broadest 
line of hardware. software. and peripherals. 
visit any one of the more than 275 IMSAI 
dealers around the world. 

If you wonder how microcomputing 
can fit your specific needs. ask IMSAI. 
Because when it comes to microcomputers. 
we have the answers. 

An IMSAI Product to Answer Every 
Microcomputing Need: 

Let's start with our product line. In 
all. IMSAI offers more than 120 high 
quality. completely integrated systems. 
components. peripherals and software. 
Here's just a sampling: 

Single Board Central Processors: 
• MPU-A (SOSO based)-Industry standard. 
• MPU-B (SOS5 based)-50% faster SOSO. 
• S04S-Programmable control computer. 
Interfaces: 
• Video I 10-24xSO CRT. Edit & data entry. 
• Serial I 10-2 port I/O. all std. protocols. 
• Parallel 1/0-4 & 6 port TTL level 1/0. 
• M uItiple 1/0-2 cassette. 2 parallel. 

I serial & I con trol 1/0. 
• DMA-For floppies & line printers. 
Peripherals: 
• Printers-40/S01 132 col. 30 cps-300 Ipm. 
··Video displays-Large assortment. 
• Tape Drive-9 track. SOO bpi. 25 ips. 
• Floppy DiskJ;-Single/double density. 
Memory Expansion Boards: 
• 4K RAM-Programmable memory 

protect. 
• 16132/65K RAM-16K paging option for 

virtual memory addressing. 
• Intelligent Memory Mngr.-Handles up 

to I megabyte. 
Self-Contained Systems: 
• VDP-SO-Computer/terminal/mass 

storage unit. Assembled & tested. 
• PCS-80-lntegrated component system. 
Software: 
• DOS-Enhanced CP/M. 
• BASIC-Interactive or compiler with 

scientific and lor commercial features. 

• FORTRAN IV-Level 2 ANSI compiler. 
• Self-contained Systems: 

SCS I & 21TCOS-Assembler/line 
editor Ide bugger. 
4 & SK BASIC-Optional cassette 
support. 

Compare IMSAI. You'll realize that 
ours is the most complete product line 
available. Whatever your needs. you can 
get them from one source. IMSAI. 

A wide selection of components is only 
the beginning. IMSAI offers much more. 
Just ask. 

Answers For Businessmen: 

Announcing IMSAI's VDP-SO. This 
totally self-contained unit includes a mega­
byte of disk memory via floppy disk. 32K 
computer memory (expandable to 256K). 
12" CRT and 62 pad main keyboard with 
10 pad numeric keyboard. Several 
printer options available. 

. If you want speed and accuracy in 
high volume work such as word processing. 
or business data collection and analysis. the 
V DP-SO is your cost effective answer. 

Answers For The Personal User & 
Educators: 

Introducing IMSAI's new PCS-SO 
System. the fully integrated microcomputer 
component system. configurable to your 
exact needs. The basic system consists of 
our Intelligent Keyboard and the PCS-SO 
which houses an SOS5 based CPU. 16K of 
RAM. intelligent ROM monitor. serial 1/0 
port. 24xSO CRT. with an extra 7 slots in the 
chassis for expansion. 

System component options include 
single or dual mini and standard floppy 
disks. The choice is yours. configure the 
system as you like. 

IMSAI has answers for the educator. 
too. Take the basic PCS-SO. add SK of 
PROM, 4K of RAM and our self-contained 
SK BASIC software. and you have a 
complete operating system your entire 
department can use to teach anything from 
elementary programming to advanced 
computer science. 

Require a bit less sophistication� Use 
our Intelligent' Breadboard system for 
learning. designing and building micro­
computer assemblies. 

Rather do it from scratch? Start with 
our single board MPU-B central processor. 
the heart of the PCS-SO Svstem. I t has a I K 
ROM monitor, 256 bytes of RAM and 
serial and parallel I/O. 

Since the MPU-B is SOS5 based, you 
can run all programs previously developed 
for the SOSO. 50% faster. Without requiring 
faster memory. 

Answers For Industry: 

IMSAI products provide the 
expandability and flexibility manu­
facturers demand for microcomputing 
a ppl ications. 

We offer rack mountable components 
for the standard 19" RETMA racks. 
powerful MPU boards. 1/0 and memory 
boards for easy system expansion and 
configuration. and a broad line of 
peripherals and subsystems fully integrated 
and ready to go to work. 

IMSAI has what you need to make 
tomorrow's design today's reality. 

Answers For Current IMSAI Users: 

There are over 10.000 of you. And. 
we haven't forgotten. You might say that 
we thought of you before you even thought 
of us. 

That's why every new product is 
designed to accommodate expansion. 
rather than outdate equipment. 

For example. our new PCS-SO retro­
fit kit comes complete with MPU-B. 
replacement front panel photomask and 
additional hardware bracketing. So you 
can enjoy a single cabinet PCS-SO 
computer. with your choice of integrated 
component configurations. 

The Answer For Everyone: 

Dial (415) 4S3-2093. Ext. ACT. 
That's IMSAI's action hotline. Designed to 
answer the thousands of questions we 
didn't have a chance to answer in the space 
of this ad. 

Call us. We'll assist you in putting 
together a system. direct you to your nearest 
IMSAI dealer. and send you our new 
catalog with all the details. 

In short. if you have any questions at 
all regarding microcomputers. put us to 
the test. 

Just ask IMSAI. 

The Standard of Excellence in 
Microcomputer Systems. 

IMSAI Manufacturing Corporation 
14860 Wicks Blvd, Dept. S-9 
San Leandro, CA 94577 
(415) 483-2093 TWX 910-366-7287 

Features and specifications SUh;CC110 change without 
notice 
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gether in large arrays by wires passing 
through the hole in each of them. Infor­
mation was written into the cores and 
read out of them by electronic support 
circuits. Because of the characteristics 
of the cores and the weak magnetic cou­
pling between the cores and the wires on 
which they were strung, the support cir­
cuitry required for writing the informa­
tion into the cores and reading it out was 
complex, and neither it nor the cores 
were amenable to being fabricated as 
integrated circuits. 

In the early 1970's semiconductor 
memory cells that served the same pur­
pose as cores were developed, and in­
tegrated memory circuits began to be 
installed as the main computer memo­
ry. In an integrated memory circuit the 
information-storage mechanism (the 
memory cell) is not a passive piece of 
material but is itself a semiconductor 
circuit. Moreover, the support circuits 
required for writing information into 
the memory cell and reading informa­
tion out of it are much simpler than 
what was required for writing and read­
ing with cores. Thus both the memory 
cell and the support circuits could be 
combined on the same silicon chip. Mi­
croelectronic semiconductor devices are 
found in the main memory of the bulk 
of computers being built today, al­
though magnetic cores are still being 
manufactured for some purposes. 

One particularly valuable character­
istic of a main computer memory 

consisting of microelectronic devices is 
that the cost per bit of the memory is 
more or less independent of the memo­
ry's size. With core memories the sup­
port circuitry was complex and expen­
sive no matter how large the system was, 
making the cost per bit of a computer 
with a small core memory far higher 
than the cost per bit of a computer with 
a large core memory. With microelec­
tronic memories the cost of the system is 
primarily in the memory chips and their 
packaging, not in the support circuits. 
Hence the cost of a computer system is 
proportional only to the size of the 
memory, and the memory's cost per bit 
remains the same. In other words, the 
user of a low-end minicomputer or mi­
crocomputer system who requires only 
a small amount of memory no longer 
has to pay a substantial penalty in the 
system's cost per bit. This factor has 
been quite important for the growth of 
low-end computer systems. 

Microelectronics has not penetrated 
very far into the construction of storage 
devices such as magnetic disks and tapes 
and probably will not penetrate much 
further in the foreseeable future [see 
"Microelectronic Memories," by David 
A. Hodges, page 130]. There are several 
reasons. First, the disks and tapes them­
selves are inexpensive. The electrical 
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DISTRIBUTED-PROCESSING COMPUTER SYSTEM distributes processing capability 
throughout a network of computers instead of concentrating it in one central processing unit. 
PhysicaUy that aUows the network to be spread over a wide geographic area and enables each 
local processor (small boxes in color) to handle information independently before transmitting 
it to one or more other elements in the network. The two basic forms of a distributed-process­
ing system are the hierarchical structure (top) and the peer structure (bottom). In the hierarchi­
cal structure there is one central computer, which communicates with smaller computers on a 
lower level, each of which communicates with computers on a next lower level, and so forth. In 
the peer structure aU the elements are on the same level and each element can communicate 
with every other element. In practice the two forms are often combined into a hybrid system. 
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and mechanical machinery required for 
writing information into them and read­
ing it out. however. is quite costly. 
Therefore the cost per bit of such stor­
age systems is a strong inverse function 
of the size of the system. and the lowest 
cost per bit is obtained with the very 
largest systems. For example. a disk­
storage system capable of retaining 100 
million bytes of memory costs only a 
few thousandths of a cent per bit. For 
a large computing system the cost per 
bit of microelectronic storage methods 
could not compete with the cost per bit 
of storage by disk or tape. 

Second. disks and tapes are designed 
to be nonvolatile: if the power fails in 
the computer system. the information 
stored on the disk or tape remains intact. 
Information stored in a microelectron­
ic memory would be lost if the power 
failed. Third. disks and tapes are rela­
tively compact. and for some purposes it 
is important to have the physical conve­
nience of being able to transport them or 
to store them apart from the computer. 

For a small computer system the re­
quirements are quite different. For ex­
ample. the user of a minicomputer does 
not need anywhere near the full capaci­
ty of a large disk-storage unit. and he 
certainly would not want to pay the 
cost of it. He is quite happy to get a 
smaller system at a lower overall cost 
even though the cost per bit may be 
higher. Thus microelectronics may pen­
etrate into the area of storage devices 
with a smaller capacity. Semiconductor 
storage mechanisms such as charge­
coupled devices will become cheaper 
than main semiconductor memory tech­
nologies. and their cost should become 
competitive with. or even lower than. 
the cost of small magnetic disk or tape 
storage systems. Since a semiconductor 
storage system would be accessed elec­
tronically instead of physically. as tapes 
or disks must be. the time required to 
enter or retrieve information in a semi­
conductor storage system would be 
much shorter. Even if the semiconduc­
tor storage system cost more per unit. 

the user might feel that it would be de­
sirable to accept higher cost for higher 
performance. It is still too early to deter­
mine how successful microelectronic 
storage devices may become. 

In the memory and storage hierarchy 
of a computer information is stored 

passively and is retrieved unchanged. In 
the central processing -unit of the com­
puter information is operated on active­
ly. The elements out of which the proc­
essing portions of the computer system 
are made are logic circuits. Logic cir­
cuits are distinctly different from mem­
ory circuits. In a microelectronic memo­
ry each memory cell retains one bit of 
information. Only a small fraction of 
the bits in the memory system are being 
accessed at any particular moment. so 
that the standby power needed to keep 
the memory functioning properly can be -
low. The energy required by the support 
circuits needed to write information into 
the memory or to read information out 
of it is supplied on demand by circuits 

SUPERCOMPUTER CRAY-I, made by Cray Research, Inc., of 
Minneapolis, Minn., is a powerful high-speed scientific digital com­
puter for executing highly complex tasks. The CPU mainframe of the 
CRA Y -I, the cylindrical structure in the center of the room, is com­
posed of more than 1,000 modular logic boards inserted horizontally 
into 24 vertical chassis. The CPU mainframe holds the central proc­
essing unit and the computer's memory. Benches around the base of 

the CPU mainframe are cabinets housing the computer's 12 power 
supplies. At left an operator is seated at the keyboard of a terminal 
of a minicomputer that functions as a maintenance control unit for 
the CRAY-I computer. Beyond him another operator is loading a 
magnetic tape onto a tape drive of the maintenance control unit. Cab­
inets in foreground are disk-storage devices. This CRAY-l comput­
er is at research laboratory of Cray Research in Chippewa Falls, Wis. 
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outside the array of memory cells. In 
a computer processor. however. every 
logic circuit is in continuous operation. 
Only a few circuits may be in the process 
of switching at any particular instant. 
but every remaining circuit is giving an 
output corresponding to its input and 
must be ready to switch at any moment 
if the input should change. 

A logic circuit essentially consists of a 
comparatively high-impedance load de­
vice (such as a resistor) connected in se­
ries with one or more switching devices 
that are connected in parallel. Each 
switching device has an impedance that 
depends on the strength of the input 
voltage. When the input voltage is high. 
the impedance of the switching device 
is comparatively low; current flows 
through the switch. and so it is "on." 
When the input voltage is low. the im­
pedance of the switching device is essen­
tially infinite; no current flows through 
the switch. and so it is "off." 

Atypical kind of logic circuit is the 
negative-or (or "nor") circuit. A 

common "nor" logic circuit has three 
inputs. three switching devices (each of 
which is associated with an input) and 
one output. which is located between the 
load device and the three switching de­
vices connected in parallel. One "nor" 
circuit is incorporated into an assembly 
of circuits (as in a processor) by con­
necting its output to an input of one or 
more similar circuits. and by connecting 
each input to the output of one or more 
other circuits. If the voltage on any one 
of the inputs to the logic circuit is high 
(corresponding to a binary 1). its switch 
will close. and the output will be low 
(corresponding to a binary 0). If all the 
inputs of the circuit are low (0). all the 
switching devices are essentially open 
circuits. and the output will be high ( 1). 
It is quite possible to design the logic of 
an entire computer with nothing other 
than "nor" circuits. 

A logic circuit dissipates power and 
has a small but significant switching de­
lay. caused by the fact that the output 
cannot respond immediately to a change 
in the inputs. Both the amount of power 
dissipated and the length of the switch­
ing delay depend on the impedance of 
the load device. A high-impedance load 
yields a smaller current and so will dissi­
pate less power. but a smaller current 
requires more time to open or close the 
switch. In fact. for any particular design 
of circuit. the product of the power dis­
sipation and the switching delay (the 
power-delay product) is a constant over 
a fairly broad range. and one disadvan­
tage may be traded off in favor of the 
other. 

The power-delay product of logic cir­
cuits has been considerably improved 
with the advent of microelectronic de­
vices. Smaller devices are inherently 
faster than larger ones. A logic circuit 
that has smaller dimensions presents a 

LOGIC BOARD FROM CRAY.l supercomputer is one of 1,056 such boards in the central 
processing unit. Each board measures six by eight inches. On it can be mounted up to 288 in. 
tegrated.circuit chips, 144 on each side; on the side of the board shown here there are 137 of 
them. Entire CPU of the CRA Y.l is built up of only six different types of elements: four types 
of integrated circuits (large white packages) and two types of resistors (small dark components). 

lighter load to the switching device. and 
the current can switch the lighter load 
faster. It is interesting to note exactly 
how much the switching delay has im­
proved as circuit technology has pro­
gressed. In the mid- 1950's a large vacu­
um-tube logic circuit had a switching 
delay of one microsecond (one millionth 
of a second). In the early 1960's a print­
ed-circuit card several inches on a side 
with discrete transistors and other com­
ponents mounted on it had a typical 
switching delay of 100 nanoseconds 
(toO billionths of a second). A typical 
contemporary logic integrated-circuit 

CENTRAL NUMBER OF LOGIC CHIPS 
P ROCESSING 

UNIT CPU CYCLE TIME 

a: 
UJ TECHNOLOGY 

u.. CAPACITY u.. 
::> 
m CYCLE TIME 

MEMORY 
TECHNOLOGY 

z 
CAPACITY « 

::< 
CYCLE TIME 

SIZE OF CPU 

OTHER 
WEIGHT OF CPU 

BASIC PURCHASE P RICE 

chip for a mainframe system is less than 
a tenth of an inch on a side. has between 
five and 10 circuits and has an average 
switching delay of less than five nano­
seconds. Even faster logic circuits are 
possible. 

In the semiconductor logic circuits of 
today two basic types of devices are in 
use: bipolar devices and metal-ox ide­
semiconductor field-effect transistor 
(MOSFET) devices [see "Microelec­
tronic Circuit Elements." by James D. 
Meindl, page 70]. Circuits made with 
bipolar devices are more complex to 
fabricate and require a larger area on a 

CRAY-1 

278,000 

12.5 NANOSECONDS 

-

-

-

BIPOLAR SEMICONDUCTOR 

UP TO 1,048,576 64-BIT WORDS 

50 NANOSECONDS 

9-FOOT DIAMETER BASE 
4.5-FOOT DIAMETER CENTRAL PART 
6.5 FEET HIGH 

5.25 TONS 

$8,000,000 

TABLE OF INFORMATION gives a few pertinent statistics about the CRAY.l computer. 
CPU cycle time is the pulse rate of the clock in the CPU. The CRA Y.l has only one memory. 
The memory is divided into 16 independently operating banks that can be accessed one after an­
other in an interleaved fashion at intervals of 12.5 nanoseconds. Cycle time of 50 nanoseconds 
for the memory is the time required to access one word of information from one bank; because 
consecutively located words can be stored and retrieved from successive banks in a fourth of the 
time, memory's effective cycle time is 12.5 nanoseconds. Number of chips in the CPU is only 
a rough approximation of size of a computer as each chip may have many or few logic circuits. 
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chip. Bipolar devices have a low imped­
ance and are inherently fast. They are 
installed in the logic of mainframe com­
puters and in the buffer memory, where 
the emphasis is on high speed and good 
performance. Circuits made with MOS­
FET devices are simpler to fabricate 
and more compact. They are relatively 
slow, but they cost less because they can 
be packaged quite densely. MOSFET 
devices are generally found in the main 
memory of computers and in micro­
processors, where the emphasis is on 
low cost and lower performance is ac­
ceptable . They are also widely used for 
low-cost logic in a variety of applica­
tions. 

The reduction in switching delay 
with the introduction of microelec­

tronic devices is retlected in the im­
proved performance of data-processing 
machines of all sizes. For example, the 
cycle time (the time required to execute 
an operation) of a high-end computer 
system has dropped from 150 nanosec­
onds in the early 1960's to 10 or 20 
nanoseconds today, and the cycle time 
of a microprocessor has fallen from 

/ 

/ 

about two microseconds in 1971 to half 
a microsecond or less today. 

Not only do smaller circuit elements 
have a better power-delay product but 
also more of them can be placed in a 
given area on a chip. Increasing the 
number of circuits on a single chip is a 
more efficient way of fabricating the 
computer; fewer chips are required, and 
the connections between the circuits on 
a chip are shorter and less of a load on 
the system than the interconnections be­
tween chips. When the circuits on one 
chip must drive circuits on other chips, 
the switching delays are longer. 

What limits the size of individual cir­
cuit elements and chips is the "yield" of 
the fabrication process. First, if the chip 
is to be a good one , all the elements on it 
must function properly. A single defect 
in a critical area will spoil a circuit and 
make the entire chip worthless. A larger 
chip will have more critical area, and 
the probability is higher that it will have 
a defect that will spoil a circuit. 

Second, in logic chips there is a practi­
cal limit to the number of random logic 
circuits it is worthwhile to put on a sin­
gle chip. A memory chip is a regular 

array of cells and support circuits. The 
basic function of all memory chips is the 
same. The input-output connectio�s are 
simple . A specific type of memory chip 
is repeated many times in a single mem­
ory system, and it may be found in the 
memories of other computer systems as 
well. The result is that one type of mem­
ory chip is widely utilized, and the cost 
per chip is low. 

The situation is quite different with 
logic circuits. Logic is much more ran­
dom. A particular configuration of logic 
circuits may appear only once in a ma­
chine, and it may not be repeated in that 
machine or any other. The situation gets 
worse as the number of circuits on a 
chip increases. The result is that particu­
lar types of random logic chips are not 
widely utilized, and the cost per chip 
is high. 

In addition, as more logic circuits are 
put on a chip it becomes more difficult 
to design the chip. This is a problem not 
only in initially designing the chip but 
also in redesigning it to modify it or to 
correct errors in the initial design. Rede­
signing a random-logic chip can be quite 
expensive if the number of circuits on 

LARGE MAINFRAME COMPUTER, the IBM System/370 Mod. 
el 168, made by the International Business Machines Corporation, is 
the biggest member of the family of IBM 370 computers. It is de. 
signed to handle high-speed large-scale tasks for either business or 

science. The big set of cabinets in the rear holds the central process­
ing unit, the main memory.and power supplies. The desk with cath­
ode.ray.tube screen, keyboard and switches is the operator's con­
sole. Machine shown is at mM headquarters in White Plains, N.Y. 
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Delta is an airline run by professionals. 
Like john Riley. He's been with Delta for 
al most 9 years. And he's just about dOne it 
all. He's worked on the baggage ramp, at the 
ticket co unter, the boarding gate. Nowhe's 
a Passenger Service Agent. 

--

john is all over the Delta terminal. Answering a question 
here, checking a ticket there, lending a hand everywhere. 
And keeping an eye out for a passenger who has to make a 
tight connection. john knows every second counts when he's 
got just minutes to get that passenger on her flight. 

When it comes to people, John Riley�like all 18,000 Delta 
professionaIs�co uidn't care more. 

Delta is ready when you are: 

This is Delta's Wide-Ride'L-1011 TriStar, 
a $21 million superjet. Cabins are almost 19 feet 
wide. All seats are-two-on-the-aisle. 

- ------
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Authors ... 

LOOKING 
FORA 
PUBLISHER? 
Learn how to have 
your book published. 
You are invited to send for a free illus­
trated guidebook which explains how 
your book can be published, promoted 

and marketed. 
Whether your 
subject is fic­
tion, non-fiction 
or poetry, sci­
entific, scholar­
ly, specialized, 
(even c ontro­
versial) this 
handsome 52-
page brochure 
will show you 
how to arrange 
for prompt pub-
lication. 

Unpublishe d authors , especial ly, wi l l  
find this booklet valuable and inform­

ati ve. For your Iree copy, write to: 
VANTAGE PRESS, Inc. Dept. F-53 
516 W. 34 St., New York, N.Y. 10001 

{�, PUBLICATIONS 
�mIl FROM � UNITED NATIONS 

World Statistics in Brief 
Prepared by the Department 
of Economic and Social Affairs 

Statistical Office, this handy 

reference gives important and 

frequently consulted demo­

graphic, economic and social 

statistics for 139 countries 

(furnished by the countries 

t h e  m S e I v e s) as well as re­
giona� aggregates. 

Order No. E .76 .XVII .6 

$3.95 

United Nations Publications "'I11III 
Room LX-2300 
New York, N. Y. 10017 

or 

United Nations Publications 
Palais des Nations 

.... 1211 Geneva 10, Switzerland .....I11III 
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LOGIC CARD FROM IBM 370/168 computer is one of several hundred such boards in the 
central processing unit. Eacb board measures·4 Y2 inches wide by 6'/. inches long. On it are 
mounted integrated-circuit modules (square silver packages) and other electronic components. 

the chip is very large. Moreover, as 
more logic circuits are put on a chip the 
number of input-output connections in­
creases significantly, making it more dif­
ficult to package the chip in the comput­
er. Thus increasing the number of logic 
circuits on a chip is not an unmixed 
blessing. 

Adesigner developing the logic cir­
cuitry for a computer can choose 

among several alternative approaches. 
The first is that each circuit can be cus­
tom-designed and individually placed 
on a chip as needed in order to achieve 
optimum performance. Custom-build­
ing computer logic has all the draw­
backs mentioned above, but it provides 
the best performance and the highest 
density of circuits. It also can have the 
lowest cost if the individual chips are in 

CENTRAL NUMBER OF 

PROCESSING LOGIC CHI PS 
1 ,800 

sufficiently high demand to amortize 
the cost of designing them. 

The second approach is that each cir­
cuit can be custom-designed and placed 
on a chip in a regular array. like squares 
on a chessboard. with wiring tracks pro­
vided for connections between the cir­
cuits. Such an arrangement eases the 
difficulty of designing the entire chip 
but still retains a degree of versatility 
for different functions. It is less effi­
cient in density and in performance be­
cause the circuits can no longer be or­
ganized in the most effective way for 
each individual function. Moreover. in 
general only a fraction of the circuits on 
a chip are actually used. 

The third approach is that a number 
of small functional circuit units known 
as "macros" can be custom-designed. 
Such a unit might be an adder. a Bool-

IBM-370/1 15 IBM-370/168 

20,000 

UNIT CPU CYCLE TIME 480 NANOSECONDS 80 NANOSECONDS 

a: 
TECHNOLOGY w 

LL 
LL CAPACITY ::;) 
ro CYCLE TIME 

MEMORY TECHNOLOGY 

z CAPACITY 
4: 
:2 

CYCLE TIME 

SIZE OF CPU 

OTHER 
WEIGHT OF CPU 

BASIC PURCHASE 
PRICE 

MOSFET 

UP TO 393,21 6 BYTES 

480 NANOSECONDS 

2.5 FEET LONG 

5 FEET DEEP 

5 FEET HIGH 

1 ,800 POUNDS 

$1 75,000 

BI POLAR 
SEMICONDUCTOR 

32,768 BYTES 

80 NANOSECONDS 

MOSFET 

UP TO 
8,388,608 BYTES 

320 NANOSECONDS 

13 FEET LONG 

10 FEET DEEP 

6.5 FEET HIGH 

5,1 00 POUNDS 

$4,500,000 

TABLE OF INFORMATION gives a few pertinent statistics about tbe smallest member (the 
Model 115) and the largest member (the Model 168) of the IBM 370 family, showing tbe range 
tbat is available today in the computing power of both small aud large mainframe computers. 
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New Sinclair Cambridge Programmable. 
An astonishing $29.95! 

How pocket calculators grew up 
A couple of years ago, calculators took a 

step forward. Programmability transformed the 
slick slide-rule calculator into an advanced 
scientific machine. 

Sadly, it also transformed a cheap little 
calculating aid into a piece of capital 
investment. 

Now the all-new Sinclair Cambridge 
Programmable puts programmability where it 
belongs: in the palm of your hand, for less 
than $30. 
The feature. of the Sinclair Cambridge 
Programmable 

The Cambridge Programmable is 
genuinely pocketable. A mere 4)1, H x 2", it 
weighs about 20z. 

Yet there is absolutely no compromise in 
the package of functions it offers. 

Because the Cambridge Programmable 
is both a scientific calculator with memory, 
algebraic.logic and brackets (which means you 
enter a calculation exactly as you write it), and 
a programmable calculator which offers 
simple, flexible through-the-keyboard program 
entry and operation. 

The Cambridge Programmable haS a 
3S-step program memory, and features 
conditional and unconditional branch 
instructions (go to and go if negative). 

There is also a step facility, which allows 
you to step through the program to check that 
it has been entered correctly. If there is any 
programming error, the learn key allows you to 
correct single steps without destroying any of 
the remainder of the program. 

To achieve this, each program key-stroke 
has an identifying code, or 'check symbol'. 
(The symbols for the digit keys are the digits 
themselves, while the symbols for the operator 
keys are letters printed beside the keys.) 

The check symbol for El, for example, is F. 
So if, as you step through the program, the 
display shows 

it means that El is programmed as step 26. 
If step 26 should have been l±l, all you have to 
do is press 

learn [AI" [RUN' (l) 
puts mechlnelnto the correct step 
'Ieem'mode. 

Ifs as simple as that! 
These facilities make the Cambridge 

Programmable exceptionally powerful, 
whether ifs running programs you devise for 
yourself or the programs in the Program Library. 

Use the 294-program library to tailor the 
machine to Jour ownspeclaltJ 

Like a full-size computer -and unlike far 
more expensive specialist calculators -the 
Sinclair Cambridge Programmable can be 
programmed to handle calculations concerned 
with any specialty. 

And of course, whatever ifs doing the 
Programmable is error-free -in fact, once it's 
programmed, it can even be given to an 
operator who doesn't understand the program! 

To save you time, and to help inexperi­
enced programmers, Sinclair have produced a 
library of 294 programs ready to be entered 
straight into the calculator. 

Using these standard programs, the 
Cambridge Programmable solves problems 
from quadratic equations (where the program 
gives both real and imaginary roots) to twin-T 
filter design, and from linear regression to bond 
yields. It even plays a lunar landing game! To 
realise the full power of the Cambridge 
Programmable, the Program Library is a must. 

(The calculator is supplied with 12 
sample programs, and full instructions for 
entering your own program. The four books in 
the program library are available at $4 each. or 
$10 for the complete set.) 

WhJthe Cambridge Programmable 
costs so little 

The Sinclair Cambridge Programmable 
uses the Sinclair talent for miniaturisation to the 
full-as you'd expect from the company that 
pioneered the truly pocketable pocket 
calculator, and recently introduced the world's 
first pocket Tv. 

Chip and circuitry design are unique to 
Sinclair, and the Cambridge Programmable is 
assembled by Sinclair's own staff at their 
headquarters plant. Shipped direct, and sold to 

you direct, the. Cambridge Programmable 
accumulates no middleman's profits on the way. 

The result is a pocket programmable 
calculator of advanced deSign, sold by the 
manufacturer with the manufacturer's own 
1-year comprehensive guarantee, at a price 
unmatched by any comparable calculator. 

1O-day no-obIlgation offer 
There's a lot more to this remarkable 

calculator than a brief written description can 
cover. 

You need to see it and handle it ... to 
program it yourself in a few seconds to save 
you hours ... to check its performance against 
tables and graphs ... to test the full range of 
programs Bvailable ... to evaluate, perhaps. its 
use as an educational aid in developing a 
studenfs computer understanding. 

So we're offering a 1Q-day trial. Send your 
check or money order with the order form 
below, and you'll receive a calculator direct. 
Use it for 10 days, and if you don't feel it's the 
finest $29.95 you've ever invested, send it back. 
We'll refund your money without qUE!stion. 

There's nothing to lose, and so much 
calculating power to gain. 

Post your order today. 

5iinE::lair 
Sinclair Radlonlcs Inc., Galleria, 
115 East 57th Street, New York, N.Y. 10022 US, 
Tel: (212) 355 5005. 

p-----------------------_. • To: Sinclair Radlonlca Inc., Galleria. 115 Ea.t 57th Straet, New York, N.Y. 10022, USA. SA 9 

I Please send m <L--(qty) Sinclair Cambridge 
Programmable(s) at S29.95 each. including 

I full instructions. and sample programs. ",S __ _ 

I 
-- (qty)AClIne adaptor(s)atS4.95 ,,-S __ _ 

I --�Z�;�;�:;��!7:':I�I:�S4 ,,-S __ _ 
(percentage. metric s�stem. 

I memory, games, dates, finance, 
mortgages. statistics) 

__ (qty) Program Libra� Book 2 atS4 ",S __ _ Mathamatlea (algebra. calculus. 
geometry. trigonometry. number 
theory. transcendental functions) 

__ (qty)ProgramLibra� Book3atS4 ",S __ _ Phrslcs and Engineering 
(astronomy. statics and dynamics, 
relativity, mechanicS', properties of 
matter, fluids, structures. 
thermodynamics) 

--
�1Zl::��I:;'(����o7k�.���t��S4 ",S 

__ _ 
filters, electrodynamics, radiation 
and propagation) 

__ (qtr) complata .. t(s) of 
4 bOOks at $10 par .at 

Sales tax (NY residents) 
Post and packing 

$ 
$ 

s 2.50 
Total ",S __ _ 

Enclosed is check/MO payable to Sinclair Radionics Inc. 

Name 

Address 

City 

State 

Zip 

(PLEASE PRINn 

I understand that you will refund purchase price in full if 
I return calculator(s) and accessories in saleable condition 
within 10 days of receipt. 

Signature 
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MINICOMPUTER PDP-ll Model 60, made by the Digital Equip­
ment Corporation and photographed In one of their testing labora­
tories in Marlborough, Mass., is one of the middle-range members of 
the family of PDP-ll computers. The PDP-1 l 160 shown here con-

LOGIC BOARD FROM PDP-1l /60 minicomputer is one of six sim­
ilar boards in the central processing unit. The board measures 8'12 
176 

. '  , 

sists of a central processing unit (middle control panel on large cabinet) 
with two disk units flanking it and an operator's console (keyboard 
in foreground). Operator at right is holding a disk cartridge for the 
computer. Operator at left is testing computer with an oscilloscope. 

inches wide by 15% inches long. It contains 107 integrated circuits 
(including twlil read-only memories) and some discrete components. 
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ean-Iogic unit or a register stack. In this 
way a "library" of macros can be built 
up. When a chip is designed, it is con­
structed of a number of macros connect­
ed together by a minimum of custom­
designed logic. 

The fourth approach has to do with 
the fact that it is possible to facilitate the 
design of logic chips by making the logic 
resemble memory. The commonest way 
is to use a read-only memory. A read­
only memory differs from a read /write 
memory in that the information is writ­
ten into it when it is fabricated, and it 
cannot be changed. In such a memo­
ry the sequence of logic operations is 
stored as bit patterns in a sequence of bit 
"words";  when the words are accessed, 
the bit patterns are decoded and the log­
ic operations are carried out. Only a rel­
atively small amount of logic is needed 
to decode and utilize the bit patterns. 
The read-only memory cell is smaller 
than a read/write memory cell, and it is 
nonvolatile. Between 10 and 20 bits of 
read-only memory is generally equiva­
lent to a single logic circuit. The logic 
of the chip can be changed simply by 
altering the read-only memory bit pat­
tern; no new circuit design or layout is 
required.  

The fifth and last approach to design­
ing logic circuitry is to implement the 
logic functions by a microprocessor. 
The microprocessor is the least efficient 
alternative in terms of performance and 
density, but it is the most flexible and 
the easiest to use. Its functions can be 
changed simply by reprogramming it. 
The same chip can perform many differ­
ent functions, so that it is in high de­
mand and is relatively inexpensive. A 
single microprocessor chip today costs 
as little as $ 10 to $20. 

The versatility and convenience of the 
microprocessor has altered the en­

tire architecture of modern computer 
systems. No longer is the processing of 
information carried out only in the com­
puter's central processing unit. Today 
there is a trend toward distributing more 
processing capability throughout a com­
puter system, with various areas having 
small local processors for handling op­
erations in those areas. 

For example, an input-output port 
may have a controller to regulate the 
flow of information through it. At times 
the controller may accept commands 
from the central processing unit and 
send signals back in order to coordinate 
its operations with those of the rest of 
the system; at other times the controller 
may operate independently of the cen­
tral processing unit. Another example of 
a local processor is what is usually 
called an intelligent terminal. At a ter­
minal an operator is connected to the 
computer and time-shares the computer 
with other operators. Originally termi­
nals were "dumb" : they simply sent in­
puts from the operator to the central 

PDp·1 1/03 PDP-11170 

CENTRAL NUMBER OF 
4 600 

P ROCESSING LOGIC CHIPS 

UNIT CPU CYCLE TIME 3 .5 MICROSECONDS 300 NANOSECONDS 

a: 
TECHNOLOGY - BIPOLAR 

w SEMICONDUCTOR LL 
LL CAPACITY - 2,048 BYTES ::J 
CD CYCLE TIME - 240 NANOSECONDS 

MEMORY 
TECHNOLOGY CORE OR MOSFET CORE 

z CAPACITY UP TO 57 ,344 BYTES 
UP TO 

« 4,096,000 BYTES 
:; 

COR E : 1.15 MICROSECONDS 
CYCLE TIME 1 .26 MICROSECONDS MOSFET: 750 NANOSECONDS 

19 INCHES LONG 21 INCHES LONG 

SIZE OF CPU 1 3.5 INCHES DEEP 31 INCHES DEEP 

OTHER 
3.5 INCHES HIGH 6 FEET HIGH 

WEIGHT OF CPU 35 POUNDS 500 POUNDS 

BASIC PURCHASE 
$2,000 $63,000 

PRICE 

TABLE OF INFORMATION gives pertinent statistics about both the smallest member (the 
Model 03) and the largest member (the Model 70) of the family of PDP-U minicomputers. 
The PDP-U I70 can be considered a small mainframe computer, It has a high-speed buffer 
memory. It and PDP-1l/60 are only members of PDP-ll family that have two memories. 

processing unit of the computer and dis­
played outputs on a screen. Today 
increasing numbers of terminals are 
"smart": they are capable of doing some 
preliminary and independent processing 
on the operator's input before commu­
nicating with the computer's central 
processing unit. 

In many computer systems today a 
number of processors are connected 

together to form a distributed-process­
ing network. Most commonly the net­
work consists of a number of minicom­
puters, but mainframe computers and 
microcomputers can also be incorporat­
ed into it. Input-output ports and data­
transmission hardware are considered 
an active part of the network only if they 
are able to process information. Parts of 
a task are distributed among the ele­
ments of the network. Each element 
works independently for some period of 
time, communicating as necessary with 
other elements. 

There are a number of advantages to 
distributed processing. First, since many 
elements of the computer can be work­
ing on different portions of the same 
task, the work may be done faster. Sec­
ond, if one element in the network mal­
functions, its work load can be shifted to 
another element or shared among sever­
al elements, so that the entire network is 
relatively immune to failure. Third, the 
network can be small enough to be con­
tained within a single laboratory or 
building, or it can be spread out over a 
wide area, as in various branches of a 
bank. The ease or difficulty with which 
each element can communicate with an­
other will affect how much the data are 
manipulated before they are transmit­
ted through the network.  A major obsta­
cle to designing an effective distributed­
processing system is the difficulty in­
volved in writing the system's software, 
which must enable the various elements 

of the network to operate and interact 
efficiently. 

Distributed-processing systems can 
be organized in several ways. A large 
distributed-processing system can be or­
ganized into a hierarchical structure. At 
the top of the hierarchy is a single main­
frame computer that communicates 
with processors in the network at a sec­
ondary level, which in turn can commu­
nicate with other processors on a ter­
tiary level and so forth. In a pure hier­
archy the processors on any particular 
level cannot communicate directly with 
.one another. Instead communications 
must be routed through the next higher 
level. 

Alternatively a distributed-processing 
system can be organized into a peer 
structure. All the computers are on the 
same level and can communicate with 
one another on an equal footing. Except 
for very small networks, however, it sel­
dom happens that every element in the 
network can communicate with every 
other element. Instead the hierarchical 
structure and the peer structure can be 
combined into a hybrid system in which 
the processors on a particular level can 
communicate with one another and with 
processors on the next higher level. 

M icroelectronics and data processing 
are inextricably linked. The hard­

ware in data-processing machines, from 
the largest to the smallest, is built out of 
microelectronic devices. Advances in 
microelectronic devices have both in­
creased the performance and lowered 
the cost of data-processing machinery. 
These advances will continue into the 
foreseeable future, although there is 
some indication that as the industry ma­
tures the rate of advance will decrease . 
And as computing continues to become 
faster and cheaper, data processing will 
continue to penetrate further into the 
activities of everyday life. 
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A new advance 
in scientif ic computing 

ARRAY PROCESSOR 

A brea kth rough in  computer a rchitecture,  
the AlTay Processor is  b ringing unpa ra l leled 
computational power to continually growing 
numbers of a pplications in resea rch,  engi­
neer ing , a nd signal  processi ng , 

The AlTay Processor is a computer in its own 
r ight, specifica l l y  deSig ned for extremely 
eff ic ient processi ng of la rge vectors or 
a rrays of data .  Although ful ly capable of 
working in an independent system, the AlTay 
Proc essor is typica l l y  i mpleme nted as a 
powerful complement to a host computer 
[which acts prima ri ly as a controller), g reafty 
increa si ng the computational power of the 
enti re system.  

The AlTay Processor takes blocks of  data 
a nd instructions from the complementary 
C P U  or oth e r  device a nd performs the 
computations cal led for at speeds of 100 
to 200 times g reater tha n a stand-a lone 
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GENERAL PURPOSE 
COMPUTER 
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computer. Th is  mea ns that a minicomputer 
ba sed system can have its computational 
th roug hput i n c rea sed to a degree on ly  
avai lable on the largest, a nd most expe n ­
sive ma i nframe computers, It a l so mea ns 
tha t  a la rg e  ma i nfra me c a n  ha ve i ts 
throughput i ncrea sed up to 20 fold , The 
rationale i s  s imply this :  if massive computa ­
tions a re required to effect a simulation or 
a lgorithmic model .  why not design a pro­
g ra m ma b l e  proc essor  to h a n d l e  these 
ta sks effi c i e ntly, FPS has p ioneered th i s  
approach b y  designing extremely effic ient. 
cost effective AlTay Processors, interfa c i ng 
the m  to a l l  popular  com pute rs a nd pro­
vid i ng a pac kage consisting of software 
deve l opment prog ra m s, d iag nostic p ro­
g ra ms, a nd a n  extensive math l ibra ry. Al l  
documenta tion and support a re provided 
to b ri ng the systems promptly on l i ne .  The 
sig nif ica nce of th i s  a pp roa c h  becomes 
evident whe n  one rea l izes that for less tha n 
$50K he can have the power of a multi -

mi l l ion dollar CDC 7600 immediately avai l ­
a b le to i mplement h i s  sc ie ntific a na l ys is  
prog rams,  Hundred s of  FPS AlTay Processors 
a re in use today. 

Time a nd aga i n  the Arra y  Processor has 
a l lowed sig nificant research to be accom­
pli shed where before budgets did not al low 
access to the computa tiona l powe r re­
quired, This accessability has also produced 
a cata lytiC effect a l lowi ng new resea rch 
idea s to come forward for i mplementation. 

Architecturally, Floating Point Systems' AlTay 
Processors consist of fa st registers. prog ra m  
memory. data memory. a pipeli ned floating­

point adder, a nd pipelined floating-point 
multi pl i er - a l l  i nte rcon nected by seven 
pa ra l lel  synch ronous data buses, These 
fea ture s  a re combi ned with a fa st ( 167 
na nosecond) i n struction cyc le,  Wh i le the 
conve nti ona l compute r i n struction word 
can only spec ify a single opera tion. such 
a s  a multiply, add, memory fetch, decre­
ment, or test, the FPS Array Processor ca n 
do al l  of these operations in a single 167 
nanosecond cycle, The result i s  the abi l ity 
to d o  the reiterative computations required 
on la rge vectors or a lTa ys of data in  a very 
short time. 

There i s  a nother "unexpected" benefit from 
th i s  k ind of compute r  a rc h i tecture .  Most 
a lg o rith m s  u sed to i m plement sc ie ntif ic 
models  a nd their  a ssoc iated data sets a re 
natura l l y  structured in vector [a rray) form . 
Wh i le the conve ntional computers of today 
req u i re re structur ing of the mod e l s. the 
design of the a rchitecture a nd instruction 
set of FPS Array Processors is virtua l ly con­
g ruent to the mathematical  mode ls .  Re­
sea rchers using AlTay Processors find that 
they can readily write new program routines 
e i th e r  in FORTRAN IV through the i r  host 
computer or i n  the Array Processor's own 
a ssembly la ng ua ge, 

Powe rful  m od e l s  ca n be rea d i l y  i m ple­
mented th rough the extensive FPS Sc ientific 
Math library (SML) of more than 250 routines 
ca l lable th rough the host FORTRAN,  New 
prog rams ca n be added to the SML using 
the a ssembly language of the Array ProcessQ[ 

For  e xa m p l e ,  Peter Buhl  of the La mont 
Doherty Geolog ical Observatory of Colum­
bia University a pplied these tech niques to 
the a na l ysiS of ma rine sei smic reflection 
data .  
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. . .  the Array Processor 
V E LOCITY KM/SEC 

The a bove data is a plot of the ea rth·s  
response due to an air  gun source at 24 
locations a long the earth·s surface. The 
vertical scale is propagation time in sec­
onds. Sound velocity in the earth is deter­
mined by fitting one-sided h yperbolas to 
the data .  Thi s  fitting is done in the Array 
Processor by multiple cross-correlations of 
short time wi ndows of the 24 traces. The 
strength of the correlation as a function of 
propagation time a nd assumed velocity i s  
plotted in the center g raph as a downward 
deflection.  A l i ne through the deflection 
troug h s  defi nes velocity vs. d e pth . The 
center graph requires 100 mill ion multiply­
adds. 

Sound velocity data as a function of depth 
of the ea rth provides valuable information 
about the nature of the stra ta .  A s ingle 
ve loc i ty a na l ysi s via a m u lti p le c ross­
corre lat ion (or semb l a n c e )  tec h n i que 
required s ix  hours with conventional com­
putational equipment. Uli lizi ng an FPS Array 
Processor reduced this time to three min­
utes. (a 1 20X th roug h put i mproveme nt) 
thereby a l lowing these velocity a na lyses to 
be done at closer spacings a long the l ine 
of profi le. add i ng an extra d imension to 
ea rth  c ross sections. 

Floating Point Systems' Array Processor a lso 
forms po rt of a system used to process 
nuclea r reactor operating data generated 
by reactor safety experiments. The portion 

of that system developed by Sa m  Sparck, 
Senior Development Engineer at the Time/ 
Data Division of Gen Rod, Inc. i s  a real ­
ti m e  multi channel digital  filter subsystem. 
Input data a rrive s  in b uffers of va ria ble 
length at rates from 50 to 650 buffers/sec. 
Maximum throughput requirement is 1 31 .000 
word s/ sec.  The Array Processor prog ra m 
performs data demultiplexing into sepa rate 
channel buffers. digital filtering/decimation. 
bounds checking. a nd remultiplexing of the 
decimated data into output buffers. Deci­
mation ratios of 3:1 to 6,000,000 : 1 a re 
atta ined. Certain selected pa rameters a re 
tested in real-time for bounds exceedance. 
a nd when exceeda nce condit ions a re 
detected. an a udible a nd visual a larm is  
generated to alert system operators. 

In the area of pure science. a Floati ng Point 
Systems' Array Processor is  used by research­
ers at the University of Califomia, San Diego 
to i nteg ra te several hundred coupled 
differential equations in the study of the 
molecular d ynamics of chemical reactions. 
A dynamic display system then processes 
the vector positions of the atoms a nd shows 
them in 3D moving i mages. Chemistry is a 
field with obvious needs for large increases 
i n  computer power. Its fundamental axioms 
a re we l l  known. b ut the computati o n s  
involved in applying these axioms a re so 
extended that as yet only relatively simple 
systems have been studied from first principles 

Hard copy output of single time step in the 
di ssoiution a nd solvation of a sa lt c rysta l l ite 
in water is shown here. You ca n see this stop­
action in strik ing depth if you fuse the two 
pictures together into a single stereoscopic 
image with a slight c rossing of your eyes. 
The experimenters actually have moving 3D 
pictures litera l ly at their fingertips. The calcu­
lations are a imed at a deeper understa nd ­
ing of molecular processes in terms of the 
motions of the atoms involved. 

Whi le the computationa l l imitation of th is  
generation of Array Processors does exist. 
its potential contribution to technology has 
yet to be d i sc ove red i n  many a reas of 
sc ientific a na lysis .  Every day numerica l ly  
intensive a rray processing techniques a re 
a ppl ied to new a rea s of resea rch a nd 
engineering. 

Today Array Processors can be found in 
the calculation. reconstruction.  and en­
hancement of images (X-ray. satel l ite. and 
seismic) . . .  the conversion of speech signa ls 
i nto compre s sed d i g i ta l  d a ta a nd the 
subsequent resynthesis . . .  the composition of 
images in  radio astronomy . . .  the statistical 
a na lysi s of the data affecting economic 
models . . . the s imulation of mecha nical  
systems, a irframes. a nd envi ronments . . .  
a nd more. 

The Array Processor has l iteral ly created a 
new era in signal processing a nd scientific 
computation. An FPS Array Processor inter­
faced to a minicomputer  provides the 
computational  power of a megadol lar  
mainframe at a fraction of  the cost . . .  com­
bined with a major ma inframe, it b ri ngs the 
user the computationa l  abi l ity previously 
avai lable only at tremendous cost. 

To leam more about Array Processors . . .  use 
the coupon below or contact Floati ng Point 
Systems directly. 

___ ---1. 

The age of Array Processing is here . . .  and 
Floating Poi nt Systems is the Array Processor 
company. 

!! � 5 FLOATING POINT 
r- r  SYSTEMS, INC.  

Please send additional information. 

Name _____________ Title ________ _ 
Company Phone _______ _ 

Address _____________________ _ 

CALL TOLL FREE 800-547-96 7 7  or 800-547- 1 445 
PO. Box 23489. Portland. OR 97223 
(503) 641 -31 51 .  TLX: 360470 FLOATPOINT PTL 

Citv ________ State ________ Zi p ___ _ 

My Computer System is  My application is  
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The Role of Microelectronics 
in Instrumentation and Control 
Microelectronics enables measuring instruments not only to make 

measurements but also to analyze them. It has also brought closer 

the fully automatic control of industrial processes and machinery 

S
cience and technology alike depend 

on the ability to measure an enor­
mous variety of phenomena the un­

aided human senses cannot measure 
with precision and in many instances 
cannot even detect. Without instru­
ments to make such measurements there 
can be no efficient analysis and predic­
tion; without devices responding to the 
readings of instruments there can be no 
automatic control. Today a new genera­
tion of powerful measuring instruments 
and control devices is beginning to 
emerge. The high performance of its 
members is largely the result of incorpo­
rating. as an integral part of each instru­
ment or control device. a microproces­
sor and some digital memory. 

The underlying principle of any con­
trol system is the feedback loop. A clas­
sic example is the household thermostat. 
where the loop consists of a furnace. the 
air in the house. an air-temperature sen­
sor and a furnace regulator. When the 
temperature of the air falls below or ris­
es above predetermined points. the sen­
sor feeds the information back to the 
regulator. which turns the furnace on or 
off. The sensor is in effect a measuring 
instrument. Indeed. most measuring in­
struments can be said to be part of a 
feedback loop. since the measurements 
they make are a guide for action modi­
fying the quantities measured. Many 
measurements are not simple to make or 
to integrate into a feedback control 
loop. It is here that new measuring in­
struments based on microelectronic de­
vices such as the microprocessor have 
come into their own. 

To appreciate how profoundly mea­
surement technology has changed over 
the past four decades let us look into 
a large communications development 
laboratory in the mid- 1930·s. A new re­
peater. or amplifier. for radio-network 
telephone lines is being tested. Its ampli­
fication is being measured over the fre­
quency range of music and speech. 

The test signal is generated by a tun­
able oscillator. and the output of the re-
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peater is measured by a thermocouple 
meter. The output power of the oscilla­
tor varies with frequency and must be 
manually reset for each new frequency 
to some desired value. as read on the 
thermocouple meter. After each reset­
ting the output of the oscillator is fed to 
the repeater through a calibrated attenu­
ator. and the repeater output is read on 
the same thermocouple meter. Next the 
attenuator is adjusted. reducing the in­
put from the oscillator until the attenua­
tor loss cancels the repeater gain and the 
thermocouple reading is the same as be­
fore. The attenuator reading is equal to 
the amplification the repeater provides 
at that specific frequency. 

The test continues. Each new oscilla­
tor frequency setting must be read off a 
calibration chart. This setting and the 
corresponding attenuator reading are 
entered in a notebook. After lunch the 
results will be plotted and examined to 
see if there are problems with the fre­
quency response. If not. the next day can 
be devoted to a further test of the repeat­
er. this time its harmonic distortion with 
respect to frequency. 

How would we test the same repeater 
today? The venerable device is 

dusted off and cables from an automatic 
test set are connected to its input and 
output. The test conditions are typed in 
at a console. and a "RUN" key is pressed. 
In 10 seconds a video terminal displays 
a graph plotting the gain of the repeater 
across the entire range of frequencies. 
Pressing another key changes the dis­
play to a similar plot of distortion with 
respect to frequency. No dials have been 
turned and no meters have been read. 
but two days' worth of data has been 
obtained in a few seconds. In four dec­
ades instrumentation has progressed 
from the performance of the Conestoga 
wagon to that of the jet airplane. 

It is worth noting a few of the major 
milestones in the development of instru­
mentation from the 1930's to the pres­
ent. because without them the micro-

processor would not be able to play an 
effective role in an instrument. The first 
milestone was the stabilization of the 
analogue circuits in instruments. By ap­
plying automatic gain-control circuits to 
oscillators and negative feedback to am­
plifiers it was possible to construct sig­
nal generators and voltmeters with a 
constant output and sensitivity over a 
wide range of frequencies. It was not 
necessary to use a substitution method 
and to adjust attenuators for each read­
ing; instead a dial could be set to each 
new frequency and the variations in am­
plification could be read directly. 

Digital technology, which had been 
evolving in computers, was first applied 
to instrumentation in the digital fre­
quency counter. Earlier methods of 
measuring frequencies were quite time­
consuming; a digital frequency counter 
displayed the answer in a fraction of a 
second and in an easily readable numer­
ical form. Frequency measurement be­
came almost overnight the fastest and 
most accurate of all electrical measure­
ments. An immediate demand for digi­
tal readouts in other instruments fol­
lowed. and soon the analogue readout­
the pointer-of the traditional voltme­
ter was replaced by a digital display. 

The replacement of analogue read­
outs by digital ones led in general to 
fewer human reading errors. More im­
portant. it led to instruments that could 
be read quickly. tirelessly and totally 
without error by computers. Computers 
were already in service for recording the 
results of expensive. one-of-a-kind tests: 
a nuclear explosion. say. or a rocket fir­
ing. With the aid of devices that convert­
ed analogue signals into digital ones 
computers stored the output of hun­
dreds of instruments simultaneously. 
enabling the testers to review and re­
review the test measurements at their 
convenience. These early computerized 
facilities were the precursors of today's 
automatic measuring systems. 

The advent of digital-output instru­
ments brought automatic measuring 
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systems one step closer. The next step 
was to develop digital-input instru­
ments: instruments that are set digitally 
and can therefore be controlled by com­
puter. The frequency counter was 
matched by the frequency synthesizer. 
the digital voltmeter by the digitally ad-

justable power supply. One by one sig­
nal sources became computer-control­
lable. and together with the computer­
readable instruments they formed the 
basis for a wide variety of automatic 
measuring systems. 

Such systems speed up electronic 

measurements by one or two orders of 
magnitude and improve the accuracy of 
measurement to a like degree. They are 
particularly advantageous for the test­
ing of manufactured products. where 
routine but often complex tests must be 
repeated over and over again. and where 

DIGITAL METER of unusual simplicity instantaneously presents 
in numerical display the value of any analogue signal input it receives 
in the form of a voltage or a current, such as the signal from a sensing 
transducer. Preceding generations of digital meters incorporated 10 
times as many components as the IS in this AD2026 panel meter, 

made by Analog Devices Inc. of Norwood, Mass. Most of the com­
ponents drive the light-emitting diodes of the display (top). Two oth­
ers are input controls and one is an integration capacitor. Some 120 
components in earlier meters are replaced here by one large-scale­
integrated chip (bottom) of the integrated-injection-Iogic (J2L) type. 

181 

© 1977 SCIENTIFIC AMERICAN, INC



© 1977 SCIENTIFIC AMERICAN, INC



there is infrequent need for reprogram­
ming. 

Automatic test systems have many 
advantages in addition to relieving 
workers of monotonous tasks. The auto­
matic system can compensate for its 
own systematic measuring errors by 
making measurements on a reference 
standard and storing in its memory the 
difference between these measurements 
and the known values. The differences, 
which represent errors, can then be sub­
tracted when a device on the production 
line is measured. The result is a tenfold 
to hundredfold reduction in the level of 
measuring error. 

To get a new reading an automatic 
measuring system need wait no longer 
than the time it takes for the device be­
ing tested and the associated instru­
ments to settle down. This time may be 
only milliseconds or microseconds and 
so is orders of magnitude faster than it 
would be for a human tester. The com­
puter exercises the system thousands of 
times harder than a human being could 
and gets correspondingly more data per 
hour from the test equipment. 

The automatic system has inherent 
data-processing capability. Out of the 
thousands of measurements that are 
made every minute only those that show 
some anomaly need to be presented to 
the human monitor, and they can be dis­
played complete with error informa­
tion. Test data on different production 
runs can be stored for later reference, 
reviewed item by item and analyzed sta­
tistically to determine if the manufac­
turing processes are under control. 

Automatic test systems do not fudge 
the data or make mistakes in recording it 
or get tired or omit tests or do any of the 
dozens of troublesome things human 
beings are apt to do. Whatever tests the 
program specifies will be made regard­
less of the time of day or the day of the 
week; no front-office pressure to ship 
goods by a certain date can compromise 
the computer's inspection. 

What happens after the next step is 
taken, when each instrument in­

corporates its own computer in the form 
of a microprocessor? A host of new ca­
pabilities and modes of performance be­
come possible; what we now have is 
"smart" instrumentation. To gain an un­
derstanding of what smart instruments 
can do let us consider some specific ex­
amples. 

Compare a traditional spectrum ana­
lyzer with a smart one. A spectrum ana­
lyzer measures the power of a signal as a 
function of frequency over some speci­
fied portion of the frequency spectrum. 
Essentially it is a narrow-band receiver 
that repeatedly sweeps a selected part of 
the spectrum and displays any signals it 
receives as peaks with heights propor­
tional to the power of the signal. If the 
sweep rate is too high. however, the re-

ceiver cannot respond fully to the sig­
nals it detects; if the sweep rate is too 
low, the display may be intermittent and 
may flicker, and changes in the signal 
may be missed. 

To get the highest repetition rate pos­
sible without sacrificing either detail or 
accuracy in the display three interrelat­
ed factors must be optimized: the width 
of the spectrum selected, the resolution 
within the spectrum and the sweep rate. 
In the days before microelectronics the 
task of optimization was left to the oper­
ator, and only a careful and knowledge­
able one could get consistently accurate 
and complete results. 

In today's analyzers the microproces­
sor automatically adjusts the spectral 
resolution to present as much detail as 
the display can show and then selects the 

highest sweep rate that will still allow an 
accurate, full response to each signal de­
tected. Even when the sweep rate is very 
low, the display will not flicker; it is 
stored in digital memory and presented 
to the operator 60 times per second. The 
microprocessor puts on the display not 
only the signal peaks themselves but 
also all other pertinent data: the sweep 
time, the bandwidth of the receiver. the 
span of the spectrum, the strength of the 
signal and the minimum. maximum and 
center frequencies of the signal. Moni­
toring photographs of the display make 
it possible to record the entire story at 
any time. Instead of having to contend 
with the shortcomings of the conven­
tional spectrum analyzer the operator 
finds himself actively helped. The con­
trols are simplified and entire settings 
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"SMART" SURVE YING INSTRUMENT combines the angle measurements of a theodolite 
with distance measurements ob tained by mic:roel edroni c:aUy processing re8ecled waves of 
laser light. A microprocessor in the instrument presents azimuth and elevation angle readings 
in degrees, minutes and seconds of arc:. An int ernal sensor detects IUIf leveling erron and cor­
rects the angle readings acco rdingly. With distance m easurements of up to five 1dI0meten the 
microprocessor converts slan t.range readings into their h orizontal and vertical components 
while correc:ting for the curvature of the earth. The instrument Is the Hewlett-Pac kard 38l0A. 

OPENED CASE exposes to view part of the circuitry of the 3810A. By plugging in a solid­
state memory the surveyor can record a day's field observations for transfer to a computer at 
headquarten dir ectly or by telephone. The computer-held data in turn can be fed to a piot­
ter that wiD automatically convert days of field observations into a standard surveyor's plat. 
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can be stored in memory to be recalled 
later if the measurement needs to be re­
peated. 

Asecond example has to do with the 
combination of two instruments of 

chemical analysis: the gas chromato­
graph and the mass spectrometer. When 
a sample of unknown composition pass­
es through the column of a gas chro­
matograph. each component of the sam­
ple travels at its own characteristic rate. 
so that two components rarely reach the 
�nd of the column at the same time. The 
arrival of each component at the end of 
the column is sensed in any one of sever­
al ways and is quantitatively recorded as 
a peak on a strip chart. Such a chart is 
the chromatogram. For example. a drop 
of gasoline will produce a chromato­
gram with a different peak for each hy­
drocarbon present. The chemist can 
then determine the percentage of each 
hydrocarbon in the sample by integrat­
ing the area under each peak. a labori­
ous process. 

Procedures for gas chromatography 
were greatly accelerated a few years ago 
by converting the output of the detector 
from analogue to digital form and stor­
ing the chromatogram in computer 
memory: the area of each peak could 
then be integrated numerically with the 
aid of a suitable computer algorithm to 
mark the beginning and end of each 
peak. Today. with microprocessors. 
each chromatograph can be a self-con­
tained quantitative instrument with its 
own internal calibration and self-testing 
routines and its own internal integrator. 

In the mass spectrograph a sample of 
unknown composition is injected into a 
vacuum and is ionized by a stream of 
electrons. Ions of differing mass sepa­
rate in accordance with their ratio of 
mass to electric charge. and the result is 
recorded as a series of separate peaks 
analogous to the peaks of a chromato­
gram. These multipeaked spectra repre­
sent a series of "signatures" uniquely 
characteristic of individual elements 
and compounds. Libraries of signatures 
have been compiled to aid in the identifi­
cation of samples of unknown composi­
tion. The flaw in the system is that with a 
mixture of compounds the spectra over­
lap and the identification of the compo­
nent spectra becomes very difficult and. 
uncertain. 

In contrast. each peak in a chromato­
gram almost always represents a single 
substance. and so the notion of harness­
ing the two instruments in tandem arose. 
The chromatograph would separate the 
unknown sample into its constituents. 
and the mass spectrometer could then 
identify each constituent singly. 

The combination is a powerful ana­
lytic tool. It is also a complicated system 
requiring daily correction and recalibni­
tion to compensate for drift resulting 
from contamination by past samples. 
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AUTOMOBILE-ENGINE CONTROL incorporates a microproc­
essor to integrate readings from six sensing i nstruments and deter­
mine the optimum time of ignition at any of a wide range of engine 

AMBIENT-AIR TEMPERATURE 

THROTTLE POSITION AND RATE OF 
CHANGE IN POSITION 

CRANKSHAFT POSITION 

INTAKE-MANIFOLD VACUUM 

ENGINE-COOLANT TEMPERATURE 

INLET-AIR TEMPERATURE 

INPUT SENSOR INPUT 

� 

SEVEN INPUTS FROM SENSORS in the Chrysler engine-control 
monitoring network include the ambient-air temperature, the inlet­
air temperature, the engine-coolant temperature, the intake-mani­
fold vacuum, the crankshaft position, the throttle position and the 
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speeds and loads. The control, which is under development by the 
Chrysler Corporation, uses a microprocessor chip produced by RCA 
Corporation. Details of the control are shown in illustration below_ 

OUTPUT ACTIVATOR 

DISTRIBUTOR 

DATA INTEGRATION 

OUTPUT 

MICROPROCESSOR 

(SPARK-TIMING SIGNALS) 

rate of change of the throttle position. The best engine performance 
with the fuel-to-air ratio kept lean to minimize pollution depends on . 
selecting an optimum instant of ignition with respect to sensed vari­
ables. Microprocessor sends these timing signals to the distributor. 
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When the combined instrument is put 
under microprocessor control. not only 
is the task of calibration reduced from 
hours to minutes and the task of moni­
toring for drift greatly simplified but 
also a large number of samples can be 
analyzed automatically. 

The mass spectrometer can be direct­
ed to generate spectra for every chro­
matogram peak or to analyze only those 
spectra that meet predetermined crite­
ria. The tandem machine can work 
overnight. producing successive chro­
matograms and checking their mass 
spectra with the signatures stored in its 
memory. If so directed. it will even print 
out or store in memory the top 10 "hits" 
in each comparison for review by the 
operator in the morning. This is almost 
completely automated analytical chem­
istry of a very sophisticated kind that 
can be set to detect trace amounts of 
anything from narcotics in urine to con­
taminants in lemon oil. All that is re­
quired for such automation is the provi­
sion of appropriate microprocessors 
and memories. 

For decades the automatic factory has 
been forecast as imminent. and yet it 

never arrives. The basic reason is that 
automation involves far more than the 
development of sequential machines. It 
calls for feedback mechanisms that 
sense anomalies in the system. analyze 
them and take the appropriate correc­
tive action. In the motion picture Mod­
ern Times Charlie Chaplin is fed lunch 
while he is at work by an automaton that 
keeps putting the food everywhere but 
where his mouth is. Charlie was a little 
short for the machine. and it could not 
adapt. In a large manufacturing process 
thousands of things can go wrong and 
send a nonadaptive system into a spin. 

It will be a long time before the major­
ity of production processes can be tr

'
uly 

automated. Nevertheless. as individual 
machines are made smarter we can ex­
pect them to cope successfully with an 
ever widening range of problems. A 
good example is the evolution of traffic­
signal systems. The first automatic traf­
fic signals were purely sequential; they 
were fixed in their timing and were inde­
pendent of one another. The flow of 
traffic was greatly aided many years ago 
by synchronizing the system and also by 
changing its timing to accommodate 
such variations in traffic flow as occur 
during rush hours. Even so. anomalous 
local traffic flows often called for manu­
al intervention. 

Traffic signals today can be made to 
sense and count the number of cars in 
the main stream of traffic and even the 
accumulation of cars in access lanes. 
They can be programmed to adjust their 
own timing to keep traffic flow at an op­
timum; adaptive control of this kind is a 
trivial task for a microprocessor. More­
over. once the microprocessor has been 

NUMERICALLY CONTROLLED MACHINE TOOL (foreground) is computer-program­
mable. In the background is the keyboard and memory component; programs for various tasks 
are entered and called up as needed. Seen at work at the Wilsey Tool Company, Inc., of Quaker­
town, Pa., the tool does electric-discharge machining; a moving wire is the electrode. It is made 
by Andrew Engineering of Hopkins, Minn. Its cutting face appears In the photograph below. 

TYPICAL TASK for a traveling-wire EDM is cutting gear teeth; in this instance the teeth are 
on the inside face of the gear wheel. For most kinds of inside cuts the traveling wire first has 
to be manuaUy threaded through a starter hole. Thereafter the EDM needs no supervision. 
When a slow and complex series of cuts is programmed, it can run unattended for 60 hours. 
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incorporated into the traffic signal. it 
simplifies communication with a central 
controller. When smart traffic signals 
become ubiquitous and are linked to a 
control center. the traffic cop at the in­
tersection will become obsolete. 

An evolution of much the same kind 
can be seen in machine tools. Such de­
vices as turret-head lathes and screw 
machines have performed complex se­
quential operations for a long time. The 
"program" was part of the hardware: 
cams and ratchets sequenced the ma­
chine through a series of steps to manu­
facture a particular part. The variety of 
sequences was necessarily limited. how­
ever. and the cost of new hardware pro­
grams was high. 

In the early 1960's numerically con­
trolled machine tools made their ap­
pearance: machines coupled to what 
came to be called a minicomputer. Such 
machines could mill. drill. bore and tap 
holes anywhere and at any angle on a 
workpiece of almost any shape. The ap­
propriate toolhead was selected auto-

matically by a punched-paper-tape pro­
gram that was read by an electronic 
computer-controller. The same pro­
gram positioned the tool in three coordi­
nates and dictated the speed of the tool 
spindle and the depth and rate of the cut. 
To revise the final shape of the work­
piece or to make an entirely differ­
ent one it was necessary only to amend 
the old punched tape or to provide a 
new one. 

Numerically controlled machines of 
this kind filled an important need in in­
termediate-volume production. where 
the output of workpieces is substantial 
but not high enough to warrant a mass­
production line (where each of a series 
of machines performs only one opera­
tion). The computer-coupled machines 
were quite expensive. however. and a 
substantial fraction of the cost was in 
the computer-controller. Today micro­
processor-based controllers no larger 
than desktop calculators are taking the 
place of the larger first-generation con­
trollers. and tape cassettes are replacing 

the rolls of punched paper tape. Micro­
electronic controllers add relatively lit­
tle to the cost of the machine tool. 

Controllers based on microprocessors 
also allow keyboard access to the ma­
chine tool. When a future shop is 
equipped with machines of this kind. 
each with stored programs that can be 
keyboarded remotely. it will be possible 
for a central computer to preside over 
truly automatic production. About the 
only human intervention required will 
be the loading of stock at one end. the 
hal'ling away of finished workpieces at 
the other end and the periodic replace­
ment of dulled cutters. 

We can expect to see further prog­
ress in electronic controls for au­

tomobiles. The microprocessor is now 
making it economically feasible to ex­
tend electronic controls to such func­
tions as ignition timing and carburetion. 
The motivation to develop such systems 
is now strong: they not only promote 
fuel economy but also aid in the meeting 

CONTINUOUS CASTING OF STEEL SLABS calls for a complex 
automatic routine of water-cooling. This machine is the constant­
radius continuous-strand caster at the Burns Harbor, Ind., complex 
of the Bethlebem Steel Corporation; the slab is more than six feet 

wide and can range from eight inches to a foot in thickness. Water 
temperature, valve pressure and rate of 80w at successive stages are 
held within predetermined limits by the Foxboro Company's SPEC 
200 system, a 200-100p feedback control utilizing microprocessors. 
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MID to 1IIiI ••• �m akes 
• • 

CODqIOIl8Dts 
UkeAUegbenJ. 
Ludlam (adastries. 

Nobody can. 
And the reason is control. 

Our Arnold Magnetics 
and Electronics Materials 

Group maintains precise, 
total control of the entire 

manufacturing process from 
the first melt to delivery. 

As a member company of 
Allegheny Ludlum Industries, 

Arnold has on tap the research, 
resources and technology of one 

of the world's largest specialty 
metals organizations. In addition, 

Arnold has totally integrated capa­
bility in both the precision stamping 

and chemical milling of lead frames. 
And only Arnold has the expertise to 

offer a choice of either production 
method in a single facility. 

Arnold's expertise extends, too, to 
such critical areas as precious metal 
plating and aluminum vapor deposition, 
measured against rigid quality control. 
Microelectronic technology is Arnold's 

strength throughout its organization, 
which includes Arnold Engineering, 

Andvari, Inc., Burton Silver Plating, F. W. 
Bell, Inc., Ogallala Electronics and 

Eriez, SA 
Arnold's scope in the area of micro­

electronic components typifies the unique 
position each Allegheny Ludlum company 
occupies in its particular field. Since a whole 
is made up of its parts, it's our very special 
members that make Allegheny Ludlum Indus­

tries a very special company. 

Allegheny Ludlum In dustries  
Two Oliver Plaza, Pittsburgh, PA 15222 

A YBIlY SPBGIAL COIIPAIT. 
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of Federal engine-emissIOn standards. 
Good ignition timing is a function of 

the speed of the engine and the vacuum 
in the intake manifold. The mechanisms 
used in today's cars can only approxi­
mate the optimums. whereas the appli­
cation of microprocessors can ensure 
correct timing at all speeds and loads. 
Ideally these devices should play the 
role of monitors and not be responsible 
for delivering each charge of fuel and 
firing each spark. Such a monitor would 
compare actual performance with ideal 
performance and make the necessary 
adjustments to the existing basic sys­
tems. If the microprocessor were used in 
this way. it would have the advantage of 
a greatly reduced data rate. ordering 
only a few corrections per second. Fur­
thermore. it would fail safe: if the mi­
croprocessor were to go out. the engine 
would still operate. its performance sim­
ply being reduced to the level that pre­
vails today. The same microprocessor 
could continuously monitor the health 

LADLE 

TUNDISH 

of the vehicle and report in plain English 
on a LED display any troubles such as 
low fuel, overheated engine or overheat­
ed or worn brakes. The cost of such sys­
tems lies not so much in the microelec­
tronic components as in the sensors 
needed to feed the data to the micro­
processor and the actuators needed to 
carry out its instructions. 

I t appears that control systems and 
their associated sensing components 

are increasingly coming to resemble the 
human nervous system. Microproces­
sors in satellite controllers. by enabling 
"intelligence" to be distributed broadly 
throughout the control system. greatly 
reduce the amount of data that must be 
transmitted over data links and handled 
by the central computer. In the human 
nervous system much control is also at 
the local level and much processing of 
input data is done in ganglia. The ner­
vous system is a network of sensors and 
microprocessors connected by data 

links to a central computer. Both the 
satellite processors and the central com­
puter have a lot of firmware: subrou­
tines that enable us to do 99 percent of 
what we do without "thinking." that is. 
without invoking our highest control 
centers. Here too microelectronic con­
trol systems resemble the human con­
trol system: the central computer mere­
ly has to order that an operation be 
done. not tell every smaller machine ev­
ery step of how to do it. 

The examples I have cited are only a 
few of literally hundreds of ways in 
which the microprocessor will improve 
and simplify the operation of the ma­
chines that serve us daily. Integrated­
circuit technology has so reduced the 
cost of computation and of logical sys­
tems that most of the devices we use can 
now be much more cooperative and in­
telligent than they have been in the past. 
These decades will be recognized in the 
future as the beginning of the robotic 
revolution. 

SLAB CUT TO 
WORK SIZE 

/ 

STEEL SLAB IS FIRST COOLED in the mold (a) where the molten 
steel s tarts to solidify. The descending slab is then further cooled by 
spraying water on its sides (b). Botb the main frame and the rollers 

of the final flatbed component (c) are also water-cooled. Tempera­
ture, pressure and flow sensors supply the input data for the SPEC 
200 feedback-control loops that adjust valve'settings as necessary. 
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13 ways to reduce waste from slice to circuit. 
All with Zeiss optics. 
Zeiss has a lucky 13 m icroscopes for the electronics industry, 
and a new brochure that describes them. Between its covers 
you'll find money-saving, waste-cutting applicat ions described 
for every step from slice to circuit. 

The microscopes range in size from the small, economical 
Standard T for the daily routine of the production line to the 
Novascan 30 Scann ing Electron Microscope. 

Along the way you'll find such unique instruments as the 
revolutionary Axiomat that sets new standards of stab ility and 
image quality for microscopes , and the light-Section Micro­
scope that cuts a profile, non-destructively. 

Optics and versatility 
Two invaluable characteristics distinguish all Zeiss micro­
scopes, large and small: 

1. superior performance of Zeiss optics for brightfield, dark­
field, Nomarski differential interference contrast, polarized 
light, photography; 

2. easy switching from one technique to another. 

Send for this 10-page brochure with many striking photo­
m icrographs and details on all 13 microscopes . 

Nationwide service 

Carl Zeiss, Inc., 444 5th Avenue, New York, N.Y. 10018 (212) 730-4400_ Branches in: Atlanta, Boston, Chicago, Columbus, Houston, 
Los Angeles, San Francisco, Washington, D.C. In Canada: 45 Valleybrook Drive, Don Mills, Ont., M3B 2S6. Or call (416) 449-4660. 
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The Role of Microelectronics 
in Com'munication 

The essence of systems such as the telephone, radio and television 

is signal processing. The large capacity, high reliabIlity and low 

cost of microelectronic devices make them ideal for such purposes 

I
t is possible now to have a telephone 

that "remembers" frequently called 
numbers, any one of which can be 

reached by pushing a single button. On 
television one can frequently see events 
in Europe and other areas overseas 
while they are happening. Computers 
"talk" digitally to one another over tele­
phone lines at remarkably high speeds. 
These developments and many more re­
flect the impact of microelectronics on 
communication. 

Until perhaps 15 years ago the vacu­
um tube was the dominant active com­
ponent of the electronic circuits that are 
fundamental to the operation of tele­
communication systems. Its limitations 
were made evident by the rapid growth 
of communication by telephone, radio 
and television. The vacuum tube was 
too large, required too much power and 
was too unreliable to meet the need of 
those systems for large numbers of sig­
nal-processing devices clustered in com­
plex circuits and required to operate 
with extreme reliability. The alternative 
came in the form of the transistor, which 
provided electronic gain in a semicon­
ductor and was small and reliable. It led 
to the silicon integrated circuit, a revo­
lution in electronics and a vast improve­
ment in telecommunication. 

Today, as preceding articles in this is­
sue have shown, millions of circuit ele­
ments are simultaneously fabricated on 
a thin "wafer" of silicon. Typically the 
wafer holds several hundred copies of 
the same circuit and is divided into 
small chips holding one circuit each, 
The chips are usually packaged individ­
ually as integrated-circuit components. 
The designer of communication equip­
ment employs these components to 
build complex systems, usually by plac­
ing a number of integrated circuits on a 
circuit board containing the printed wir­
ing necessary to interconnect them. 
A typical communication system re­

quires a number of circuit technologies. 
For example. signals transmitted with 
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high power or at high frequency often 
call for currents and voltages that can­
not be handled by conventional inte­
grated circuits. Some circuits require 
highly stable components; often they 
are best provided by thin-film tech­
niques, which involve depositing con­
ductors, insulators and resistive films on 
a ceramic substrate_ To properly de­
scribe the role of microelectronics in 
communication I shall discuss several of 
the more important circuit technologies, 
with primary emphasis on silicon inte­
grated circuits because they have had by 
far the greatest impact on modern tele­
communication. 

M icroelectronics in the form of inte­
grated circuits is an important fac­

tor in telecommunication largely be­
cause of the combined effects of low 
cost, high reliability and wide applica­
bility. As increasing numbers of circuit 
elements are fabricated on a silicon 
chip, the cost of a basic circuit function 
decreases markedly. A circuit function 
of outstanding importance in communi­
cation systems (and also in computing 
systems) is the digital logic "gate." It 
controls the flow of information, pro­
viding an output signal only when the 
input signals are in prescribed states. 
From this basic element large digital 
signal-processing systems can be built. 
Hence the cost of a logic gate has a con­
siderable influence on the cost of com­
munication equipment: on terminals, 
which provide the interface between 
people or machines and communication 
channels; on switching machines, which 
establish communication paths, and on 
the equipment that processes signals so 
that they can be transmitted over wires 
and cables, by radio and by light waves. 

Digital technology has progressed 
rapidly from the logic gate consisting of 
vacu um tubes to the logic gate consist­
ing of transistors to the integrated logic 
gate and now to tho usands of logic gates 
within a single integrated circuit. During 

this evolution the cost has gone from 
about $10 for the vacuum-tube gate to 
about one cent per gate in an integrated 
circuit incorporating many gates. The 
cost will soon reach _1 cent. With the 
cost of such a crucial circuit declining 
more than a thousandfold equipment in­
volving complicated signal processing. 
as the telephone with a memory does. 
has become economically feasible. 

Low cost, however, is not enough_ A 
communication link may call for thou­
sands of circuit elements all working to­
gether. The failure of any one element 
may break the link_ Reliability is there­
fore as important as cost. 

Again the logic gate serves as an ex­
ample. The vacuum-tube logic gate was 
distinctly unreliable. A logic gate con­
sisting of discrete transistors proved to 
be about 1,000 times more reliable than 
the equivalent vacuum-tube gate_ A 
modern integrated-circuit gate is at least 
100 times more reliable than the gate 
consisting of discrete transistors_ In the 
progression from vacuum tubes to inte­
grated circuits, then, the reliability of 
the logic gate has improved by a factor 
of 100,000. 

The switching machines that control 
the routing of telephone calls provide an 
example of what this enhanced reliabili­
ty means to a communication system. 
Such a machine handles up to 1 00.000 
telephone lines simultaneously_ It scans 
the incoming lines and detects when a 
customer is calling for service (having 
lifted his telephone off the hook). Then 
it collects the dialing information, con­
nects the caller with the person he is call­
ing, records the information needed for 
billing and disconnects when the caller 
hangs up. 

The "brain" of the machine is an elec­
tronic processor consisting mostly of a 
central control and components that. 
store data. The processor also handles 
numerous other chores, including the di­
agnosis of faults and failed circuits, 
Since the processor is crucial to the op-
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eration of as many as 1 00.000 tele­
phones. it must have a high degree of 
reliability. The objective set for it is that 
it have no more than two hours of 
"down" time in 40 years. (Most of that 
time is expected to be the result of inad­
vertent mistakes by operating and main­
tenance workers rather than of the fail­
ure of electronic components.) 

The unit of measurement of the fail­
ure rate of an electronic component is 
the FIT: one failure in 1 09 operating 
hours. Consider the processor of a large 
switching machine. Its central control 
may have 40.000 gates. If it can be re­
paired in half an hour. it could fail once 
in 10 years and still meet the objective. 
Circuit failures are random events. not 
easily predicted. and there are other 
sources of failure in any large system. 
Allowing a reasonable margin for these 
factors. the acceptable mean time to 
failure per gate in the processor is about 
1 011 hours: a failure rate of approxi­
mately .0 1 FIT per gate. 

Such a rate cannot be achieved easily. 
Large-scale integrated circuits almost 
achieve it. however. and they have the 
added advantage of low cost. The cost 
makes it possible to provide redundancy 
that further reduces the possibility of 
outage and also protects against failure 
in other elements. such as wiring and the 
power supply. Redundancy keeps the 
system functioning. and the low failure 
rate of the gates makes redundancy 
work and keeps the cost of maintenance 
at a reasonable level. 

The size of equipment is almost al­
ways important in telecommunica­

tion. particularly with satellites and 
spacecraft. Even on the ground elec­
tronic equipment that is small is easier 
to handle and ship and takes up less 
space in buildings. All these benefits 
lead to lower costs. The memory por­
tion of a processor for a large electronic 
switching system provides an example 
of what developments in microelectron­
ics have done to size. 

With the technology of the early 
1 960's the memory for a local electroniC 
switching system required a lineup of 
equipment racks 1 04 feet wide. Data 
storage was on sheets of magnetic mate­
rial. By the 1 970's the same amount of 
memory could be loaded into small. 
tightly packaged toroidal ferrite "cores" 
in a lineup of equipment racks about 
eight feet wide. Then came integrated 
circuits and semiconductor memories 
that could provide first 1 .000 bits and 
then 4.000 bits of storage on a single 
silicon chip. In a circuit consisting of 
4.000-bit chips the memory for the same 
switching system was packaged in a sin­
gle rack 2.2 feet wide. Now integrated 
circuits with 1 6.000 bits per chip are 
available. making it possible to put the 
memory in about a quarter of a rack. 

Communication systems of the future 

CIRCUIT PACK for the memory unit of a telephone-switching system illustrates how micro­
electronics has made it possible to greatly diminish the size of communication equipment. The 
pack is approximately 13 inches long and eight inches wide; 161 such packs in a rack 2.2 feet 
wide handle the switching for up to 100,000 telephones. As recently as 15 years ago a compara­
ble memory unit for a local electronic switching system would have required a lineup of equip­
ment racks 104 feet wide. Here the gold rectangles are n-channel metal-oxide-semiconductor 
(n-MOS) memory devices. Most of the black rectangles near the top of the pack are decoders. 
The four white rectangles at the lower center are hybrid integrated circuits embodying the 
program for the memory unit. .The memory unit for a local switching center stores not only 
permanent information needed for the computer-contrOlled operation of the switching ma­
chine but also transient information such as numbers dialed, duration of calls and billing data. 
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VERY 
LARGESCALE 
INTEGRATION 
for not so everyday 
RF and Digital applications 

Back in the early 60's TRW 
patented the very popular Transistor 
Transistor Logic (T TL). Since then 
we have done a lot more than collect 
royalties. Today, the Microelectronics 
Center of TRW has four major tech­
nologies in development or production. 
They are now serving some of the 
most advanced commercial, military 
and space systems ever conceived. 

exclusive TRW process provides the 
ultimate in VLSI circuit performance 
with silicon technology. One result is 
a family of high-speed analog-to­
digital converter circuits that operate 
at speeds up to 250,000,000 bits per 
second. Radars and weapons systems 
have been greatly imptoved with this 
precision silicon technology. 

Digital processing in space has 
long been a problem because of 
hardware size and power. TRW has 
taken a unique approach to produce 
very low power, high-density digital 
circuits. Charge coupled devices are 
now being developed by TRW into 
a full family of pipelined digital 
functions. These CCD digital devices 
include multipliers, digital signal 
correlators, adders, and all of the 
basic logic building blocks formed 
into sophisticated digital signal 
processors for voice, TV, and radar 

phase lock modulators and demodu­
lators that operate in the 100 to 200 
MHz range. 

The second RF ILSI technology 
uses Gallium Arsenide instead of 
silicon and has been advanced by 
TRW to a point where we now can 
produce integrated circuits operating 
in the 5 to 10 GHz range. TRW 
combines field effect transistors, 
transferred electron devices, capacitors, 
resistors, and coplanar transmission 
lines on these GaAs chips to achieve 
previously unattainable performance 
at these frequencies. 

These are a few of the LSI 
microelectronic technologies that 
TRW is actively pursuing. We are 
continuing to push forward the 
frontiers of the amazingly versatile 
and limitless field of solid state 
integrated circuits. We didn't stop 
with T TL - we are moving ahead 
with the most advanced technologies 

Very Large Scale Integrated 
(VLSI) circuits with densities of 
50,000 components per square cen­
timeter are now in high volume 
production. An outstanding example 
of this V LSI technology is our bipolar 
triple diffused 16 by 16 bit multiplier. 
Performing over 5,000,000 multi­
plications per second, it contains over 
18,000 components on a silicon chip 
that measures only 250 mils square. 

signals. Since CCDs use a charge 
transfer concept, they consume very 
little power - about 1/10 that c... 
of N-channel MOS and 

• 
�W 

CMOS. At the same 
time, CCDs offer equal��' 
performance. .... � 

and products in VLSI, RF/LSI, 
GaAs, and CCD/LSI. This 
capability is helping us 
form the foundation for 

some of the most advanced 
systems ever conceived. 

For high-speed military 
applications, we have another 
bipolar LSI technology 
designated Oxide Aligned 
Transistors (OAT). This 

At TRW, � 
�I!tV we are ... � developing t- � two RF/LSI 

are finding com-
�£I� technologies that 

£I munications applications 
in the range from 100 

� MHz to 10 GHz. The first 

�v uses the OAT technology and is 
being used to produce revolutionary 

• 
� C; 

'IT"V" monoli,h" fun"'on' ,u,h " 

If you have a not so everday 
application for one of our micro­
electronic technologies and you 
would like more information, write 
on your company letterhead to the 
TRW Microelectronics Center, 
Defense and Space Systems Group, 
E2/9043, One Space Park, Redondo 
Beach, California 90278. 

FROM A COMPANY CALLED 

o 
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TELEPHONE WIm MEMORY is now in service in parts of the 
U.S. as a result of advances in microelectronics. With the three small 
buttons at the top one can record a number that is called frequently. 
Each such number can then be reached by pushing one of the buttons 

VOICE-FREQUENCY ELECTRICAL FILTER, which is one of 
the most basic circuits in telecommunication, demonstrates the effect 
of microelectronics in making components of telecommunication sys­
tems smaller and more reliable. The role of the filter is to select one 
audio communication band and exclude interference from it, which 
is particularly important when several voice signals are being multi­
plexed onto a single wire. The filter consists of a silicon integrated-
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below the top three. The button at the bottom right, next to the label 
that reads "Last number dialed," is for times when one gets a busy sig­
naL The telephone "remembers" the number, which the caller can 
try again (without the need of redialing) by pushing only that button. 

circuit amplifier (square at center), precision-film resistor networks 
(meandering lines) and precision-film capacitors (large squares at 
each end). The filter is fabricated by thin-film techniques on a ceram­
ic substrate 1.93 centimeters long and .66 centimeter wide. The in­
tegrated-circuit filter replaces the bulky and expensive devices, con­
sisting of many large inductors and capacitors, that were required 
to build a comparable filter before the advent of microelectronics. 
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are sure to use more memory and logic. 
The prospect would have been forbid­
ding when the memory required a lineup 
of equipment racks 104 feet wide. Now 
it is easy to conceive of systems employ­
ing tens of times more memory than the 
systems of today have. Memory is only 
one example of ways in which micro­
electronics is making new concepts in 
communication systems possible. 

Microelectronics has also had a sig­
nificant impact on analogue circuits, al­
though the results are not as dramatic as 
they have been with digital logic and 
memory. Consider the circuit perhaps 
most basic to telecommunication: the 
voice-frequency electrical filter, which 
can select one audio band and reject all 
interference from outside the band. 
Such filters are particularly important in 
systems that multiplex a number of 
voice channels onto a single wire; the 
filter confines each voice channel to a 
certain frequency band and thereby pre­
vents the channels from interfering with 
one another. 

For almost 50 years the filters were 
made from large inductors and capaci­
tors. Over the period from 1920 to 1970 
designers succeeded in making the in­
ductors and capacitors progressively 
smaller, but the filter was still bulky and 
expensive. By 1969 progress in stabiliz­
ing resistance and capacitance elements 
against the effects of time and tempera­
ture and in making amplifiers inexpen­
sively with integrated circuits led to an 
equivalent filter that was somewhat 
smaller and cheaper. The use of inte­
grated amplifiers (built on a single sili­
con chip) enabled the designer to build 
the equivalent of the large inductors and 
capacitors with small capacitors and re­
sistors. Success in this endeavor re­
quired the small resistors and capacitors 
to be highly stable against time and tem­
perature. 

This requirement happened to mesh 
neatly with the development of micro­
circuits on a different front, which in­
volved work on thin conducting and in­
sulating films on ceramic substrates. 
From this work came the thin-film inte­
grated circuit I have mentioned. Film 
circuits made of tantalum are both 
cheap and highly stable. For this reason 
they have been employed for some time 
as audio filters in the tone-generating 
circuit of the push-button telephone, to 
mention just one application. The tones 
generated by the circuit must be ex­
tremely stable over long periods of time, 
since the frequencies of the tones identi­
fy the digits of the number being called. 

By 1973 this technology had ad­
vanced to the point where the equivalent 
of the old voice-band filter made of 
large inductors and capacitors could be 
fabricated on a small ceramic substrate. 
By 1975 the size of the .... ubstrate had 
been reduced enough to make the filter 
appear externally to be one small com-

CIRCUIT BOARD for the telephone with a memory carries out the recording and "memoriz­
ing" functions of the telephone. The board Is mounted on the back side of the memory section 
and Is oriented here as one would see it by turning over the white board on the telephone so 
that the three top buttons are at the left. The two white rectangles at the top left are mem­
ory units, as are the six similar rectangles elsewhere on the board. Each unit Is an integrated cir­
cuit that can retain four telephone numbers. Larger white rectangles at the right center are also 
integrated circuits that contain the program for the system and handle the dialing operation. 

MEMORY CHIP for the "Touchamatic" telephone is shown as one would see it by opening up 
one of the memory units in the photograph at the top of this page. The chip is normally mount­
ed in the center of a white ceramic substrate and contains the circuitry for storing and retriev­
ing four telephone numbers. It is linked with four of the buttons on the front of the telephone. 
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WHOLESALE 
PRICES 

Texas InstIUments elect ronic cak:uld:ors 
TI-57 ............. $ 69.00 SR-40 .......... .... $24.90 
TI-58 ... .......... 99.95 SR-5111......... .. .. 46.95 
TI-59 ...... ....... 249.95 TI-1750 ............ 17.95 
SR-60 ........... 1695.00 TI-5050M ..... .... 84.95 
TI-5040 .... . .... 94.95 TI-5015 ............ 67.95 

HP-21 ................. $ 64 HP-27 ................. $14O 
HP-22 ................. 100 HP-80 .... ............. 236 
HP-25 ............... .. 100 HP-67 ...... .......... . 360 
HP-25C ............... 128 HP-97 .... ............. 599 
HP-l0 ................. 145 HP-91 ........ ......... 275 
All units shipped in original factory cartons with 
accessories according to manufacturers' specifications, 
Above prices are for cash only. Credit card prices may 
differ. SlnkAmericerd and M •• ter Charge accepted 
on mo.t .alel. Send money order. Pers. ck (2 wks to 
clear): In Illinois, add 5% sales tax. Add $3.50 min. 
shipping charges. WE SHIP UPS. Subject to availability 
Send mail orders. 

'JtaId,'4, 'l�, 
1609 CHICAGO AVE. EVANSTON, ILL. 60201 

TEL: 312-869-6140 

TI·1750 LCD 
TI-2550 III 
little Prof . . . . 
Dalarnan NEW 
TI-5100 .... 
TI·5015 NEW 
TI-5050 M_ 
TI-5040 PD 
Tl-30SP 

. $19.95 SR·40. 
24.95 SR·51 II. 
12.95 TI·57 NEW 
22.50 H58 NEW 
44.95 TI-59 NEW 
65.00 PC-10DA. 

rs:xg ��
t

�
I��. 29.95 17.95 AU Libraries Available 

we1f.:,,���::;
!: {.hp; PACKARD 

All accessories al discount. _ 
HP-l0NEW_ .S139.00 Hp·27 _ . . . . S140.00 
Hp·l00NEW 299.00 HP-29C NEW 159.00 
HP-21. 64.00 HP-80. 235.00 
Hp·22 100.00 HP-67 360.00 
HP-25. 100.00 HP-91 215.00 
HP-25C 128.00 HP-92_ 515.00 

Hp·97 599.00 
Also SCM, Olivetti, National Semiconductor, Caslo, Ca_, 
Corvus, APF, Sharp, Craig, Sa.,o, .Record-A·Call and _ •. 
ALL AT GREAT PRICESI 

!!I'!I!I!����� Programmable Video Game SI35.00 
FAI R CHI L.D [2000 games pOSsible) 

i_ .. iii_ililiiiiiii canmiges 17.95 
Also Fairchild watches! 

WE WILL BEAT OR MEET ANY COMPETITORS' PRICE IF HE HAS 
MERCHANOISE ON HANO. All unilS shipped in OliginallaCiDry cartons 
with accessories according to manufacturers' specifications. In Calif. 
call [213) 37().5795 or CALL (BOO) 421-1)367 [other than CAl. Above 
prices are for cash only. Cred� card prices differ. BankAmerJcardIVtsa 
& MaSlet Charge accepted. Send money order. Pars. ck (2 wks to 
clear): In CA add 6% sales lax. Add 53.50 min. shipping charges. 
WE SHIP AlA on request. Subject to availability. Send mail orders to DEPT. 

th;�ro,��;; 
�, 

u 
16611 Hawthorne Blvd .. lawndale. Ca. 90260 
(213) 370-5795 (800) 421-0367 
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SOLID-STATE TELEVISION CAMERA manufactured by the Fairchild Camera and In­
strument Corporation is representative of the effect that microelectronics has had on television 
cameras. The key unit of such a camera is an imaging device of the type shown In the photo­
graph on page 200. Because of its solid-state components this camera (6.5 inches long including 
the lens) is much smaller than a television camera made with a standard vidicon camera tube. 

ponent. quite like a standard integrated­
circuit package. It is expected that soon 
the tantalum film will be placed directly 
on the surface of the silicon amplifier 
chip. The entire filter will be microscop­
ic_ This is not the limit, however. of the 
capability of microcircuits in filtering 
analogue signals. Time-shared digital 
integrated circuits and charge-coupled 
devices (CCD's) both show great prom­
ise in extending the improvement of 
electronic filters, and they may be even 
smaller than the thin-film filter. 

Size is particularly important in com­
munication terminals. Telephones 

of all kinds, private branch exchanges 
(the interior switching system that many 
large organizations have for handling 
telephone traffic in and out), terminals 
that couple computers and sensors to 
communication channels, and radios of 
all types are handled by people and oc­
cupy space in offices, homes, automo­
biles and many other places. The small 
size al\d other desirable features of mi­
crocircuits open new vistas in terminal 
equipment. Such a terminal can be 
amazingly "smart" while being small 
and compact. It is not unusual for a ter­
minal of this kind to contain a micro­
processor, which, as is indicated else­
where in this issue, is a small computer 
on a silicon chip. The microprocessor in 
a communication terminal costs tens of 
dollars and yet can do computations 

that a decade ago would have required a 
large computer costing hundreds of 
thousands of dollars_ 

Size and weight are closely related. 
They are both extremely important in 
space communication. It is hard to see 
how the space program could have been 
accomplished without the smallness, 
lightness and reliability provided by sol­
id-state circuits. 

From the space program came the 
ability to launch communication satel­
lites. When a satellite handles commer­
cial traffic, it must be competitive with 
ground-based systems. Cost is impor­
tant and is strongly influenced by the 
size and weight of the electronic gear on 
the satellite. The requirements of fre­
quency and power do not allow such 
gear to be made entirely of integrated 
circuits, but circuits of that type play 
an important role in the economics of 
communication-satellite systems. More­
over, without the reliability of the solid­
state components it would have been 
difficult to make satellite systems viable 
at all. 

What I have said so far indicates that 
modern communication equipment re­
quires a good deal of built-in intelli­
gence. Many examples can be cited, in­
cluding telephones that handle cash 
transactions, data terminals that send 
information at prodigious rates, elec­
tronic switching machines with built-in 
diagnostic capability, private branch 
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The quickest way to find a nurse 
is to ask an LSI·" microcomputer. 

When GTE Sylvania was look­
ing to design the most advanced 
computerized hospital communi­
cations system on the market, 
they looked no further than our 
LSI-ll- the highest performance 
microcomputer you can buy. 

Sylvania's System Twenty-One 
is designed to handle all of a hos­
pital's nurse/patient communica­
tions through one central operator 
- to speed response and free up 
nurses from handling calls. 

The LSI-ll that runs it is used to 
store personal patient information, 
keep track of patient requests, set 
priorities, locate nurses and aides, 
and generate hard copy reports 
of all system operations. 

For GTE Sylvania, anything less 
than the LSI-ll wouldn't have 
been enough. 

According to Product Market­
ing Manager Bob Brilliant, 'We 
had to get to market fast. The 
LSI-ll saved us all the time it 
would have taken to design our 
own micro from chips. And to top 
it off, we got a nationwide service 
and spare parts network thrown 
into the bargain." 

Software development was also 
an important issue. Bob Brilliant 
comments: "With the LSI-ll, we 
were able to do most application 
software in FORTRAN, instead 
of the assembly-level language 
other micros require. This meant 
faster, easier progra mming and 
debugging." 

To sum up, Bob Brilliant told us: 
"The LSI-ll gave us the size and 
price of a micro, with the power, 
the software, and the backup 

of a full-blown OEM mini." 
The customer is always right. 
For our new brochure of 

microcomputer case histories, 
just call ton free 800-225-9220 

(in Mass. 617-481-7400, 
ext. 5144), or 
write Digital 
Equipment 
Corporation, 
One Iron Way, 

Bob Brilliant, Marlborough, 
Product Marketing Manager MA 01752 at GTE Sylvania, Waltham, MA • 

�D�DDmD 
COMPONENTS 
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Send a FREE copy of the NC Flasher 

I Please print I 
I Name I 
I Address I 
I City I 
Ism� �p I 
I Send to: National Camera I 
I 2000 West Union Ave., Dept. JAG I 

Englewood, Colorado 80110 I 

Your first look through Lumlscope will evoke 
surprise and disbelief. Because now, in brilliantly 

ated field, you will discover mini-structure of inanimate and 
living things. Discern undreamed-of new detail in stamps, 
coins, fibers. Have you ever observed life teeming within a 
drop of water; the awesome finesse in the wing of a moth; or 
the intricate structure of a simple aspen leaf? Lumlscope 
will unfold all this for you and much more. Exquisite German 
optical system consists of microscope, light source (with 
batteries) and stand, in fitted case. Order Lumiscopetoday, 
for entire new look at "mini-world" around you! 

779 Bush St., Bo. 75B4, "'II!J��.II�I!r' So. Fra •• is.o, CA 94120 . � 
, 7584-:-SOnFranci sco-:-c:o. 94120' 

Yes, subjeetto 2-weeks return privilege and one year 
guarantee for parts and workmanship, please send me: 
D Lumiscopes @ $29.95 ea. 
D Save: Three (3) Lumlscopes for just $84.95. 
D My check for this amount, plus $1 per shipment for 

I pos!./ins. (plus tax for CA deliv. only) is enclosed. : D Charge my BA/MC account: 
I !, to, fastest service call TOLL FREE (SJ" P:i27-S912 : [IN FLA (1-800) 432·5024) IN SF BAY AREA CAll: 433·7540 
• My name is _________ _ 
I I live at ___________ _ 

t_..!� __________ .::�e �il!. �!�).! 
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exchanges with tailor-made capabili­
ties. radios with clever frequency con­
trol. television sets that tune themselves, 
high-fidelity audio equipment with high­
ly specialized features and so on. 

A feature of integrated circuits that 
offers both benefits and problems in 
these applications is their limited pow­
er-handling capability. A benefit is that 
signal-conditioning circuits can be built 
at quite low power levels. A problem is 
that integrated circuits do not interact 
well with the hostile environment of the 
real world. Circuits connected to cables 
and antennas are not easily protected 
from lightning strokes. and integrated 
circuits do not readily ring telephones or 
provide strong radio signals for commu­
nication through the atmosphere. 

Intelligence does not require a specific 
level of power. A circuit performing an 
intelligence function can often operate 
at a power level just sufficient to drive 
circuit nodes to voltages a few times 
greater than the voltage of any inadver­
tent noise on the circuit. In integrated 
circuits much of the circuit wiring is on 
the silicon chip and the circuit nodes are 
small. so that little power is required. As 
the scale of integration of circuits has 
increased it has been both necessary and 

possible to decrease power levels in or­
der that complex circuits on a single 
chip can be operated at acceptable tem­
peratures. Only a few input and output 
leads that connect to other components 
must be driven with sufficient power to 
deliver strong signals. 

It is often possible to reduce power 
levels still further by choosing a technol­
ogy that does not require much power in 
its active circuit· elements. One such 
technology is represented by comple­
mentary-metal-oxide-semiconductor 
(CMOS) circuits. A microprocessor em­
ploying about 8.000 transistors has been 
designed in this technology on a chip 
that is less than a quarter-inch on a side. 
It is specifically designed as the control 
element for communication equipment. 
The chip can execute 434 different in­
structions, operates at speeds of up to 
two megahertz (two million cycles per 
second) and yet consumes less than .1 
watt of power. A system that provides 
such a large amount of intelligence with 
such low power consumption enables 
communication equipment to be operat­
ed in places that have either no commer­
cial power supply or an unreliable one. 
It allows complex remote equipment 
connected to long wires or cables to be 

PORTION OF IMAGING CHIP for the solid-state television camera is characterized by a 
fine array of sensors consisting of charge-coupled devices, which release charge carriers in pro­
portion to the light energy reaching them. The chip contains 185,440 such sensors, about a 
fourth of them visible in the lighter portion of the photomicrograph, and other circuitry. 
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Play chess when yourre ready, day or night, 
without the bother of finding f,lchess partnerl 

Sharpen·your chess skills without embarrassment I 
Whether you're a beginning, average, or 

advanced chess player, you'll have the 
game of your life taking on the compu­
terized Chess Challenger from Chafitz! 

The Chess Challenger is totally unlike any 
other electronic game. Its advanced mini­
computer provides the Chess Challenger 
with a memory and high-level thinking abU­
ity. The Chess Challenger responds to your 
every move quickly and aggressively like a 
skilled human 'opponent and, if you're not 
careful, you'll wind up checkmated in very 
short order! 

READY WHEN YOU ARE 
Because the Chess Challenger serves as your 

chess partner. it is ready to play whenever you 
are. day or night. And it eliminates the age-old 
problem of chess players-finding someone who 
wants to play chess! This is especially important 
for beginning players. who may be too embar­
rassed by their lack of skill to challenge a better 
player. By practicing with the Chess Challenger. 
a novice quickly learns to plan upcoming moves 
and cover the board positions. 

EASY TO PLAY 
If you know the basic chess moves, which can be 

learned in 10 minutes, you can take on the Chess 
Challenger a few minutes after reading its simple 
directions. 

Set up both sides of the chess board with the in­
cluded wood pieces (you can play white or black) 
and make your first move. Enter your move into the 
Chess Challenger mini-computer by touching a 
couple of keys on the Control Center. 

Seconds later, Chess Challenger responds with 
its move, which is displayed in standard chess 
alpha-numeric notetion in the FROM and TO win­
dows on the Control Center. You move the Chess 
Challenger's piece on the board to match the dis­
play. Make your next move, enter it, take note of 
the Chess Challenger's response and move its 
piece to the appropriate square on the chess 
board. That's all there is to it! 

TOUGH TO BEAT 
Winning, however, isn't so easy. Chess Chal­

lenger is programmed for aggressive play and 
works to control the chess board. It castles (so can 

you, and you can make en passant moves) when 
appropriate, Special lights on the Control Center 
tell you if you've managed to checkmate the Chess 
Challenger. 

You control Chess Challenger's level of play. 
Tum on Chess Challenger and It plays Chess Level 
I, an average game. If Level lis too easy, press the 
CL (clear) button and call up Leval n, a tougher 
game. If you master Level n, you can play Level III, 
an extremely difficult chess game. These varying 
games make Chess Challenger an ideal opponent 
and a perfect teacher for aspiring chess masters. 

.. ........... To clear an un· 
wanted move 
before pressing 
enter and to 

board select Chess Level 
moves - CONTROL CENTER -

A MAP IF YOU'RE LOST 
Let's be honest. The first game or two you play 

against the Chess Challenger could be a little frus­
trating and confusing to you. The Chess Challen­
ger, after all, is unlike any other game. But there's 
no need to worry. If you forget to record your move 
or move the Chess Challenger's piece to the incor­
rect square, the Chess Challenger's Position Veri­
fication system will inform you of the exact posi­
tion of each piece on the board anytime during the 
course of the game. If you change your mind about 
a move. you can clear it before entering it in the 
computer by touching the CL (clear) button. 

TOP QUALITY PRODUCT 
When you challenge the Chess Challenger, 

you're not taking on just another electronic game 
or a kid's mechanical toy. The Chess Challen­
ger incorporates a sophisticated and reliable 

microprocessor as its brain. Microprocessors 
represent the highest state of the art in 
advanced computer technology. The Chess Chal­
lenger's microprocessor has been loaded with an 
enormous logic program that enables it to respond 
with its best possible counter move. just like a 
skilled human opponent. 

Chess Challenger is manufactured for Chafitz 
in the U.S., and comes with a 9O-day limited war­
ranty on parts and labor. Service is available if 
necessary after the warranty expires. 

NO·RISK TRIAL 
Try the Chess Challenger for 10 days on a Cha­

fitz no-risk' trial. If you're not totally satisfied. re­
turn the Chess Challenger to Chafitz for a prompt 
and cheerful refund of your $275.00 purchase 
price. 

ORDER YOURS TODA Y 
Because of its sophistication and abilities. we ex­
pect the Chess Challenger to be this year's hottest 
consumer electronic product. Limited quantities 
are being manufactured and will sell fast, so order 
vours today. Remember, there's no risk. 

ORDER NOW TOLL FREE 

800-638-8280 
(Md .. D.C .. No. Va .• call (301) 34(W2oo) 

Credit cards fine 
Available exclusively by mail and phone from 

� 
Department 526 • P.O. Box 2188 

856 Rockville Pike 
Rockville. Maryland 20852 
© Copyright 1977, Chafitz 

••••••••••••••••••••••• 
• Please send ___ Chess Challenger(s) 
• at $275.00 each 
• Maryland residents add 5% sales tax 
• Shipping and handling, $3 first unit. 

$------­
$-------

• $1.S0 add'l units $ __ _ 
• Total $ ___ _ 
• ( ) Enclosed is check or money order for $ __ _ 
• Chargatomy( )BAC( )MC( JAMEX( )CB( )DC 
• MClnt# ____ Card Exp. Date ______ _ 
• Card # __________________ ___ 
• Name ________________ __ : Street ____________________________ __ 
• City State ____ ZIP ____ _ 
• (No P.O. Box or COD·s. please) Dept # 526 
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supplied with power over the same 
small conductors that carry the signals. 

Progress in microelectronics has been 
much slower in the areas of commu­

nication that call for high power. A cir­
cuit's ability to handle power is limited 
by the maximum temperature at which 
the semiconductor chip can be operated. 
A chip containing many transistors will 
become hotter than a chip containing 
only one transistor. 

Solid-state devices can be employed 
in radio-frequency circuits of modest 

power. but usually they must be in the 
form of discrete transistors. At audio 
frequencies integrated power amplifiers 
have helped to reduce the cost and size 
of radios and recording equipment. Sol­
id-state switches of modest power are 
beginning to replace electromechanical 
switches in large communication sys­
tems. In power-conversion equipment 
solid-state components are of increasing 
help in improving efficiency and lower­
ing costs. 

The pressure to expand the capability 
of microelectronics to serve communi-

cation circuits of higher power is consid­
erable. Circuits able to withstand hun­
dreds of volts would be needed to hold 
off surges of lightning on exposed cable 
systems and to transmit even the moder­
ate amount of power required to actuate 
the bell on a telephone. It is unlikely that 
integrated circuits will ever be available 
for these purposes at the scale of inte­
gration now found in circuits handling 
intelligence. High voltages can break 
down any material of sufficiently small 
dimensions and can impair the reliabili­
ty of the device in other ways. A high-

MODULATOR-DEMODULATOR made by the BeD System serves 
to transmit digital data, as from a computer or a business machine, 
over an analogue circuit of the type that carries most of the voice traf-

fic over the telephone network in the U.S. The device is known as a 
modem (a contraction of modulator-demodulator) or a data set. At 
the receiving end a similar instrument makes the signals digital again. 

TRANSMITTER RECEIVER 

101010110110110 

REGENERATORS 

/ \ 
�I=IO..:.;;I�_� ........ 
�I�O�II����� 
�I=I�_--..-Ioo.of 

DIGITAL TRANSMISSION of voice signals is done increasingly in 
the U.S. telephone system as a result of developments in microelec­
tronics. Sound waves (left) generated by voices are sampled at a high 
rate and the samples are converted into digital signals, which are trans­
mitted over telephone lines as either "on" pulses (white) or "off" pul-
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ses (black). Periodically the signals are regenerated during transmis­
sion. At the receiving end the digital signals are reconverted into voice 
signals. Microcircuits play an important role not only in converting 
speech into digits but also in multiplexing a large number of conver­
sations onto a cable and in regenerating signals during transmission. 
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You've alwa,s wanted to climb a mountain. 
You've alwa,s wanted to sail the ocean. 
You've alwa,s wanted to II, an airplane. 
ror $10 ,ou can Take ff 
Spread your wings! 

Participating Cessna Pilot Centers 
invite you to take a $10 Discovery Flight. 
This can be the start of a lifelong love 
affair with the sky. 

After a unique audio-visual 
presentation and preflight orientation, 
you will take the controls and be guided 
through basic flight maneuvers by an 
instructor. 

And when you're back down on 
earth, you'll get all the answers to your 
questions about the Cessna Pilot Course. 
Since you know you' re going to love it, 
you should know that more people earn 
their license in less time at Cessna Pilot 
Centers. And time is money. 

When you become a private pilot, 
you're eligible to enter the "$30.0.,0.0.0. 
TakeOff" Sweepstakes. * 

But first things first. TakeOff! 
CallSOO/447-4700 toll free and ask 

for the Cessna "TakeOff" operator. 
She'll give you the location of your 
nearest participating Cessna Pilot 
Center. In Illinois callBo.o./322-44o.o.. In 
Canada callBo.o./26l-6362. In Toronto 
call 445-2231. 

-No purchase necessary. Void where prohibited 
by law. Sweepstakes closes December 31. 1979. 
Participation via entry forms distributed through 
flight schools or instructors in Maryland, 
Missouri and Wisconsin is void. 

Cestna AIRCRAFT COMPANY I WICHITA, KANSAS 

f)--oIGAMA 
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Clockwise from top left Impact Printer, CPU, 9" Video Monitor, C ...... tte Storage SY8tem with Four Driv .. , Keyboard, Dual Floppy. 

If you are seriously considering the purchase of a microcomputer • Oesign shortcuts have been avoided - all CPUs run at full 
system for personal or business use . . .  or j u st beginning to feel maximum rated speed . 
the first twinges of interest in a fascinating hobby . . .  the Digital • All system components are available with our beautiful  new 
Group is a company you should get acquainted with.  custom cabinets.  And every new product will  maintain the 
For many months now, we've been feverishly (and rather qu ietly) same unm istakable Digital Group image. 
at work on our unique, high-quality product - a  microcomputer 
system designed from the inside out to be the most comprehen­
sive, easy-to-use and adaptable system you'll find anywhere . And 
our reputation has been getting around fast .  In fact, you may have 
already heard a l ittle something about us from a friend . We've 
found our own best salesmen are our many satisfied customers . 

There's a good reason .  Simply, the Digital G roup has a lot to offer: 
state-of-the-art designs, a totally complete systems philosophy, 
unexcelled quality, reasonable software, affordable prices and the 
promise that our products will not become rapidly obsolete, even 
in this fast-moving, high-technology field . 

The Advantages 
Here are a few specific advantages of our product l ine:  

• We offer interchangeable CPUs from d ifferent manufacturers 
(including the new "super chip" - the Z-SO from Zilog) which 
are interchangeable at  the CPU card level. That way, your 
system won't become instantly obsolete with each new design 
breakthrough . The major portion of your investment in mem­
ory and I / O  is  protected . 

• Digital Group systems are complete and fully featured, so 
there's no need to purchase bits and pieces from d ifferent manu­
facturers . We have everything you need, but almost any other 
equipment can be easily supported, too, thanks to the uni­
versal nature of our systems.  

• Our systems are specifically designed to be easy to use.  
With our combination of TV, keyboard, and cassette recorder, 
you have a system that is  quick, quiet,  and inexpensive. To get 
going merely power on, load cassette and go! 

P.O. Box 6528 
Denver, Colorado 80206 
(303) 777-7133 
OK, I ' d l i ke to get to know you guys better. Send me the whole package! 

Name ________________________ _ 

Ad d ress _______________________ __ 

C i ty / State / Z i p  ______________________ _ 

The Features 
Digital G roup Systems - CPUs currently being delivered : Z-80 by 
Zilog, SOSOA/ 9080A, 6800, 6500 by MOS Technology. 

All are completely interchangeable at the CPU card level . Standard 
features with all systems:  

• Video-based operating system 

• Video / Cassette In terface Card 
512 character upper & lower case video in terface 
(1024 optional) 
100 character/ second digitally synthesized audio 
cassette intedace 

• CPU Card 
2K RAM, Direct Memory Access (DMA) 
Vectored fnterrupts (up to 12S) 
256 byte 1702A bootstrap loader 
All b u f fe r i n g ,  CPU d e p e n d e n c i e s ,  a n d  h o u s e k e e p i n g  
circu itry 

• Inpu t / Output Card 
Four S-bit  parallel input ports 
Four S-bit parallel output ports 

• Motherboard 
Prices for standard systems including the above features start at 
$475 for Z-80, $425 for S080 or 6S00, $375 for 6500. 

More 
Many options, peripherals, expansion capabilities and accessories 
are already available. They include rapid computer-controlled cas­
sette drives for mass storage, printers, color graphics interfaces, 
memory, I / O, monitors, prom boards, multiple power supplies, 
prototyping cards and others.  Software packages include BASICs, 
Assemblers, Disassemblers, Text Editors, games, ham radio 
applications, software training cassettes, system packages and 
more (even b iorhythm ) .  

Sounds neat -now what? 
Now that you know a l i ttle about who we are and what we're 
doing, we need to know more about you . In order for us to get 
more information to you , please take a few seconds and fill in our 
mailing list coupon . We th i n k  you'l l  be pleased with what you 
get back. 
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voltage circuit must therefore have rel­
atively wide spacing between its ele­
ments. 

Many communication needs can best 
be met with digital technology. 

Signals transmitted as digits are not de­
graded as long as the digits are correctly 
received. A large amount of noise or 
"cross talk:'  which would be objection­
able in an analogue signal of the type 
that usually carries the human voice. 
may have no degrading effect whatever 
on digital signals. As long as the noise or 
cross talk is somewhat weaker than the 
digital signal the presence of each bina­
ry digit can be detected and the digit can 
be regenerated fully. The signal is there­
fore stripped of noise and cross talk. 
This is a powerful advantage when the 
signal is being transmitted through a 
noisy medium. 

A digital communication system is 
likely to operate at a high pulse rate and 
to employ a large number of digital log­
ic gates. Such circuits are small and well 
matched to modern microelectronIcs 
technology . Voice signals have been 
transmitted as digits in parts of the U.S . 
telephone system since 1 962. The trans-

missIOns employ pulse-code mod ula­
tion. wherein the voice signals are re­
peatedly sampled at a high rate and the 
samples are coded into a stream of bina­
ry numbers. The binary numbers are 
transmitted as digital signals. which are 
periodically regenerated along 'the route 
to remove noise. cross talk and distor­
tion. At the receiving end the binary 
numbers are converted back to signal 
samples from which the voice sound can 
be reconstituted. 

The advantages of digital communi­
cation have been known for some time. 
The extent of its application has been 
controlled mostly by the relative eco­
nomics of digital and analogue circuit­
ry. The development of integrated cir­
cuits has greatly changed the economics. 
tipping the scale in favor of digital oper­
ation in many domains. 

A disadvantage of digital signals is 
that they require more bandwidth for 
transmission than analogue signals.  
Therefore analogue techniques remain 
attractive in well-shielded mediums of 
limited bandwidth. such as coaxial ca­
bles. and in radio propagation where the 
bandwidth is limited by the available 
spectrum. Much work. embodying a 

MODEM CHIP is central to the operation of the modulator-demodulator shown in the upper 
illustration on page 202. The chip is a large-scale integrated circuit that turns the digital, or 
square-wave, signals from a computer or some other data-processing machine into the mod­
ulated-wave format required on most of the telephone lines in the U.S. It is likely that over a 
number of years the telepbone lines will be modified to carry even voices as digital signals. 

WORLD DISCOVERER CRUISES 

ANTARCTIC 
ADVENTURES 
. . .  a board the bea ut i fu l  M . S. WORLD D I SCOV E R E R  

C ru i s i ng  from Argent ina .  we v is i t  the  I slas  M a l v i nas  

(Fa l k l and  I s l a nds)  and the scen ic  ANTARCT IC  
P E N I N SU LA .  

The M . S .  WO RLD D I SCOV E R E R  comfortab ly  ac· 
commod ates 1 20 passengers i n  7 5  outs ide cab i ns, 

each with pr ivate fac i l i t ies .  
With the  gu idance  of our  natura l ists, we wi l l  be 

e n l ightened in th i s  u nspo i led world of natura l  

h i story. 
Departure dates December 1 0th .  and 30th, 1 9 7 7 .  

December 7 t h ,  1 9 7 8  a n d  J a n u ary 1 st. 1 9 7 9 .  Cru ise 

rates from $ 1 7 6 5 . 0 0  per person 

W DAV I D  C A M P B E L L  T R AV E L .  LTD 

527 Madison Ave n u e .  S U l le 1 207 
N e w  Yor k .  N e w  York 10022 . U S A  
Phone ( 2 1 2 ) 7 5 2 · 8908 
Please send me your fu l l  color c r u I se 
broc h u re 

Name 

Si reel 

Cily Siale SA 

M S  World Discoverer I S reg l slered I n  S i n g a ­
p o r e  C r u i se s  o p e r a l e d  by N e c k e r m a n n  
Cru ises. F r a n k f u r t .  Wesl Germany 

You ' l 1 !ove this N e w  
Garden Way Home Workbench 
(and its price)-a precision­
bui l1.  American M ade project 
work center designed and 
engineered to meet every 
demand of the serious 
crafts m a n  

Made ent ire ly  of sol id 
Vermont maple,  this ex-
tremely versat i le  bench offers you a massive mult i­
l a m i n ated, 2 inch th ick 1 2 1f2 sq.  ft. (30)(60) work 
surface. Bench comes with 2 extra l arge capacity 
v i ses with patented double�posit ion deS i g n .  Has a 
u n ique metal�to�metal fastening system which w i l l  
hold ben c h  r i g i d  over years of h a r d  u s e ,  yet can be 
d i sassembled in 15 m i n utes should you ever need 
to move it .  

Options inc l ude extra la rge 
capacity tool well and tool drawer. 

Please clip and mail now! 
- - - - - - - - - - -

I TO: Garden Way Research Dept. 74409W , 
Charlotte, Vermont 05445 

I Please send me your FREE I 
I CATALOG al l  about the New Garden , Way Home Workbench ,  i nc lud ing  , deta i ls  on your easy-to-bu i ld  kits .  I 
I N ame I 
I Address I 
I C ity I 
I State Z i p__ __ I 
- - - - - - - - - - - - -
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COMMUNIQUE 
A competition of scientific works, destined to 

encourage the study of the evolution of the 
Universe and of its consequences on our planet 

has recently been created under the nam e :  

Louis Jacot Prize 
This prize is of the value of: 

150,000 French Francs 
of which the first prize is of the value 

of 50,000 Francs. 
The jury is. chaired by Mr. Pierre AIG RIN, 

and has as members Messrs. Robert CLARKE, 
Jean-Fran<;:ois DENISSE, Jacques LABEYRIE, 

Xavier LE PICHON, Jacques LEVY, LICHNEROWICZ, 
Jean-Claude PECKER and Ichtiak RASOOL. 

All submissions must be made before 
31 December 1977. 

Do not make any submission without full knowledge 
of the rules governing the competition. 

These are to be obtained on simple demand addressed to the 
FONDATION LOUIS JACOT, Editions de la Pensee Universel le,  

3 bis, quai aux Fleurs, 75004 PARIS FRANCE. 

Would IOU stonewall 
a committee? Not 
Senator Haya kawa's. 

s. I .  H ay a k a w a ,  a f res h m a n  U . S .  sena­
to r a n d  a l o n g -t i m e  m e m be r  of The 
A m e ri c a n  H e r i tage D ict i o n a ry U sa g e  
P a n e l .  m i g ht n ot m i nd a w i t n e s s  refus-
ing to answer o r  
coopera ting. H e  a 
6 9% o f  t h e  o t h e  

m e m be r s  o f  t h e  p a n e l  w o u l  
o bject stro n g l y  t o  a n y o n e  u s i  
stonewall as a v e r b .  T h i s  k i n  
of u p-to-d ate adv ice o n  u s i ng 
w o rd s  effect ive ly  i s  a n  e x c l u ­
s ive feat u re of  T h e  A m e r i ­
c a n  H e r i tage D i ct i o n a ry 
A n d  i ts  1 5 5 , 000 e n t r i e s ,  
4 . 000 i l l u strat i o n s ,  a n d  
t h o u s a n d s  o f  n e w  
w o r d s h e l p  m a k e i t  
A m e r i c a ' s  c o m pl ete 
c o n te m po rary d i c­
t i o n a r y a s  w e l l  
F ro m  $ 9 . 9 5 
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wide variety of approaches, has been di­
rected at reducing the bit rate required 
for transmitting voice communication 
digitally. The low cost of microelec­
tronics is essential to almost all of them. 
The channel rate per voice ranges from 
about 2.400 bits per second in systems 
that are sophisticated but of low quality 
to some 64,000 bits per second in pulse­
code-modulation systems of high quali­
ty. The lower rates inevitably introduce 
degradation of the signal, which may or 
may not be acceptable in a given appli­
cation. 

An approach that is of particular in­
terest at present is the time-assignment­
speech-interpolation (TASI) concept 
originally developed by Bell Laborato­
ries for cable circuits carrying voice sig­
nals overseas by analogue techniques. 
The concept exploits the brief silences in 
ordinary conversations to take a chan­
nel away from a momentarily silent 
speaker and assign it to someone who is 
speaking. The juggling is so swift and 
accurate that the speakers are unaware 
of it. The concept can now be execut­
ed with microcircuits and digital tech­
niques, converting a large number of 
voice signals into digits in such a way as 
to considerably reduce the effective bit 
rate per voice channel. 

Another concept that has been en­
hanced by microelectronics is stored­
program control. First in the form of 
powerful processors associated with 
large equipment such as switching ma­
chines and more recently in the form of 
microprocessors embedded in all types 
of equipment, microelectronics has 
brought to communication a rapidly 
expanding array of programm�ble de­
vices. The service and operational fea­
tures of many large systems can now be 
altered by rewriting or adding to the 
program stored in the memory. 

Until recently a communication sys­
tem had to be either rewired or replaced 
to change the type of service offered. 
With stored-program control the old 
hardware can be programmed to per­
form new functions, which relate just as 
much to more efficient use of the people 
who operate and maintain the system as 
to service features seen by the user. The 
systems are almost always digital, em­
ploying a great deal of logic and mem­
ory. Microelectronics has vastly ex­
panded the horizons of stored-program 
control by offering logic and memory 
circuits that are inexpensive and highly 
reliable. 

Although stored-program control is a 
simple concept, the development of a 
program that is free of "bugs" is diffi­
cult. It is not unusual for the develop­
ment of a program for a small micro­
processor of the type that might be used 
in communication terminals to cost 
$ 100,000. The cost of developing a pro­
gram for large equipment, such as an 

© 1977 SCIENTIFIC AMERICAN, INC



Nowl C ........ ---J 

Improvn its 
84tst S4tlling 
Sci4tntijic! 
A l i tt l e  ove r a year ago , Co m m od o re i n trod u ced 
th e 5 R4 1 90 R ,  a co m p act rechargeab l e  sc i e n t i fi c  
ca l c u l ato r w i t h  m o re p r e p rogra m m ed featu res (a l m ost o n e  h u n d red ) than a n y  oth e r  ge n e ral  p u r­
pose sc i e n t i fi c .  At an e x c i t i n g  p r i c e ,  i n  kee p i n g  
w i th Co m m od o re 's po l i c y  o f  val u e .  

I t  became Com mod o re 's best-se l l i n g  sc ien tific ever. And 
Com mod ore i s  one of the worl d 's l argest and o ld est pro­
d u cers of e l ectro n i c  cal c u l ators. 

Now Co m mod ore i n trod uces a brand new versio n  cal l ed 
th e S R9 1 90R .  Aga i n  at a ve ry excit i n g  pr ice.  A l i tt l e  
b i t  handsomer. W i th a l l  th e features of th e su per-popu l ar 
previous m od e l .  P l u s  these s ign ificant i m prove ments.  

• Expanded memories:  Up to n i n e  user memories and 
th ree leve l s  of parenthesi s ;  ad d -to-memory key and 
m u l t i p l y -by-memo ry key as wel l .  

• Gaussian d i stribution rath e r  than j u st Gauss ian d e n s i ty. 
• The new S R9 1 90R now can both preserve the data base 

and delete erroneous entries in  l i n ear regression . . . 
th i n gs th at ne ither  the 41 90 nor v i rtu a l l y  any oth er  
cal c u l a tor can do.  

• The Log of the Gam ma fu nction . . . a com p l icated 
proce d u re si m p l ified in th e S R9 1 90R by just  touch i n g  
a s i n g l e  key. 

And th ere i s  eve r so m u ch more :  

Poisso n ,  b inom ial probab i l ity and gaussian d istribution 
• Mean and standard d eviatio n . L inear regression analysis 
• N u merical integration . . .  a l lowing calcu lation of area 
beneath a cu rve . Permutations and com b inations . . .  with 
no overflow l i m itations . Factorial  computations and log 
of the Gamma fu nctio n .  

Comp lex numbers arithmetic • Hou rs-M i n utes-Seconds 
mode . . .  for t ime and motion study . Po lar/rectangular, 
rectangu lar/polar conversions in a l l  quad rants . Percent and 
Delta percent. 

Log and anti log . . .  base e and base 1 0 . D i rect and ind irect 
hyperbo l ic  fu nctions . Xth root, Xth power, square root, 

Handsome and com pact, too. 514" long by 3" wide by 1Yz" h igh 
with 49 keys and an o n/off switch and over 1 00 key board fu nc­
t ions. All i n  handsome black with silver accen ts. 

We 're so s u re the Com modore S R9 1 90R is exactly r ight 
for you that we offer th i s  extraordi nary d o u b l e  guaran tee : 

1 .  Use it for 1 0  days.  I f  i t 's not exactl y what you want,  
retu rn i t  to us  for fu l l  refu n d .  N o  q uesti ons  asked . 

2 . O n ce you dec ide  to keep i t, your  S R9 1 90 R  is guaran­
teed uncondit ional ly for one fu l l  year. Regard less of 
defect,  we w i l l  repl ace it w i th a brand new one if you 
retu rn i t  to us  w i th i n  the year. 

rec iprocal .  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

1 1  back-and-forth British/metric conver-
sions.  

The bright red LED d i sp lay h as 1 4  ch arac­
ters :  1 0  m an tissa, 2 exponent ,  2 s igns.  The 
exponents may be e n tered by th e en try 
key (or automatical ly, of cou rse) . 

Th e S R9 1 90R is fu l l y  rech argeab l e ;  th e 
n i cke l -cad m i u m  b atteries and th e ad apter/ 
recharger are i n cl u d ed .  

Tru l y  th e perfect cal c u l ator for any stu­
d e n t, advanced or begi n n i ng. Perfect, real l y, 
for anybody who m u st use math e matics 
i n  his  or  her  work.  Al l  th is  for j u st $49 .88 .  

Special Order D ivision,  M R .  CALCU LATOR 
39 Town & Cou ntry V i l lage, Palo A l to ,  C A  94304 

P l e ase se nd m e  S R 9 1 9 0 R  c a l c u ­
l ator(s )  by  Co m m od o re at o n l y  $ 4 9 . 8 8  
each co m p l e te w i th ad aptor/rech arger. 
( P l u s  $ 2 .5 0  each for sh i p p i n g ,  h a n d l i n g  
and i n s u ra n c e . )  

o I ' m e n c los ing  check o r  m o n e y  o rd e r  
p ay a b l e  t o  M r. Cal culator fo r :  

$ _----
o I 'd l i k e  to use my c h arge card : 

D M aster C h arge D B an k A m e ri card 

D A m e rican E x p ress 

C a rd No. __________ _ 

I u n d e rstand I can ret u r n  the  S R9 1 9 0 R 
ca l c u l ator (s )  in 1 0  d ay s  for fu l l  refund o r  
c red i t  i f  I ' m not  h a p p y  w i t h  it  ( o r  t h e m ) .  

S ignature __________ _ 

(P lease Print) 
Name ___________ __ 

Address ____________ _ 
C ity ____________ _ 

State, Z ip ___________ _ 

Cal i f . residents : p lease add 6% ($3.00 ea. ) ; 
M y  cred i t  card e x p i re s  Santa Clara CW· CA add 6.5% ($3.25 ea. ) 

I - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
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Shopping for a computer 
at the ByteShop 
is almost as 
much fun as building one. 

Computers are fun.  And afford­
able.  Thousands of people are 
already using personal computers 
for TV games, video color 
graphics, digital  music and lots of  
things nobody ever dreamed of  
- ti l l  now. 

Unti l  we came along the 
toughest part  about getting started 
with computers was shopping for 
one.  Now you can visit  a Byte Shop 
and put  your hands on a wide 
variety of personal, hobby and 
busi ness compu ters. 

Arizona 
Phoenix - East 
8 1 3  N. Scottsdale Rd. 
Phoenix - West 
1 2654 N .  28th Drive 
Tucson 
26 1 2  E .  Broadway 
California 
Berkeley 
1 5 1 4  University Ave. 
Burbank 
1 8 1 2  W. B urbank Blvd. 
Camp bell 
2626 Union Ave. 
Diablo Valley 
2989 N.  Main St. 
Fairfield 
1 1 9  Oak Street 
Fresno 
3 1 39 E.  McKinley Ave. 
Hayward 
1 1 2 2  "B" Street 
Los Angeles 
3030 W. Olympic Blvd. 

Lawndale 
1 6 5 0 8  Hawthorne Blvd. 
Long Beach 
5433 E .  Stearns St .  
Marina Del Rey 
4 6 5 8  B 
Admiralty Way 
Mountain View 
1 0 6 3  W. El Camino. Real 
Palo Alto 
2 2 3 3  El Camino Real 
Pasadena 
496 W. Lake Ave. 
Placentia 
1 2 3  E .  Yorba Linda 
Sacramento 
604 1 Greenback Lane 
San Diego 
8250 Vickers-H 
San Fernando Valley 
1 84 24 Ventura Blvd. 
San Francisco 
3 2 1  Pacific Ave. 
Santa Barbara 
4 West M ission 
Stockton 
79 1 0  N .  Eldorado St. 

Boulder 
2040 30th 51. 
Florida 
Cocoa Beach 
1 3 25 N .  Atlantic Ave., Suite 4 
Flo lauderdale 
1 044 E.  Oakland Park 
Miami 
7825 Bird Road 
Indiana 
Indianapolis-North 
5 9 4 7  E. 82nd St.  
Kansas 
Mission 
5 8 1 5  J ohnson Drive 
Minnesota 
Eagan 
1434 Yankee Doodle Rd. 
Montana 
Billings 
1 2 0 1  Grand Ave., Suite 3 

New York 
levittown 
2 7 2 1  Hempstead Turnpike 
Rochester 
264 Park Avenue 
Ohio 
Rocky River 
1 9 5 24 Center Ridge Rd. 
Oregon 
Beaverton 
3482 SW Cedar Hills Blvd. 
Portland 
2033 5W 4th 
Pennsylvania 
Bryn Mawr 
1045 W. lancaster Ave. 

North Carolina 
Raleigh 
1 2 1 3  Hillsborough Street 
South Carolina 
Columbia 
20 1 8  Green St. 
Utah 
Salt Lake City 
26 1 S .  State St. 
Washington 
Bellevue 
1 4 7 0 1  NE 20th Ave. 
Canada 

Thousand Oaks Vancouver 

2707 Thousand Oaks Blvd. 2 1 5 1  Burrard 51. 
Ventura 
1 5 5 5  M o rse Ave. 
Westminster 
1 4 3 00 Beach Blvd. 
Colorado 
Arapahoe County 
3464 S. Acoma S1.  

Winnipeg 
665 Century St. 
Japan 
Tokyo 
Towa Bldg., 1 ·5 ·9 
Sotokanda 

BYTE SHDP. 
t he affordab l e compu te r store 
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electronic switching system. runs to mil­
lions of dollars. 

Silicon is to the electronics revolution 
what steel was to the Ind ustrial Rev­

olution. Seldom. however. can a com­
munication system be built entirely of 

W I­<{ CJ 
a:: w c.. 
I­en o (J 
w 

1 0  

silicon circuits . Several other microelec­
tronic technologies are important. 

For example. a number of semicon­
d uctor materials (gallium arsenide and 
gallium phosphide among them) emit 
light when they conduct current. Light­
emitting diodes serve widely as indica-

> . 1 0 �--------r---------r-----·---· · -� · ·· · - · ·········· ··········· " "f--··--· · · - -· ····��· 

§ w a: 

1 950 1 955 1 960 1 965 1 970 1 975 1 980 

REDUCTION IN COST of components of communication systems is one of the major effects 
of microelectronics. It is illustrated here for the logic gate, which is a key element of communi­
cation and computing systems. The curves, read from the left, represent respectively vacuum­
tube logic gates, gates made with discrete transistors, gates embodying small-scale integration 
(a few gates on each chip) and gates embodying large-scale integration (thousands of gates 
per chip). In each instance the device represented is a digital logic gate of the best quality. 
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1 0-2 � ________ � ________ -L ________ � __________ L-________ � ________ � 
1 950 1 955 1 960 1 965 1 970 1 975 1 980 

GAIN IN RELIABILITY of electronic components is another major effect of microelectron­
ics on communication. The two developments (reduced cost and increased reliability) together 
have had a profound impact on communication. In this diagram as in the upper one on 
this page the curves represent high-quality logic gates based respectively on vacuum tubes, dis­
crete transistors, small-scale integration and large-scale integration. A logic gate is an organiz­
er, providing an output signal only when the input signalS it receives are in prescribed states. 
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How Conrail is building 
a better railroad for 45,000 steel-consuming 
industries in the Northeast 

Thirty- o n e  percent of Amer­
ica's industries depend on steel 
for their very survival. Many are in 
the dynamic N o rtheast where 
Conrail® delivers much of their 
steel. Here's what we're doing to 
make sure they get all they need 
-when they need it. 

On April 1, 1976 , Conrail took on 
an awes6me task . 

We began consol idating s ix  bank­
rupt ,  deter iorat ing rai lroads in the 
N ortheast . Our goal :  to rehabi l i tate 
the railtoads , to improve service - in 
e ffe c t ,  to b u i l d  an e n t i r e l y  n e w  
railroad. And to operate a t  a profit .  

A firm grip on the reins 
We aren't content with the old ways of 
doing things . We're asking , "How can 
we do it better? " 

Here are some of the ways this atti­
tude is paying off: 

More effic ient routing. We've con­
solidated routes and started running 
" through" trains using the best parts of 
our system .  (This slashed 40 hours off 
a freight run from Allentown, Penn­
sylvania,  to Albany, New York . )  Our 
customers l ike what we're doing. 

More efficient maintenance.  We're 
using only our most productive main-

Conrail network covers 1 6 scates in the Northeast, 
tr.e District of Columbia. two provinces in Canada. 
Area concains 55% of America's  manufacturing 
planes, 60% of her faccory workers. 

Many of America's s teel industries are in the bustling Northeast. This year, Conrad expects to 
carry 32 . 5 million tons of iron and steel over our network. 

tenance fac ilit ies- to get better main­
tenance at lower cost . 

Stricter Quality control .  On work 
performed and on purchased goods . In 
1976 , we rej ected mill ions of dollars' 
worth of material that didn' t measure 
up to our standards . 

More efficient use of cars . We want 
to increase the amount of time our 
fre ight cars produce revenue : By mak­
ing each car work harder,  we can 
avoid buying thousands of new freight 
cars over the next 10 years .  Savings: 
tens of mill ions of dollars . 

Better budgeting techniQues. We're 

using zero base budgeting which allows 
us to r e e x a m i n e  e a c h  a n d  e v e r y 
expense with a fresh eye every year. 

Vital to the Industrial 
Heartland of America 

We're a key l ifel ine to the economy of 
16 states and the District of Columbia. 

We deliver raw materials and fin­
ished goods to the bustling Northeast 
which has nearly 55 percent of Amer­
ica's manufacturmg plants and almost 
60 percent of her factory workers . 

The alternative 
If Conrail  should falter or fai l ,  nation­
alization could become a reality. And 
that would cost Americans mill ions of 
dollars annually in extra taxes. No one 
wants that. 

We've got to succeed. 
We're going to succeed. 
We've got a better way to run a 

railroad. 

CONRAIr.=:!E-' 
"A better way to run a railroad" 

COfuolwted Rail CoI'pOI'ation. Philadelphia, Pa. 
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How to tnake your fourth tnost itn}l!lrtant 
decision one you can live with. 

Choosing a home is a decision you 'l l  come home to 
every night.  

You' l l  l ive with its look.  You 'll  l ive with its feel .  And 
you ' l l  l ive with its costs. 

As you search for a house you ' l l  enjoy living with , you ' l l  
fi n d  t h a t  a l o t  of bu ilders know j u s t  w h a t  your ideal home 

looks l i ke .  Theirs.  But what 
we've found is that most home 
buyers have a very good idea 
of what they want in their 
homes. And what they need is  
someone with the inclination 
and the abil i ty to help them 
put it  together. 

Few can do that l ike Aco rn .  

The Design Options 
Acorn gives homebuyers 

a choice of 30 design approach­
es. Each is a contemporal'y, 
architect designed house. And 
each is a jumping off point for 

developing a personal home that combines interesting 
exterior shapes with attractive, functional interior spaces.  

The key to bu ilding a home you 'l l  enjoy l iving with is  
the ability to put yourself  into it before you build . Our 
design department can help you do this by guing over you r 
ideas, giving advice and showing you how personal mod i­
fications will look and feel through drawings and models .  

We encou rage your participation in the process .  A fter 
a l l ,  who al'e we to tel l  you your Aoor should be parquet if you 
want fieldstone? The Q!.Iality Factor 

There's a lot you 
should know about what's  
going on u nder the sur­
face of your apparen t ly  
beautifu l  home.  The 
qual ity of the materia ls ,  
the quality of workman ­

ship a n d  t h e  w a y  pieces fit together. 
Acorn 's techn ique of m a n u facturing homes has provel l  

su perior to total on-site con struction i n  this respect. I n  our 
plan t ,  where the materials are in stoc k ,  conditions are 
stable ,  proper equipment is on hand and quality is 
s tr ict ly  con trol led ,  the com ponen ts of the homes are 
bui l t  to exact s pecifications . And attention is 
paid to each detai l .  

S o  when a n  Acorn 
home goes u p ,  it goes 

up right. 
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The Control Element. 
U n fortunately, cost overru ns are commonplace in the 

home bu ilding indu stry. I t's simply very d ifficu l t  for most 
builders to account for the kind of modifications we do 
accurately, within an estimate . 

Acorn , however, enjoys a repu tation for completing 
homes, with or without mod ifications, right on quote. 
We've achieved this by maintaining a controll ing hand 
throughout the process. We purchase material s  in quantity. 
We manufacture in our plant. Our own au thorized builder/ 
dealers carry out on-site construction.  And since we've 
pretty much done it all in our years of bu ilding,  we and o u r  
builder/dealers know precisely w h a t  effects particular 
mod i fications wi l l  have on the final price.  Before we bu ild . 

Consequent ly , you do too. 

The Energy Considerations 
Energy consumption, both in terms of com fort and as a 

continu ing financial fac tor has become a serious con sidera­
tion in recent years. For obvious reasons .  

Acorn com bines elements from t h e  p a s t  a n d  present to 
diminish the effects o f  
rising energy prices. 
Many designs can mini­
m ize u n favorable expos­
ures of wall and roof. 
W indows, purposeful ly  
arranged , and fireplaces, 
properly located , are u sed 
to maxim ize heat effi­
ciency. Zone controlled 
heating, ful l  insulation, 

weathel'stripping and insulating glass are standard . 
As one of the pioneers in the field of solar heat , ha\' in g  

s tud ied i t s  potential  in an experime n t a l  u n i t  for a n u m ber of 
years , we can offer the alternative of providing m uch of 
your own energy. I ndependentl y .  Adapti n g  nicely to exist­
ing homes as wel l  as fi t t i n g  severa l of our own design s ,  
there a r e  many Acorn solar ene rgy packages a l ready i l l  
u se tod a y .  

To fi nd out more abo u t  us and o u r  approach to 
bui lding,  send $4 for the com p l e te Acorn plan n i n g  

a n d  i n formation k i t .  I t  includes a com plete explana­
t ion of o u r  tech n iques and plans for a l l  30 design 

approaches .  And if  you'd l ike more i n formation 
on how solar heat can work for YOll , j ust  as k .  

... MORE YOUR HOME THAN OURS. 
..... ACORN STRUCTURES, INC. 
Dept A72. Box 250. Concord MA 01 742 (61 7 ) 369-4 1 1 1 
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tors and illuminators. They also display 
in numerals and letters the readout of 
digital signals. Such devices are ex­
tremely important in communication 
because they provide the translations re­
q uired to couple electrical signals to the 
human brain without the necessity of 
printing the results on paper. 

Of even greater potential importance 
to communication is the solid-state la­
ser. It is a sophisticated cousin of the 
light-emitting diode, being basically a 
complex structured diode that emits a 
highly collimated and monochromatic 
beam of light. It will be particularly use­
ful in light-wave communication sys­
tems. The problem has been with the 
laser's reliability. Just five years ago the 
best solid-state lasers failed after only a 
few hours of operation. Now such lasers 
can be made to last a million hours, 
which is enough to make the device an 
attractive element in the telecommuni­
cation network. 

Magnetic-bubble circuits are another 
promising product of communication 
research. Magnetic bubbles are small , 
cylindrical magnetic domains that can 
persist and move about in certain mate­
rials. A garnet of special composition 
has been fabricated to support magnetic 
bubbles that are a few micrometers in 
diameter. Indeed, the highest scale of 
circuit integration yet achieved has been 
by means of magnetic-bubble memory 
devices. Garnet chips with up to 64,000 
bits of memory per chip can be fabri­
cated routinely, and 256,OOO-bit chips 
have been made on an exploratory ba­
sis. Magnetic-bubble devices with four 
64,000-bit chips per package are now 
providing service in the telephone net­
work in the form of a machine with no 
moving parts that delivers recorded an­
nouncements. Magnetic bubbles have 
the highly desirable characteristic of not 
disappearing when power to the circuit 
is interrupted. 

A functionally similar semiconductor 
arrangement is the charge-coupled de­
vice. It can transfer a chain of electric 
charges across a semicond uctor in a way 
much like the motion of a train of mag­
netic bubbles in a garnet. Unfortunately 
the charge in a CCD does disappear 
when power is interrupted. The CCD 
has the advantage of using processing 
and lithographic techniques essentially 
the same as those employed for the fab­
rication of integrated circuits. Indeed, it 
is an integrated circuit of a special con­
figuration. It offers the additional ad­
vantage of high mobility of charge carri­
ers, leading to devices that are many 
times faster than the magnetic-bubble 
device. The technology of the charge­
coupled device has been applied in the 
solid-state television camera and in seri­
al memory devices. It also shows prom­
ise as a vehicle for integrated electronic 
filters in communication systems. 

WILD 
TURKEY 
LIQUEUR 

Scotland has Drambuie. 
Ireland has Irish Mist. France 
has Cointreau and B&B. 

Now America can boast its 
own great native liqueur: Wild 
Turkey Liqueur created in 
Kentucky by the originators of 
America's finest native whiskey, 
Wild Turkey. 

Wild Turkey Liqueur is the 
"sippin' sweet cream" of liqueurs. 
It's made to be savored slowly 
after dinner. Or as a mellow 
accompaniment to an evening's 
conversation. You've tasted the 
great liqueurs of Europe. 
Now taste America's great one ­
Wild Turkey Liqueur. 

NOTICE: SUPPLY WilL BE LIMITED. I F  NOT IN YOJR smRE, PLEASE CONTACT AUSTIN, NICHOLS & CO. ,  LAWR ENCEBU RG, KY. 80 PROOF © 1977 
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Microelectronics 
and Computer Science 

The functional architecture of the computer has traditionally been 
shaped by the size of specialized components and concepts of how 
people think. Microelectronics is now eliminating these constraints 

by Ivan E. Sutherland and Carver A_ Mead 

Computer science has grown up in 
an era of computer technologies 
in which wires were cheap and 

switching elements were expensive . In­
tegrated-circuit technology reverses the 
cost situation, making switching ele­
ments essentially free and leaving wires 
as the only expensive component. In an 
integrated circuit the "wires." actually 
conducting paths. are expensive because 
they occupy most of the space and con­
sume most of the time . Between inte­
grated circuits the wires. which may be 
flat conducting paths on a printed circuit 
board, are expensive because of their 
size and delaying effect. Computer theo­
ry is just beginning to take the cost re­
versal into consideration. As a result 
computer design has not yet begun to 
take advantage of the full range of capa­
bilities implicit in microelectronics.  As 
we learn to understand the changed rela­
tive costs of logic and wiring and to take 
advantage of the possibilities inherent in 
large-scale integration we can expect a 
real revolution in computation. not only 
in the forms of computing machines but 
also in the theories on which their design 
and use are founded. 

Why is it that computation theory 
needs to be revised? Suppose one sets 
out to develop some theories of compu­
tation. hoping to put them to work 
toward two ends: to establish upper 
bounds on what is computable and to 
serve as a guide to the design and use of 
computing machines .  Such theories 
would presumably also advance under­
standing of computation processes and 
perhaps shed light on the nature of 
knowledge and thought. The theories 
might be based purely on mathematical 
reasoning or might also be based on fun­
damental physical principles. By mathe­
matical reasoning alone one can prove 
many things about computers without 
resorting to physical principles. Only by 
attending to physical principles, how­
ever. can one make more quantitative 
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statements about how long a computer 
of given physical dimensions must take 
to accomplish a given process. based on 
the fact that information cannot move 
around in the computer faster than the 
speed of light and that it takes a certain 
amount of matter. energy and space to 
represent one bit. or binary digit. of in­
formation with a given reliability. 

Computer science as it is practiced to­
day is based almost entirely on 

mathematical reasoning. It is concerned 
with the logical operations that take 
place in computing devices .  It touches 
only lightly on the necessity to distribute 
logic devices in space, a necessity that 
forces one to provide communication 
paths between them. Computer science 
as it is practiced today has little to say 
about how the physical limitations to 
such communications bound the com­
plexity of the computing tasks a physi­
cally realizable computer can acco'm­
plish. 

That is so in part because anyone who 
thinks of a computer as a logical ma­
chine that performs logical. numerical 
or algebraic operations on data will nat­
urally think of the machine in terms of 
the mathematical notation relevant to 
those fields .  In such notations the sym­
bol x written in one place on the page is 
identical in meaning with the symbol x 
written in another place on the page. 
The idea that communication in space is 
required if such values are to be identi­
cal as represented in a computer storage 
device has no place in the notation. The 
notation itself focuses attention on the 
logical operations. reflecting the fact 
that human beings think most effective­
ly about only one thing at a time. A 
mathematical proof is a sequence of 
steps we absorb over a period of time. 
and it is easiest to think of computing 
devices that also do only one thing at a 
time. The sequential approach to math­
ematics is not required inside a comput-

er. but the mathematical approach we 
normally take to problems does not en­
courage us to think of approaches other 
than sequential ones for the solution of 
problems. Nearly all computers in oper­
ation today perform individual steps on 
individual items of data one after anoth­
er in time sequence . 

It was appropriate to ignore the costs 
of communication when logic elements 
were slow and expensive and wires were 
relatively fast and cheap. Sequential 
machines are appropriate to such tech­
nologies because they can be built with 
a minimum number of switching ele­
ments . We have been led-by natural in­
clination. by our accustomed notations 
for mathematics and by technology-to 
develop a style of computing machines 
and a body of computing theory both of 
which are rendered obsolete by integrat­
ed-circuit technology. We have been 
able to ignore the limitations placed by 
physical principles on communications 
inside computers because those commu­
nications did not slow down our opera­
tions appreciably and were only a small 
part of the cost of the machines we built. 
By making logic elements essentially 
free and leaving communication cost 
the dominant factor. integrated-circuit 
technology forces us into a revolution 
not only in the kinds of machines we 
build but also in their theoretical basis .  

Developing a new theoretical basis 

"OM" CIRCUIT, an experimental microproc­
essor designed by the authors at the California 
Institute of Technology, is notable for its high 
degree of regularity, which makes it possible 
to pack more logic and memory functions on 
the chip. The main body of the chip (omitting 
the communication interfaces at top and bot­
tom) is made up of 16 nearly identical col­
umns in four groups of four; each column rep­
resents one bit of a 16-bit computer. About 
40 percent of the chip (lower portion) is mem­
ory; middle 20 percent is the "shifter" section 
and top 20 percent is the arithmetic section. 
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for computer science will not be easy; 
indeed. the task has been put off in part 
because it is very difficult to combine 
notions of logic with notions of topolo­
gy. time. space and distance. as a new 
theory will require. In this article we 
shall outline some of the elements such 
a theory must include. first by examin­
ing the inadequacies of a simple existing 
theory applicable to small logic net­
works. Then we shall see how the chang­
es in the relative costs of wiring and log­
ic must change the nature of the com-

puters built in the future. Finally we 
hope to outline some elements we feel 
belong in a theory of computation ap­
propriate to the new structures. Such a 
theory will be quite unlike the present 
basis of computer science. and so we 
feel justified in describing as revolution­
ary the effect of integrated-circuit tech­
nology both on the design of computing 
machines and on the intellectual frame­
work within which such machines are 
exploited. 

Most computer-science curriculums 

include a course in switching theory. 
even though it is largely irrelevant to 
the present-day practice of computer 
design. Switching theory. which was de­
veloped to help design the relay-operat­
ed switching networks of automatic tele­
phone systems. provided guides that en­
abled a designer to formulate a network 
with the minimum number of relays for 
accomplishing some given logical oper­
ation. It has been extended to the design 
of networks of newer kinds of logic ele­
ments. for example a logic network with 

INTERCONNECTIONS among the logic elements of an integrated 
circuit have become more expensive than the elements themselves. 
Moreover, as the complexity of a randomly wired array of elements 
increases, the interconnections become longer and more numerous. 

Even at modest levels of complexity "wiring" occupies most of the 
available space on an integrated-circuit chip. This is a comparatively 
simple integrated circuit dating from about 1971. Note that the linear 
connectors running between active elements occupy most of the space. 
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IF YOU'RE lOT SUBseRlllNGTD CREATIVE COMPUTING, 
YOU'RE lOT GETTIIG THE MOST OUT OF YOUR COMPUTER • 

No computer magazine gives 
you more applications than we do! 
Games. Puzzles. Sports simula­
tions. CAL Computer art. Artifi­
cial intelligence. Needlepoint. 
Music and speech synthesis. 
Investment analysis. You name it. 
We've got it. And that's just the 
beginning! 

Wha tever your access to compu­
ter power-home computer kit, 
mini, time-sharing terminal-Cre ­
ative Computing is on your wave­
length. Whatever your computer 
application-recreation, educa­
tion, business, household manage­
ment, even building control-Cre ­
ative Computing speaks your 
language. 

Read through pages of thorough­
ly documented programs with 
complete listings and sample runs. 
All made easy for you to use. Learn 
about everything from new soft­
ware to microprocessors to 
new uses for home com ­
puters.And all in simple, 
understandable terms. 
And there's stillmore. 
CreativeComputing 
discusses crea tive 
programming tech­
niques like sort 

••••••••••••••••••••••• 
• I want to get the most out of my computer. • 
• Please enter my subscription to: • 
• cP8atlv8 • 
• • 
• computlnd • 
• • 
• Foreign Foreign • 
• � USA Surface Air • 
• • 
• o 1-year 0$ 8 0$ 12 0$ 20 • 
• o 2-year 0$ 15 0$ 23 0$ 39 • 
• o 3-year 0$ 21 0$ 33 0$ 57 • 
• o Lifetime 0$ 300 0$400 0$600 • 
• o Vol. 1 Bound 0$ 10 0$ 12 0$ 15 • 
• o Vol. 2 Bound 0$ 10 0$ 12 0$ 15 

i 
• o New 0 Renewal 0 Gift 
• o Visa/Bank Amer-icard 0 Master Charge 
• Card No. 
• o Please bill me ($1.00 billing fee will be • added;.foreign orders must be prepaid) 
• 
• Name 

• Address • 
• 
• 
• 
• 

algorithms, shuffling and string 
manipulation to make your own 
programming easier and more effi­
cient. 

We can even save you time and 
money. Our extensi ve resource 
section is filled with all kinds of 
facts plus evaluations of hundreds 
of items. Including microcompu­
ters, terminals, peripherals, soft­
ware packages, periodicals, book­
lets and dealers. We also give you 
no-nonsense equipment profiles to 
help you decide which computer is 
best for you-before you spend 
money on one that isn't. 

We've got fiction too. From the 
best authors in the field, like 
Asimov, Pohl and Clarke. Plus 
timely reviews of computer books, 
vendor manuals and government 
pamphlets. And so much more! 

Isn't it about time you subscrib­
ed to Creative Computing? It's 

the smart way to get the most 
" out of your computer. 
',,- Complete this coupon and 
" mail it today. 0 r f or fast , 

response, call our toll-
free hot line. 
(800) 631-8112. (In 

New Jersey call 
(201) 540-0485). 
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CHIP IN WAFER UNTESTED 

� 

TESTING AND YIELD PER GOOD CHIP 

� 
0 0 0 a 

PACKAGE, PACKAGING AND TESTING 

SPACE ON PRINTED-CIRCUIT BO ARD [{f/[[fTfTfrnrT \ 
j .=l ==oJ .=l dd � - - r=:::=:d c::=::::I ==::::j � 
fj ==' ==d = '===' ==l ==l r-==l 

==' ==' ==' ==l =='1ff' ===:J ====I ====f � � ==:;j7" 
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Cl 
0 
a 
a 

- ===i ==l ===' ==' j j gg � ==i ==! ===J ==l g J �tf�j1jl ==lJ �� � a 
SH ARE OF B ACK PANEL AND WIRING 

SH ARE OF C ABINET AND POWER SUPPLY 

AVERAGE COST 

$ .10 

1.00 

.50 

1.00 

.15 

.20 

CUMULATI VE COST 

$ .10 

1.10 

1.60 

2.60 

2.75 
2.95 

COST OF AN INTEGRATED CIRCUIT is a small part of the cost of a complete system. As 
is shown here, the cost of a single typical integrated-circuit die in a wafer is only 10 cents. 
Given about a 20 percent yield of good chips, after packaging and testing each good chip costs 
$1.60. Assuming that 100 chips are assembled on each of 20 printed-circuit boards, the cost per 
chip is almost doubled by each chip's share of board, back panel, cabinet and power supply. 
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the minimum number of conventional 
logic gates.  

There is no guarantee, however. that 
such a minimum-number network will 
occupy the minimum space in an inte­
grated circuit or perform its task in the 
minimum time. Integrated-circuit de­
signers find they can often add transis­
tors to a design and thereby save space 
or time. because adding to the minimum 
number may simplify the pattern of 
conductors in the design and may speed 
up its operation. Switching theory does 
minimize the number of switching com­
ponents. but it ignores the cost and delay 
of the communication paths. In today's 
technology the area of a circuit devoted 
to communication between elements 
usually far exceeds the area devoted to 
switching elements. and communication 
delays are much longer than logic de­
lays. What is needed. therefore.  is a the­
ory that minimizes the cost of computa­
tional tasks. considering not only the 
cost in area and time of the switching 
elements but also the much larger area 
and time costs of transporting data from 
one place to another. Because switching 
theory as it is known today is based on 
an obsolete cost function it is la�gely 
useless for the design of integrated cir­
cuits. 

Switching theory is even less useful at 
the level of design where one is combin­
ing integrated circuits into a larger sys­
tem. In most cases it costs much more to 
test. package and interconnect integrat­
ed circuits than to manufacture the cir­
cuits themselves. These costs are largely 
independent of the particular function 
of the circuit involved.  Even if the cost 
of the circuits is ignored. communica­
tion from one integrated-circuit chip to 
another is much slower than communi­
cation on a single chip. Given a cata­
logue of standard circuits. there is great 
motivation to introduce more complex 
integrated circuits because fewer of 
them are required. so that the large cost 
of mounting and interconnecting them 
is reduced. In fact. designers often speci­
fy integrated circuits containing super­
fluous elements because there is no cost 
advantage to eliminating the unneeded 
switching elements. Switching theory 
has nothing to say about these impor­
tant issues of cost and speed .  

Although the cost o f  communication 
has so far found no real place in the 
theoretical results of computer science. 
it does play a role in the thinking of 
practical designers. Seymour Cray. the 
designer of many of the most powerful 
computers. cites the "thickness of the 
mat" and "getting rid of the heat" as the 
two major problems of machine design. 
It is obvious that controlling the geome­
try of the interconnections is essential .  If 
connections can be made to follow regu­
lar patterns. they can be produced by 
less expensive methods and can also be 
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THICK MAT OF WIRES covers the back panel of a large general-purpose computer, in this 
case the Cray Research, Inc., CRAY-l. Moving data over the wires takes time and costs mon­
ey, and the thickness of the mat makes repairs difficult. Arranging elements of a computer 
so that wires are all parallel would greatly reduce the complexity and thickness of the mat. 

REGULARITY is a characteristic of memory circuits and of certain arithmetic circuits, such 
as this 16-bit multiplier array made by TRW Inc. The chip, about .28 inch square, contains 
more than 18,000 transistors and resistors. Regularity makes for high logic-element density. 
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made to occupy less space and so be 
faster . 

If the geometry of interconnection 
paths is not carefully controlled. the 
space required for them grows more 
than linearly as the number of logic ele­
ments to be connected is increased. This 
nonlinear growth comes about because 
bigger systems require more wires. 
which are on the average also longer. 
Because the interconnection paths grow 
both in number and in length the total 
area or volume devoted to communica­
tion becomes disproportionately larger: 
to interconnect twice as many randomly 
placed devices requires four times as 
much communication space. To accom­
modate greater wiring space larger 
printed circuit boards must have wider 
spacing between components than small 
boards have; Los Angeles suffers more 
from freeway congestion than Plains. 
Ga .. does. 

Not only do longer communication 
paths occupy a disproportionate 

amount of space but also they function 
more slowly than short ones .  That is be­
cause signals traveling even at the speed 
of light take some time to travel down 
a path and also because longer paths 
store more energy. (Inside integrated 
circuits the speed limit set by the speed 
of light is not yet an important issue be­
cause the distances are short compared 
with the switching times of the logic ele­
ments; the energy-storage delays .  how­
ever. are important.) Before a signal 
path can be switched from one electrical 
state to another. the energy stored in the 
path must be removed and converted 
into heat. One must either design a larg­
er driving circuit to provide for the larg­
er power required to switch long wires 
quickly or suffer the delays of passing 
the larger amounts of energy through a 
less powerful driver. More powerful 
drivers must themselves be driven. and 
they are therefore not only larger in area 
but also inherently slower than small 
drivers. 

Moreover. the heat generated by the 
more powerful drivers must be dissipat­
ed in some structure. which itself occu­
pies space. It is quite possible that the 
signaling energies required in a given 
technology and the size of the structures 
provided to dissipate heat may set an 
upper limit to the complexity of the sys­
tems that can be built in that technology. 
Above such a limit the increase in wire 
length required to provide the space to 
house what is required to drive longer 
wires may exceed the original increase 
in length of wires that was made possi­
ble by the larger drivers! There is so far 
no theory addressing the limits to speed 
and complexity that may be imposed by 
this possibility. 

The disproportionate growth of inter­
connections can be avoided by build ing 
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PRINTED-CIRCUIT BOARDS can also be designed to minimize 
the preponderance of communication paths. Regularity decreases the 
amount of wiring (top). A five-by-seven-inch board of irregular logic 
made by the Evans & Sutherland Computer Corporation (top left) 
is compared with a more regular memory board of the same size (top 
right). The larger tbe board, the greater the preponderance of wiring. 

An 81/2-by-IO-inch board, the Digital Equipment Corporation's 
LSI-ll microcomputer, shows how much area is occupied on a con­
ventional large board by communication paths (bottom). If the close 
packing characteristic of the regularly wired memory circuits that 
can be seen in the top right portion of board could bave been attained 
throughout the board, the board would have been only half as big. 
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COMMUNICATION "BUS" connects a computer's central processing unit to memory mod­
ules and other peripheral units (top). It is typically a flat cable of between 20 and 100 long wires 
that are tapped as they pass through each of the connected units. Photograph shows Digital 
Equipment Corporation's UNIBUS (wide, light-colored flat cable) connecting two disk mem­
ory units (upper left) with central processing unit (lower right) of DEC's PDP-ll /40 computer. 
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very regular patterns of interconnec­
tion. There is already a trend toward 
very regular wiring patterns for inte­
grated circuits and the interconnections 
among circuits. Read-only memories. 
for example, implement complex and ir­
regular logic functions with a simple 
and very regular integrated circuit pat­
tern. This regularity is desirable not 
only because it makes the specification 
of such functions simple but also be­
cause it may be the most efficient layout 
from an interconnection point of view. 
We believe regular patterns of wiring 
will play an increasing role in future de­
signs. In part, computer science will be­
come the study of the regularity of these 
structures. 

The architecture of a typical comput­
er includes a single logical process­

ing element that communicates with a 
random-access memory through 20 to 
100 long wires combined into a "bus, " 
which. like its namesake. provides pub­
lic transportation for data but IS actually 
more like a telephone party line. The 
communication bus is often a flexible 
cable 50 to 100 feet long. A signaling 
protocol is specified for the bus so that 
all the units to which it is connected 
communicate in a common way and 
avoid interfering with one another. The 
great advantage of a bus structure in a 
computer is that any unit connected to 
the bus can communicate directly with 
all other units. Moreover. the protocol 
and the bus structure may survive sever­
al generations of hardware develop­
ment. so that a line of computing equip­
ment can adopt new storage devices. 
new input-output units and even new 
processing elements. In addition. the 
number of switching elements devoted 
to communication in each unit on the 
bus is minimized because each unit 
needs to communicate with only the one 
bus to send messages anywhere.  

The drawback of the bus structure is 
that it provides a communication bottle­
neck. Consider a typical computer with, 
say. one million words (32 million bits) 
of integrated-circuit storage built out of 
2.048 circuits that store some 16,000 
bits each. Any one reference to memory 
can potentially sense the values of 128 
bits on each of the 2.048 integrated cir­
cuits constituting the memory. Of these 
quarter-million bits to which access is 
obtained on the integrated circuits only 
2.048 (one from each integrated circuit) 
are delivered outside the integrated-cir­
cuit package. and of these 2.048 only 32 
are delivered over the communication 
bus to the logical processing unit of the 
computer. It is assumed that the com­
munication bus connects the memory 
and the logical processing unit; we as­
sert that in fact it separates them. Each 
memory access in a large computer 
wastes access to many thousands of bits 
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TYPICAL MEMORY CHIP has 16,384 bits arranged in a 128 X 128 
array (top). An entire row of 128 bits can be accessed at one time, 
but a selector enables only a single bit to pass to an output pin (dark 
color). A typical memory system is made up of 2,048 such chips, say 
64 groups of 32 (bottom). Only 32 chips can place their outputs on 

the 32 wires that join the bus to the central processor. Of the 262,144 
(128 X 2,048) bits that moved less than a millimeter on each chip, only 
2,048 moved three millimeters to get off their chip and only 32 moved 
a meter to the processor. In other words, the bus utilizes only about 
an eight-thousandth of the memory chips' available "bandwidth." 
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OUTPUT 

"PIPELINE" PROCESSOR is one of three kinds of parallel processor, illustrated on this page, 
that have been effective. In a pipeline processor data are passed along from one specialized 
processing element to the next, with each element performing a successive operation on the 
data. The pipeline is analogous to an assembly line: all operations are conducted simultaneous­
ly but not on the same material. The pipeline configuration is optimum as long as the same 
basic type of operation is to be performed; it is less effective when the operations are variable. 

� � � -

I I I I 
E-----> � f----o 

I I I 1 
� � � 

I I I I 
E-----> � � -

ARRA Y PROCESSOR is effective when much identical processing is to be done on many 
items of data. All the processors receive the same instructions, like a company of soldiers drill­
ing "by the numbers." The limitation here is that individual computations must depend only 
on the data in a particular element and its immediate neighbors. This can be effective, however, 
in operations such as weather simulation, where local atmospheric interactions arc significant. 

COMMUNIC ATION PATH 

�l�--�l----�l-- --�t----�l----�l� 

�! I � 1 �I 1 . · 1,--------, 1 1,--------,1 1,--------, 
INDEPENDENT PROCESSORS connected by a communication path constitute the most 
flexible arrangement for parallel execution of different operations. Tasks are given to each 
processor as is required, as they are to the individual workers in a cottage industry. The system 
works best when each element can do much processing and need not communicate much with 
other elements; bottlenecks develop when tasks require elements to wait for the party line. 
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by selecting only a few bits to send over 
the memory bus to the central process­
ing unit. This waste is tolerated for two 
reasons. First, it simplifies our concep­
tion of the machine and matches it to 
our natural inclination to do one thing at 
a time. Second, it provides a single. sim­
ple interface between various parts of 
the machine. 

We pay a high price for this conve­
nience . In an age when memories and 
logical processing elements were made 
by different technologies. we had little 
choice. Now, however, with the silicon 
integrated circuit dominating both the 
memory and the logical processing tasks 
in computers, there is little justification 
for continuing to accept such waste. 
Now it is possible to distribute the mem­
ory bus over many thousands of inte­
grated circuits, in effect giving each log­
ic element the memory it.needs by mov­
ing information less than a millimeter 
from memory to processing facilities lo­
cated together in the same integrated 
circuits on each of many thousands of 
chips. We are just beginning to explore 
systems with this unconventional archi­
tecture. To employ them e ffectively we 
must learn how to match the complexi­
ties of given problems to the simple 
fixed patterns of communication pro­
vided in the systems we can build. 

Machines in which large numbers of 
logic elements operate simulta­

neously are called parallel processors.  
(To some extent, to be sure,  every com­
puting machine is a parallel processor. 
The separate bits that together represent 
a number are moved simultaneously on 
parallel communication paths; binary 
addition is performed by an adder cir­
cuit that operates on all the bits of the 
number at once; multiplication is per­
formed either by sequential addition or. 
in faster models, by including a number 
of separate adder circuits and operating 
them in parallel. Levels of parallelism 
above basic arithmetic, however, are 
rare in today's computers . )  The simplest 
form of real parallel processing now 
available has a few independent proces­
sors operating on a common memory; 
a typical large computing system has 
from two to a few dozen processors at 
work. Typically, however, these proces­
sors serve quite independent functions 
and their very existence may be hidden 
from the user. For example, a separate 
processor may be involved in communi­
cation with the user's keyboard, in oper­
ating magnetic-tape or magnetic-disk in­
put-output units or in sched uling the re­
sources of the central processor. Such 
"multiprocessing" systems have little 
impact on the user's algorithms. 

Three kinds of systems that can truly 
be classed as parallel processors have 
been built. In one of them, the "pipeline" 
processor, several processing elements, 
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With your permission 

We will 
send you 
a Helpful 
Monthly Guide 
to Human 
Behavior ... 

You will receive numerous surveys, stud· 
ies, and other lascinating reports on such 
topics as-

• Family and marital planning 
• Sexual lantasies 
• Inlant development 
• Racial characteristics 
• Drug addiction 
• Love and courtship 
• 10 analyses 
• Criminal psychology 
• Games students play 
• Sociological trends 
• Physiology 01 erotica 

It is an understatement to say you will lind 
this monthly guide valuable. Indeed, it will 
become an extension 01 your lormal educa· 
tion-literally a graduate course in living 
-and you may enroll in it lor an annual 
lee 01 only $6.97 or just under 60¢ a 
month. 

It would be understandable il you were 
suspicious 01 this oller. Alter all, lor 60¢ 
you might not expect much-perhaps a 
4 ·page pamphlet printed in the cheapest 
way. But that is NOT the way it is, by any 
means. 

Actually, each issue averages about 120 
pages, and is handsomely produced with 
many lull·color illustrations on heavy 
white paper. 

Probably you have already seen this unique 
manthly guide-and know it by its name, 
PSYCHOLOGY TODAY. 

You are cordially invited to accept an in· 
troductory subscription to PSYCHOLOGY 
TODAY now at a special rate lor new sub· 
scribers 01 one year (12 issues) lor only 
$6.97 -a $5.03 discount Irom the regular 
price. 

Use the attached $5.03 voucher to order. II 
it has already been torn out, you may use 
the coupon at right. 

SPECIAL OFFER! 

Do you wonder why we give you this voucher? Needless to say, we aren't exactly altruistic. 
There is method in our madness, and it is based on the fact that you read this magazine. This 
lells us something about you. It tells us you are probably better educated than average, inquisi' 
tive, and would no doubt enjoy PSYCHOLOGY TODAY . but may not be willing 
to try it. 

We're Out To Get You 
So many people have the wrong idea about PSYCHOLOGY TODAY, we decided to give 

you a special incentive -a $5.03 credit -in hope of providing you with an irresistible tempta­
tion to find out for yourself what PSYCHOLOGY TODAY is really like. And what IS it like? Well, 
one way to describe it is to tell you what it is not: 

It is not a scientific journal-though most of its contributors are scientists. It is not a self· 
improvement magazine -though your business life, your family life, and your sex life may all 
be better for reading it. It is not an egghead magazine -though one in four readers has at least 
two college degrees. It isn't pap nor pop -though a college education isn't necessary to un­
derstand it. 

Wait till you see! PSYCHOLOGY TODAY will 
open your eyes to new ways of looking at people, 
and will help you understand your friends, family, col· 
leagues, and (most important) yourself. 

You Get Best Price Available 

PSYCHOLOGY TODAY's regular subscription 
rate is $12.00 a year, but this special trial offer for 
new subscribers slashes the price to only $6.97-
just under 60¢ a copy. 

Pay now or later, whichever you prefer, but be 
sure to order promptly, because we don't know how 
long we can hold down the price. Paper and printing 
costs keep rising, and you know what is happening 
to postage. So take advantage of this offer now, 
while it is still in effect. 

�----------------I9jchology • 
P.O. Box 2990, Boulder, Colorado 80322 

Gentlemen: My $5.03 credit voucher was torn out of this magazine before I got it, 
but please enter my PSYCHOLOGY TODAY order anyway-

, 
I 
I 
I 
I o 1 year (12 issues) $6.97. . $5.03 off regular subscription price 

o 2 years (24 issues) $13.87. . save even more 

Name (please print full name) 

Address 

o Payment enclosel 
o Bill me I 

Apt 

I 
I 
I 

City State Zip I 
PROMPT DELIVERY: Your first issue wilt be shipped 30-60 days from receipt of order. CANADtAN RESIDENTS: Add $3.00 for 
postage per year. OUTSI DE U. S . .& CANAD� : Add $5.00 for postage per year -cash orders only. (payable in U. S. currency.) I 
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each of which is specialized for some 
particular task, are connected in se­
quence. The work to be processed flows 
through these processors much as work­
pieces move along an assembly line, 
Communication is simple because in­
formation flows along a fixed pathway 
and has only a short distance to move 
between processing steps. A pipeline 
processor gains efficiency for the same 
reasons an assembly line does: functions 
are specialized and communications are 
minimized. Pipelining enables the arith­
metic sections of very fast computers to 
process sequences of numbers with a 
high overall speed. Pipeline processors 
are less effective where the tasks to be 
performed are highly variable. 

In a second form of parallel processor 
many identical processing elements are 
brought to bear on separate parts of a 
problem under the control of a single 
instruction sequence. Several such ma­
chines have been built, of which the 
largest and best known is ILLIAC IV, 
A modern parallel processor of this type 
was proposed at a recent Rand Corpora­
tion workshop on hydrodynamic simu­
lations. In this hypothetical machine 
there would be 10,000 processors, each 
with arithmetic capability and memory, 
each built on a single integrated circuit 
and all under the command of a com­
mon instruction device. All the proces­
sors would execute commands in rigid 
lock-step. The processors would be ar­
ranged in a square array, 100 X 100, 
and each would communicate data only 
with adjacent processors to its north, 
south, east and west in the array, with 
relatively slow bit-serial communica­
tion on a single wire in each direction. 
We estimate that such a machine would 
take about five microseconds to com­
municate a single 64-bit number from 
one processor to its neighbor, which is 
very slow by today's standards. Of 
course, it could communicate 10,000 

"QUICKSORT" is a typical sequential algo­
rithm for arranging numbers in ascending or­
der. Numbers pointed to by arrows are com­
pared with the number farthest to the left. If 
the pointer farthest to the right indicates a 
number greater than the reference value (row 
A), it is advanced to the left until it rests on 
a number less than the reference value (C). 
Then the left pointer is advanced to the right 
until it rests on a number greater than the ref­
erence value (D). At that stage the numbers 
pointed to are interchanged (E-G). The proc­
ess is continued until the pointers rest on the 
same number (K); at that stage all numbers to 
right of pointers are greater than the reference 
value, and all numbers to left are less than or 
equal to it. The same algorithm is then applied 
to each subset; to complete the sorting illus­
trated here requires five more steps than are 
shown. To sort 11 numbers requires II(IOg21l) 
comparisons of numbers that may be stored in 
distant locations. The communication cost is 
the dominant cost of executing the algorithm. 
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Understanding Digital Electronics 
New teach-yourself courses 

Design of Digital Systems is written for the engineer seeking to learn 
more about digital electronics. Its six volumes - each 11-1/2" x 
8-1/4" are packed with information, diagrams and questions de­
signed to lead you step-by-step through number systems and Boolean 
algebra to memories, counters and simple arithmetic circuits, and 
finally to a complete understanding of the design and operation of cal­
culators and computers. 

The contents of Design of Digital Systems include: 
Book 1 Octal, hexadecimal and binary number systems; conversion 
between number systems; representation of negative numbers; com­
plementary systems; binary multiplication and division. 
Book 2 OR and AND functions; logic gates; NOT, exclusive-OR, 
NAND, NOR and exclusive-NOR functions; multiple input gates; truth 
tables; De Morgans Laws; canonical forms; logic conventions; Kar­
naugh mapping; three-state and wired logic. 
Book 3 Half adders and full adders; subtractors; serial and parallel 
adders; processors and arithmetic logic units (ALUs); multiplication 
and division systems. 
Book 4 Flip flops; shift registers; asynchronous and synchronous 
counters; ring, Johnson and exclusive-OR feedback counters; ran­
dom access memories (RAMs) and read only memories (ROMs). 
Book 5 Structure of calculators; keyboard encoding; decoding display 
data.; register systems; control unit; program ROM; address 
decoding; instruction sets; instruction decoding; control program 
structure. 
Book 6 Central processing unit (CPU); memory organization; char­
acter representation; program storage; address modes; input / out­
put systems; program interrupts; interrupt priorities; programming; 
assemblers; computers; executive programs; operating systems and 
time sharing. 

Digital Computer Logic and Electronics is designed for the beginner. 
No mathematical knowledge other than simple arithmetic is assumed, 
though the student should have an aptitude for logical thought. It con­
sists of four volumes - each 11-1/2" x 8-1 /4" - and serves as an 
introduction to the subject of digital electronics. Everyone can learn 
from it - designer, executive, scientist, student, engineer. 

Contents include: Binary, octal and decimal number systems; con­
version between number systems; AND, OR, NOR and NAND gates 
and inverters; Boolean algebra and truth tables; De Morgans Laws; 
design of logic circuits using NOR gates; R-S and J-K flip flops; binary 
counters, shift registers and half adders. 

In the years ahead the products of digital electronics technology will 
play an important part in your life. Calculators and digital watches are 
already commonplace. Tomorrow a digital display could show your 
automobile speed and gas consumption; you could be calling people 
by entering their name into a telephone which would automatically 
look up their number and dial it for you. 

These courses were written by experts in electronics and learning 
systems so that you could teach yourself the theory and application of 
digital logic. Learning by self-instruction has the advantages of being 
faster and more thorough than classroom learning. You work at your 
own pace and must respond by answering questions on each new 
piece of information before proceeding. 

After completing these courses you will have broadened your 
career prospects and increased your fundamental understanding of 
the rapidly changing technological world around you. 

The six volumes of Design of S 198 8 Digital Systems cost only: 

And the four volumes of S 1488 Digital Computer Logic and 
Electronics cost only: 

But if you buy both courses, S 299 0 
the total cost is only: 

a saving of over: 

SEVEN-DAY MONEY-BACK GUARANTEE: If you are not satisfied 
with your Cambridge course, return it within 7 days for a full refund. 

To order your books, complete the order form below and send it to­
gether with your check or money order to GFN Industries, Inc., 6 Com­
mercial Street, Hicksville, N.Y. 11801. 

I To: GFN INDUSTRIES, INC. 
I 6 COMMERCIAL STREET, HICKSVILLE, NY 11801 
I 

Please send me: 
I 
_ Sets of Design of Digital Systems $19.88 ______ _ 
I 
_ Sets of Digital Computer Logic & Electronics $14.88 __ 

I 
_ Sets of both courses $29.90, __________ _ 
I Sales tax (N.Y. residents) ___________ _ 
I Shipping and handling $2.50 per set _______ _ 
I Enclosed is check/mo (payable to GFN Industries, Inc.) 

I 
Total $ ___ _ I 

I 
I 

Name ___________________ _ 

I Address _________________ _ 

I 
I 

City/State/Zip -----------------

I Prices include overseas surface mail postage. SA9S 
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33 Lumber Samples in 
1 Lumber Sample Pack. 

We've put together a 
selection of cabinet lum ber that 
we think will satisfy anyone who 
enjoys working with wood. And 
to help introduce our service to 
you, we've put a sample of each 
of our fine cabinet woods into one 
sample pack. 

Now, you can compare Ash with Benge, 
Birch, Brazilian '\Ulip, Bubinga, Cherry, Wormy 
Chestnut, Coco Bola, Ebony, Ekki, Green Heart, 
Holly, East Indian Laurel, Hondoul'as 
Mahogany, Har'd Maple, Soft Maple, Philippine 
:-IalTa, English Brown Oak, White Oak (plain 
sliced), White Oak (rift cut), Padou k, Poplar, 
Pur'ple Heart, Brazilian Rosewood, East Indian 
Rosewood, Hondouras Rosewood, Sugar' Pine, 
Teak, American Walnut, French \Valnut, 
Ni('ar'aguan Walnut, Wenge and Zebra \Vooel. 

These are not veneers but lumber samples 
'4 by 2 by 6 inches. 

o Send $18.00 for the Sample Pack 
and our new catalog. 

o Send $1.00 for our catalog and a 
$2.00 credit on your first order. 

----------�ailto----------

John 
��Co' 39 West 19 Str'eet, 

New York, N.Y. 10011 
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PARALLEL EXECUTION speeds tbe sorting task. In tbis algoritbm adjacent members of 
number pairs are compared and are intercbanged if tbe left-band member is larger tban tbe 
rigbt-band one. (In tbe first row a "pair" is defined as two nnmbers tbe left one of wbicb is in 
an even column; in tbe second row tbe left member of eacb pair is in an odd column, and so on 
alternatingly.) Sorting tbe entire set requires n2/2 comparisons, always of nearby numbers. In­
tercbange sorting bas been considered slow, but if comparison and intercbange elements are at­
tacbed to eacb memory element in integrated circuits, comparisons required for one sweep can 
be accomplisbed in one memory cycle and tbe sorting can be completed in n cycles at most. 

such numbers in any one five-microsec­
ond period. It would also take about five 
microseconds to perform a multiplica­
tion, but again it could perform 10,000 
multiplications in that time, for an aver­
age rate of two billion multiplications 
per second. Machines such as this one 
are called array processors or single-in­
struction-stream, multiple-data-stream 
machines. They are most suitable for 
highly regular tasks such as hydrody­
namic computations, numerical simula­
tion of the weather and the inversion of 
large matrixes. 

A third type of parallel processor is 
one where separate, independent proc­
essors under separate, self-contained 
control structures perform independent 
parts of the task, communicating data 
and instructions as is required. The ad­
vent of the microprocessor has, of 
course, suggested to many people the 
possibility of making systems consisting 
of thousands of separate microproces­
sors and having them work in concert on 
large tasks. Few such multiple-instruc­
tion-stream, multiple-data-stream ma­
chines have been built, and their proper­
ties are poorly understood. 

The challenge in designing or using a 
parallel processor of any of these 

three types lies in discovering ways in 
which simple patterns of comm unica­
tion within the processor can be made to 
match the communication tasks inher­
ent in the problem being solved. As in­
tegrated-circuit technology progresses 
there will be individual circuits of in­
creasing speed and complexity. No re­
lief is in sight, however, for the costs and 
delays inherent in communicating infor­
mation from one circuit to another. To 
provide better communication will re­
quire more connections to the integrated 

circuit, a bigger housing for it, more or 
larger communication-driving circuits 
and consequently more heat dissipation. 
To obtain maximum performance from 
large computing systems programmers 
will have to face up to the limitations 
on communication that are imposed 
by physical reality. High-performance 
communication cannot be provided 
from every element to every other ele­
ment; the programmer will have to 
match his formulation of the problem to 
the available communication paths. Al­
though this is a difficult task, success in 
accomplishing it will provide unprece­
dented processing power. 

We believe that just as an important 
part of today's computer science con­
cerns itself with sequences of instruc­
tions distributed in time, so an impor­
tant aspect of computer science in the 
future will be the study of sets of com­
munications distributed in space. If 
processors can communicate only with 
their nearest neighbors, what kinds of 
arrangements are possible? Obviously 
one can wire processors in a linear 
string. Such processors can operate in 
the pipeline fashion described above. 
with each one passing data along to the 
next, or by performing common opera­
tions under command from a central in­
struction device. Such near-neighbor 
connections are highly effective for 
tasks such as sorting, in which the local 
communication of data suffices. Alter­
natively, one can connect processors in 
an array, with each processor having 
more than two neighbors. Such arrays 
have a basic structure much like the 
structure of a crystal, and various forms 
of local communication are possible. In 
our laboratory at the California Insti­
tute of Technology we are considering 
the properties of the different communi-
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EXPLORE 
INTERFACE AGE 

* MONTH AFTER MONTH LOOK TO 
INTERFACE AGE MAGAZINE FOR THE LATEST 
INFORMATION ON THE DYNAMIC WORLD OF 
PERSONAL COMPUTING. 
• Use your personal computer for auto repair, work 

bench controller, teaching machine, central infor· 
mation bank and design test center. 

• Control your small business with your own real­
time accounting and inventory control system. 

• Set your computer to turn sprinklers on and off, 
manage a household security system, feed your 
dog. 

* READ INTER AGE FOR THE LATEST ON NEW 
PRODUCT INFORMATION AND TECHNICAL 
BREAKTHROUGHS. 
• May's issue included inside the FLOPPY ROM™ 

- a vinyl record which is played on a conventional 
phonograph to enter this month's program in your 
computer. • Establish a recipe bank to plan daily meals and 

generate its own shopping list. 
• Evaluate the stock market, set up r 

gambling and probability programs. 
Evaluate odds on sporting events and 
horse racing. 

--- - - - ------------B 
*ORDER YOUR SUBSCRIPTION NOW! . I:f: I 

I 
I 

* ARTICLES RANGE FROM THE 
FUNDAMENTALS OF COMPUTERS TO I 
LANGUAGES AND SYSTEM DESIGN. 
APPLICATIONS INCLUDE BOTH PRO· 
FESSIONAL AND NON-TECHNICAL. I 

12 Monthly Issues: $14 U.S., $16 CanadaiMexico, $24 International . '  . •  · ._1 
Name I 
Address _____________________ _ 

City ______________ Stale, ___ Zip __ _ 

o Check or M.O. (U.S. Funds drawn on U.S. Bank) 0 Visa Card 0 Master Charge 

Acct No. ________________ Exp. Date __ _ 

Signature ____________________ _ 

Make checks payable to: INTERFACE AGE MAGAZINE, P.O. Box 1234, Cerritos, CA 90701 
L ________________ _ 

I 
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The new Cronus Olympian electronic stopwatch 
gives precision timing to IIl00th second. 
Bright, six-digit LED display reads day or night. 
Unlike conventional stopwatches, the space age 
Cronus isn't affected by temperature, a ltitude, 
humidity or shock. Weighs only 4 oz. Complete 
with batteries, lanyard, year warranty, and 
2-week return privilege. Sen d  check for $29.95 
plus $ 1.50 delivery (add $ 1.80 tax in  CAl. Credit 
card holders may order by phone toll- free for 
fastest delivery. Give yourself the world's finest 
stopwatch with no obl igation .  Today. 

THE SHARPER IMAGE 
260 Californi a  Street, San Francisco, CA 94 1 1 1  
CALL TOLL-FREE .800 648-53 1 1  
I n  Nevada call . . . .  800 992- 57 10 

"The Physicist's Fire" 
That is what Time Magazine called the 

fire made with the Texas Fireframe® grate. 
"A hot, even, slow-burning fire • . • easy to 
light . . . a hot fire in fifteen minutes." 
The key to this new discovery is the Texas 
Fireframe's two adjustable arms. They open 
up a red-hot, flaming log-furnace, so that 
radiant "heat streams into the room." (Time, 
Science Section, Dec. 22, 1975) 

A letter in Money Magazine called the 
Texas Fireframe "a real heating plant, with 
none of the gimcrackery of tubes and blow· 
ers . . . central heating on only an hour 
and a half on the coldest days." (Olympia, 
Wash., March, 1 977) 

A gift that brings warmth, cheer, delight. 
Welded.  heavy, steel bars. Model  U-2S H :  25" 
fronl width .  2 1 "  back .  1 5" deep,  1 5" h i g h .  
M o d e l  U - 1 7 H :  1 7" x 1 4" x 1 3  " x I l" 

Please ,end __ U-2S
'
H u n its @ $39.95 (30 I b s . )  

__ U - 1 7H u n its @ $34.50 ( 2 1  Ibs . )  

Check for  $ encl osed ( prices inc lude 
tax a n d  s h i pping i n  U .S.)  

N a m e  __________________________ __ 

Address __________________________ _ 
City State Zi p  ____ _ 

TEXAS FIREFRAME CO. 
P.O. Box 3435 Austin. Texas 78764 
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cation paths that might be included in 
such structures. 

Some years ago R. S .  Gaines and C. 
Y. Lee. who were then working at Bell 
Laboratories .  described three types of 
interconnection path. One kind of inter­
connection has connections that are 
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common to all processors: it is effective 
for sending commands to the processors 
and for "broadcasting" to all processors 
certain values that may be important in 
the course of a computation. A second 
kind of communication path enables 
each processor to "talk" simultaneously 
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INSTRUCTIONS 

WIRES THAT INTERCONNECT MODULES of an array processor can be exploited in 
three distinct ways. One type of connection "broadcasts" information from a control center to all 
modules (gray). A second type (black) moves information from a selected module to a con­
trol destination, one module at a time (heavy black li1le). A third type passes data from each 
module to its nearest neighbor (color); in this case all the modules can ' 'talk'' at the same time. 

TWO SUBTYPES of the third type of wiring are in common use. Tn one subtype (top) informa­
tion passes into a module during one step, is processed and then passed on to the next module 
during the next step. The other subtype (bottom) is designed merely to "discover" something 
about a module (or a number of modules collectively) and to do so quickly: information is 
moved past a module tlnchanged during a single processing step, provided that the module is in 
a specified state. Such wiriug might discover, for example, where the 9's are in a parallel adder. 
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At last, a constant readout (no buttons to push ) precision quartz 
electronic watch with a bui lt- in 24 hour alarm system. 

A q u iet revo lution has been taking place in t h e  electronic  watch industry d uring the last few years. Push -button 
L E D 's are being rep laced with co ntinuous-d isplay LCD watches; 4-d igit d isplays are being replaced by 6-d igit 
reado uts. This year there will be many such LCD watches ava i lable. 

However, Winthrop-Rogers pr ides itse lf on offering not only the most technological ly-perfect prod ucts avai lable, 
but also on introducing the mo st tech nologica l ly-advanced products on the electronic market before they are 
read ily avai lable.  Therefo re, we are p leased to annou nce the most remarkable ach ievement in electronic watch 
techno logy to-d ate. 

By comb in ing the quartz-accu racy precision of the LCD watch with m i n iaturized alarm technology , we proudly 
introduce the first CONTI N UOUS D I SP LAY ALARM WATCH .  A watch that may not be avai lable fro m  other 
sources fo r years can now be yours at a price hundreds of dol lars less than you wou ld imagine. 

And now consider the incredible conven- 1 2 : 34 AN D  56 1 I E L EGANT M E S H  B RACE LE T  

ience of a portable alarm clock handsomely SECON DS 1 2 : 3456 Each M I C RO·ALA R M  comes with a 1 year l i m ited 

adorn ing your wrist at all times ! ! ! 6.D I G I T  LCD D I SPLAY warranty. You may order in your choice of go ld· 

• Never again missing an appointment be­
cause you lost track of time. 
• Never again missing a plane or a train 
because you didn 't relize how late it had 
become. 
• Never again forgetting to make that all­
importan t phone call. 
• Never having to worry about forgetting 
to take important medication on time. 
• Never worrying about waking up from 
that catnap, or at a hotel if your wake·up 
call isn 't on time. 
• Always being aware of when you should 
be coming or going or doing all that your 
hectic schedule demands - without de· 
voting your valuable time to trying to 
remember it all. 

I l:S5MJI 
TH E A LA R M  

S E T  T O  R I N G  
A T  7 : 55 A .M .  

T h e  M I C R O· A LA R M  h a s  a 24  hour Al arm System, 
a l l owing you to set your watch to signal at any 
mi nute of the day or n ight ( 1 ,440 sett i ngs per day 
are poss i bl e ) .  Once set, you need not be concerned 
about your next appointment or tra in ,  plane or 
phone ca l l .  The M I C R O · A LA R M  w i l l  remember for 
you and rem i n d  you when you need to be rem i nded. 

SNOOZE/R E M I N D  CONT R O L  
For y o u r  conven ience t h e  M I C R O · A LA R M  wi l l  
g ive  one short beep pr ior  to i ts  fu l l  a larm cycle, 
a l l owing you to turn i t  off without d isturbing 
others.  I f  not deactivated after the fi rst short 
beep, the a l arm wil l  then beep for 15 continuous 
seconds. Push the deactivate button twice and the 
alarm is off. However, should you want a further 
rem i n der, then push the deact ivate button only 
once and the a larm wi l l  go through its cycle aga in  
i n  exact ly 5 m inutes, a l lowing you to cont inue 
your current activity whether it  be a snooze or 
phone cal l  without fear of forgett ing your next 
commitment. 

The M I C RO·A LA R M  has a 6·d igit  readout showing 
hours, m i nutes and seconds at a g lance. Si nee the read­
out i s  by Liquid Crystal Display ( LCD)  and not by 
Light E mitting D iode ( L E D ) ,  no button has to be 
pushed; the t ime is  conti nuously displayed ! A bui l t  
i n  n ight· l ight functions at the push of a button for 
reading in  darkness. 

AUG UST 1 5th I B' /5 I F R I DAY • FA 
CA L E N D A R  D I SP LAY 
Just one push of the control button converts the dis­
play into a 3·function calendar ; d isplaying the month, 
date of the month, and day of the wee k.  The remark· 
able memory bu i l t  into the mod u l e  knows each month 
and the number of days i n  that month and resets 
automatical ly  on the fi rst day of the new month . 

Q U A R T Z  ACC U R ACY 
The M I C R O·ALA R M - i s  extraordinar i ly  accurate. Its  
module i s  manufactured by Hughes Ai rcraft Company,  
one of the world 's foremost manufacturers of mi cro­
e lectron ics, and is  guaranteed accurate to with i n  3 
m i nutes a year (averag ing less than 1 5  seconds per 
month ) .  You can depend on the accuracy year after 
year. There are no moving parts, so there is  noth ing 
to wear out or  even requ i re servic ing.  The resu l t  of 
th is  accuracy is  that you can set your watch to the 
second. 

T H I N K  ABOUT IT!  

Even if you have no consistant need for a watch with . 
built·in electronic alarm, the M I C R O·ALARM is a volu· 
able investment for its watch features alone: 
1 .  It is the most up·to·date fully·functioning electronic 
watch a.ailable today. 
2. It is accurate to +/. 15 seconds per mo nth, and never 
has to be wound - put it on, and the time and date are 
correct even if it has been in a drawer for a mo nth ! 
3. Its elegant styling will compliment any attire - and 
elicit compliments from your associates and friends. 
4. At this price you can not find a better buy. 
5. One day you will ha.e a critical need to be reminded of 
I vital appo intment - and then, havi ng used the alarm 
function once, you will never again return to Iny other 
reminder system. 
6. Why buy an ordinary watch when you can own a 
M I C R O·ALA RM? 

tone or s i lvertone case. Each for only $69.95 plus 
$1 .99 for sh ipping and handl i ng. Each M I CRO­
A L A R M  comes with  a match i ng, e legant, th in  
mesh brace let, more  handsome and much more 
practical than those "'pu l l  over-snap" type bracel ets. 
This band adjusts comfortably and eas i l y ,  e l i m i n at· 
ing cumbersome l i n k  adjustments. 

15 DAY TRIAL 
Wear the M I C R O · A LA R M  for 1 5  days t o  assure 
yourse lf  that th i s  i s  no o rd i nary watch . If at 
the end of that time you are d issatisfied for any 
reason you may return it for a prompt refund, 
no quest ions asked. 

To order by credit card please phone 
ou r 24-hou r tol l-free number : 

800-325-6400 ask for Oper, 36 
In Missouri: 8()()·342·6600 ask for Operator 36 

or mai l  the attached coupon, with your 
payment and the M I CRO·ALA R M  w i l l  
b e  on i t s  way t o  you. 

Al low 3·4 Weeks For  Del ivery 

V56D9 
Box A69, 1 1 35 G reenridge Rd., Buffalo G rove, 11 60090 
Please send_ M I C R O · A LA R MS @ $69 .95 each 
plus $ 1 .99 for sh i pp i ng and handl ing.  
__ Si lvertone M I C RO·A LA R M  
__ Goldtone M I C RO·ALA R M  
I f  I a m  not completely satisfied I may return it 
for a fu l l  refund. Total amount enclosed $ __ , 
check or money order. ( I l l i nois  residents p lease 
add 5% sales tax . )  No C.O . D .s please. 
Charge : 0 Amer. Exp. 0 Bank AmerJVisa 
o Carte B l anche 0 Master Chrg.  MCBK #_� __ 
Card # Exp.  __ , 
Signature I 
Name t 

I Address Apt'_ 1 
City State __ Zip ___ 1 
To expedia te shipping bV UPS, please pro)lide I 

Ls�� '!..d<!!:.e'!2. !2' t!2e,-th.2.n .!'-Q. J1'l..x .!!u!!'b.!.r._ ..J 
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IF YOU HAVE 
AN IDEA FOR 
SOMETHING 
BETTER • • •  
anything from smal l  
toys and household 
products, to auto a ids 
and energy savers­
here's your chance 
to change your l ife. 

Get started with a Free "Idea Kit". It has lots of infor· 
mation about protecting, publicizing and sel l ing your 
idea, plus a special Record Form to document it. 

You might be awarded a Government Patent, appear 
in the news, receive cash or royalties, or even start 
your own business. So, take credit for your idea now 
. . .  before somebody else does. 

Phone or write now. No cost or obligation. Fees are 
charled only tor contracted services. So, se nd for 
your FREE "Idea Kit No. A·2 1 4  " . 

RAYMOND LEE ORGANIZAnON,INC. 
230 Park Avenue North � 

New York .NY 10017 the 
Phone (212) 661 - 26 0 0  � 

Yes, I'd l ike to take credit for my idea. 
Please send me your FREE "Idea Kit" No. A·214 . 

Name ____________________________ __ 
; Address ___________________________ '11 

Cily _______________ Stltt _____ Z,p _____ � 
Phone No. ______________ Aru Code ! 
- - - - - - - - - - - - - - - - - - -

1111111111,Je],"@'lm'elfF Hewlett-Packard 
Model Your Cosl Model Your Cost 
HP 61 224 proglammable sleps $351.95 HP 91 224 prog steps/Punting 5596.95 
HP 19C comb. 25Cn7 prnller 274.95 HP 92 Fm,n Bonds Bankmg pl. 496.95 
HP 29C comb. 25C127 fUlul!$ 154.95 HP 25C Scltnt.lJlellins memory 127 95 
HP 25 Scltnt. prDg. 99.50 HP 21 Comb. Bus.lScient 138.95 
HP 22 Real Estata·Bus. 99.50 HP 80 Pl)werful R.E./Bus./Banking 234.95 
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r� I����·
i:n��ent.was 5335 I
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We are an HP franchind dealer. Wl clfry ell ,cclSsories " e  discounl. 
We WlIl but .ny pnce. Each u"" comes complete including chltgar. clSe 
and manuals One yur warlanty by HP 

M,d., 
Texa:",I:�t:�ents �,c .. , 

TI 59 960 prog sleps·l00 mems $22S.95 TI 58 48l) prog steps·6D mems $ 97.95 
PC100A plinl. compellble 59·58·S2·506 146 95 Tl 57 1SO progfim steps·Scienl. 63.95 
SR 40 Sc,enl. shde rule 24 95 SR 52·2 SP super SClanl.·conv. 48 95 
SR 506 I00 step prog 79.95 T1 J1) Sclent $lide ruie 11.95 
TI 1750 IhlO walieltypel2M Hrs/lCO 1 9 95 Buslons Analyst RIE Financa 28 95 
Money ManagIl RIE·F,nance 18 95 Dala Chp lO00 Hrs/penci l lhin/lCD 28 95 
SR 52 Raeycled/Guaranteed bV Tl '59.SO TI 2550·3 BU$. with memo 25.95 
TI 5050M Ac·OC plinlerlMam 83 96 TI 5040 Desk pnnter/dISp. mem, 98 95 
TI SOlS Pnnter desk type 64 95 M B A Super Bus. Analyst 67 95 
TI 1680 Instant Raplay cales 25 95 tltlle Prol lor klds 5 up/educ. 12.95 
TI SI00 desk top dlgllal, mem 43.95 Oala Man lBI!! Prof ) educ ..  great 21 .95 
llbranes lor TI S9·sa 29.00 

We carry all TI accessories at discount pftces Specials 
Model Your Cost MOdel Your Cost 
Noltlco new model NT·I S177 00 Olympus T SOIl Transc. compal. with $319.95 
Noralco #95 Olctatmg UM 149.00 Sony M 10Hnllar MC60·PanasoOlC, etc. 
Norelco '185 Dictating UOil 101 00 Texn Insl. lED walchesfive funcl. 9.95 up 
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NorelcG 186 TranSCflber 265 00 Chronograph IS lunc. tCO/IOth/l00th 59.95 
NOlllco #98 1I1nsc. Or OICI. UOit .19.00 Elect. Black Jack/calc. prollr game 39.95 
Nore'co Cassetlu·30 minutes 2 95 EIKI Progr. Chess Gaml, play alone 199.95 
Crillg EleC1 Nolebook Old '.9 00 Elect. Progr. Backgemmon Game 199 95 
Crllg 271)6 Olcl./Transc 189 50 pl.y alone 

, .  

Sony M·I01C thin d,ct. UOit 1 5-4 95 PhoneMate·CodeAPhone·RecordACall call us 
Pearlcorderdlct unl1 byOlympus 1 79.00 up 3M Dry Photocop,er, great IInit (newl 19.95 Smllti Corona elec. 2200 239.50 APF prlnter/dlsp. 27 S1ep prog 1 19.95 

• 
Tr, Coflee Plus and you wrll buy it again. CilSe 01 24 one pound cans at 

SI.79 per can or si� pack II S1.99 per can. 
freight preplld within conllnantal USA on Cotfee Plus 

• 
We carry Royal. Ollvenl, linon, Amana, lIoyds, Commodore, Umtru. Sharp, 
Canon, PanasoOlc, Sony, RCA, ZeOlth YV's,JVC, SanYO, aally, Hy Gain eIC 

Pllces are f o.b lA Goods subJect to aVlllablhty Ask for our hlmous catalog 

We will beat InV p"ce if the competition has Ihe goods on hand. 

Add $3,00 for shiPPing hand held calculators. CA residents add 6% $lIn tn. 
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to its neighbors. Such a path can handle 
the communications required in pipelin­
ing or, if each processor has its own stor­
age function, open up a space anywhere 
in the store by moving information 
simultaneously away from the location 
of the desired gap. A third kind of com­
munication path enables the processing 
elements to say something collectively 
about their results. Such a path can indi­
cate whether no processor, one proces­
sor or more than one contains a given 
condition, which of the processors con­
tains the smallest value or which are be­
tween the beginning and end of a partic­
ular string. 

In our laboratory we have taken on 
the task of building and using some sim­
ple parallel processors involving one- ,  
two- and three-dimensional intercon­
nection patterns .  We hope to learn more 
about the relation of communication 
paths to the performance of such proc­
essors. We have become convinced that 
the performance of parallel processors 
can depend critically on the design of 
communication paths that enable proc­
essing elements to make collective state­
ments about their actions. Without such 
paths how does one find the smallest val­
ue stored in the array? How can one 
identify the set of processors that lie be­
tween two processors with designated 
properties ?  How does one obtain an­
swers from a number of processors in 
sequehce when more than one of them 
has something to report? Such paths are 
electrically complex. Either they in­
volve each local processor as the driving 
element in a "global" communication 
task or they require intermediate cir­
cuitry specialized for collecting such in­
formation, and such intermediate cir­
cuitry inevitably introduces time delays 
and cost. The best structures for this 
kind of communication appear to be 
similar to those in the carry circuits of 
fast parallel adders, but the communica­
tion costs of such circuits have not yet 
been adequately analyzed.  

Acornerstone of computer science to­
day is the theoretical analysis of se­

quential algorithms.  There is a large and 
growing body of theory for selecting ef­
ficient algorithms for sequential ma­
chines.  This body of theory, as one 
might expect, focuses on algorithms that 
minimize the number of logical opera­
tions required to accomplish some task. 
For example, it has been shown that for 
putting numbers into sequence, "quick­
sort" algorithms are the best to use be­
cause they require only n(1og2n) com­
parisons. This body of theory assumes 
that all data elements in storage are 
equally accessible and that the move­
ment of data is free. 

Data elements in storage are never 
really equally accessible, although they 
can arbitrarily be made equally inacces-

sible in a random-access device by mak­
ing the access time for all elements as 
slow as the time required for the most 
inaccessible element. Because informa­
tion in a random-access storage device 
must be moved over long distances the 
data rate in a random-access storage de­
vice of a given technology is inevitably 
lower than what can be achieved with a 
more orderly sequential-access mecha­
nism. Moreover, transporting data from 
a memory cell to a comparison circuit 
is never really free:  in most machines 
the transportation time far exceeds the 
comparison time. And so, for example, 
an analysis of algorithms seeking to 
show that a particular sorting algorithm 
is best is based on giving what may be a 
less than optimum machine the task of 
performing that algorithm: given a dif­
ferent structure, sorting might be done 
much faster. 

Work on the theory of algorithms has 
not yet focused on the true relation of 
computing costs to communication 
costs. Given that one starts with a blank 
piece of silicon and is free to place wires, 
logic gates and so on anywhere one 
chooses, what choices should one make 
to accomplish a given computation task 
in the least time or on the smallest possi­
ble area of silicon? We have no basis at 
all for making sensible choices as to the 
computing structures we should build. 
We do have a large body of experience 
with a particular structure:  sequential 
machines with random-access storage. 
It may be that such machines are effec­
tive because overall they best match a 
wide variety of computing tasks. There 
is mounting evidence , however, that a 
parallel structure can outperform the 
standard computer by many orders of 
magnitude on tasks that are suitable for 
parallel execution. As such unconven­
tional structures have appeared, a wider 
range of tasks is being discovered for 
which they are suitable. Certainly one 
would expect to obtain better perform­
ance by paying attention to the real costs 
of systems,  which is to say to communi­
cation, than by simply considering the 
cost--now an almost vanishing cost--of 
logical processing. 

We believe adequate theories that ac­
count properly for the costs of commu­
nication will be an important guide for 
designing the machines that have been 
made possible by the integrated-circuit 
revolution. We believe such theories 
will have their basis in the study of reg­
ularity, so that computer science will 
come to include a body of theory akin to 
that of topology or crystallography. Al­
though such a development is revolu­
tionary in some ways, it is essentially a 
continuation of the search for regularity 
in all programming tasks. Computer sci­
entists will simply add geometric regu­
larity to the logical regularity they have 
already come to know and value. 
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Microelectronics 
and the Personal Computer 

Rates of progress in microelectronics suggest that in about a decade 

many people wIll possess a notebook-size computer with the capacity 

of a large computer of today. What might such a system do for them? 

T
he future increase in capacity and 
decrease in cost of microelectron­
ic devices will not only give rise to 

compact and powerful hardware but 
also bring qualitative changes in the way 
human beings and computers interact. 
In the 1980's both adults and children 
will be able to have as a personal pos­
session a computer about the size of a 
large notebook with the power to handle 
virtually all their information-related 
needs. Computing and storage capacity 
will be many times that of current mi­
crocomputers: tens of millions of basic 
operations per second will manipulate 
the equivalent of several thousand print­
ed pages of information. 

The personal computer can be regard­
ed as the newest example of human 
mediums of communication. Various 
means of storing, retrieving and manip­
ulating information have been in exis­
tence since human beings began to talk. 
External mediums serve to capture in­
ternal thoughts for communication and, 
through feedback processes, to form the 
paths that thinking follows. Although 
digital computers were originally de­
signed to do arithmetic operations, their 
ability to simulate the details of any 
descriptive model means that the com­
puter, viewed as a medium, can simu­
late any other medium if the methods 
of simulation are sufficiently well de­
scribed. Moreover, unlike conventional 
mediums, which are passive in the sense 
that marks on paper, paint on canvas 
and television images do not change in 

by Alan C. Kay 

response to the viewer's wishes, the 
computer medium is active: it can re­
spond to queries and experiments and 
can even engage the user in a two-way 
conversation. 

The evolution of the personal com­
puter has followed a path similar to that 
of the printed book, but in 40 years rath­
er than 600. Like the handmade books 
of the Middle Ages, the massive com­
puters built in the two decades before 
1960 were scarce, expensive and avail­
able to only a few. Just as the invention 
of printing led to the community use of 
books chained in a library, the introduc­
tion of computer time-sharing in the 
1960's partitioned the capacity of ex­
pensive computers in order to lower 
their access cost and allow community 
use. And just as the Industrial Revolu­
tion made possible the personal book by 
providing inexpensive paper and mech­
anized printing and binding, the mi­
croelectronic revolution of the 1970's 
will bring about the personal comput­
er of the 1980's, with sufficient storage 
and speed to support high-level com­
puter languages and interactive graphic 
displays. 

Ideally the personal computer will be 
designed in such a way that people of 

all ages and walks of life can mold and 
channel its power to their own needs. 
Architects should be able to simulate 
three-dimensional space in order to re­
flect on and modify their current de­
signs. Physicians should be able to store 

COMPUTER SIMULATIONS generated on a high-resolutiou television display at the Evans 
& Sutherland Computer Corporation show the quality of the images it should eventually be 
possible to present on a compact personal computer. The pictures are frames from two dynam­
ic-simulation programs that revise an image 30 times per second to represent the continuous 
motion of objects in projected three-dimensional space. The sequence at the top, made for the 
National Aeronautics and Space Administration, shows a space laboratory being lifted out of 
the interior of the space shuttle. The sequence at the bottom, made for the U.S. Maritime Ad­
ministration, shows the movement of tankers in New York harbor. Ability of the personal com­
puter to simulate real or imagined phenomena will make it a new medium of communication. 

and organize a large quantity of infor­
mation about their patients, enabling 
them to perceive significant relations 
that would otherwise be imperceptible. 
Composers should be able to hear a 
composition as they are composing it, 
notably if it is too complex for them to 
play. Businessmen should have an ac­
tive briefcase that contains a working 
simulation of their company. Educators 
should be able to implement their own 
version of a Socratic dialogue with dy­
namic simulation and graphic anima­
tion. Homemakers should be able to 
store and manipulate records, accounts, 
budgets. recipes and reminders. Chil­
dren should have an active learning tool 
that gives them ready access to large 
stores of knowledge in ways that are not 
possible with mediums such as books. 

How can communication with com­
puters be enriched to meet the diverse 
needs of individuals? If the computer is 
to be truly "personal." adult and child 
users must be able to get it to perform 
useful activities without resorting to the 
services of an expert. Simple tasks must 
be simple, and complex ones must be 
possible. Although a personal computer 
will be supplied with already created 
simulations, such as a general text edi­
tor, the wide range of backgrounds and 
ages of its potential users will make any 
direct anticipation of their needs very 
difficult. Thus the central problem of 
personal computing is that nonexperts 
will almost certainly have to do some 
programming if their personal comput­
er is to be of more than transitory help. 

To gain some understanding of the 
problems and potential benefits of per­
sonal computing my colleagues and I at 
the Xerox Palo Alto Research Center 
have designed an experimental personal 
computing system. We have had a num­
ber of these systems built and have stud­
ied how both adults and children make 
use of them. The hardware is faithful in 
capacity to the envisioned notebook-
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size computer of the 1980·s. although it 
is necessarily larger. The software is a 
new interactive computer-language sys­
tem called SMALLTALK. 

In the design of our personal comput­
ing system we were influenced by re­
search done in the late 1960·s. At that 
time Edward Cheadle and I, working a, 
the University of Utah. designed FLEX. 
the first personal computer to directly 
support a graphics- and simulation-ori­
ented language. Although the FLEX de­
sign was encouraging. it was not com­
prehensive enough to be useful to a wide 
variety of nonexpert users. We then be­
came interested in the efforts of Sey­
mour A. Papert. Wallace Feurzeig and 
others working at the Massachusetts In­
stitute of Technology and at Bolt. Ber­
anek and Newman. Inc .. to develop a 
computer-based learning environment 
in which children would find learning 
both fun and rewarding. Working with a 

large time-shared computer. Papert and 
Feurzeig devised a simple but powerful 
computer language called LOGO. With 
this language children (ranging in age 
from eight to 12) could write programs 
to control a simple music generator. a 
robot turtle that could crawl around the 
floor and draw lines. and a television 
image of the turtle that could do the 
same things. 

After observing this project we came 
to realize that many of the problems 
involved in the design of the person­
!ll computer. particularly those having 
to do with expressive communication. 
were brought strongly into focus when 
children down to the age of six were 
seriously considered as users. We also 
realized that children require more 
computer power than an adult is willing 
to settle for in a time-sharing system. 
The best outputs that time-sharing can 
provide are crude green-tinted line 

drawings and square-wave musical 
tones. Children. however. are used to 
finger paints. color television and stereo­
phonic records. and they usually find the 
things that can be accomplished with a 
low-capacity time-sharing system insuf­
ficiently stim ulating to maintain their in­
terest. 

Since LOGO was not designed with all 
the people and uses we had in mind. we 
decided not to copy it but to devise a 
new kind of programming system that 
would attempt to combine simplicity 
and ease of access with a qualitative im­
provement in expert-level adult pro­
gramming. In this effort we were guided. 
as we had been with the FLEX system. 
by the central ideas of the programming 
language SIMULA. which was developed 
in the mid-1960's by Ole-Johan Dahl 
and Kristen Nygaard at the Norwegian 
Computing Center in Oslo. 

Our experimental personal computer 

EXPERIMENTAL PERSONAL COMPUTER was built at the Xe­
rox Palo Alto Research Center in part to develop a bigh-Ievel pro­
gramming language that would enable non experts to write sophisti­
cated programs. The author and his colleagues were also interested 
in using the experimental computer to study the effects of personal 

computing on learning. The machine is completely self-contained, 
consisting of a keyboard, a pointing device, a high-resolution picture 
display and a sound system, all connected to a small processing unit 
and a removable disk-file memory. Display can present thousands 
of characters approaching the quality of those in printed material. 
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We help process one-fourth 0' all 
the oil and gas the world uses every day. 

And that's being accomplished 
by just one member of Combus­
tion Engineering: C-E Natco. 

C-E Natco helps de-salt, 
de-foam, de-water and do other 
processing needed to prepare 
oil and gas for the pipeline. 

And, besides processing it, 
we also help drill for it, extract 
it, pump it, clean it, deliver it 
and refine it. 

Gray Tool Company, a new 
member of the C-E family, pio­
neered the first wellhead assem­
bly able to operate at pressures 
of 30,000 pounds per square 

inch -extending the search for 
oil and gas into earth layers 
too d ifficult to control before. 

C-E Crest has designed 
systems that produce lO-million 
barrels of oil a day. 

C-E Lummus engineered 
over 30% of Europe's refining 
capacity. And is responsible for 
the design and construction of 
deck facilities for off-shore 
platforms in the North Sea 
that can withstand 130-mph 
winds and l00-foot-high waves. 

We do more than help process 
oil and gas. 
For over 60 years, we' ve been 
supplying equipment, tech-

nology and research to help 
produce energy, conserve it, 

squeeze more use out of it, 
even convert it to new forms. 

For more i nformation about 
our activities around the world, 
write Combustion Engineering, 
Inc., Dept. 7008-33,902 Long 
Ridge Road, S tamford, 
Connecticut 06902. 

� COMBUSTION 
"'L.=] ENGINEERING 

The Energy S ystems  Company 
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is self-contained and fits comfortably 
into a desk. Long-term storage is provid­
ed by removable disk memories that can 
hold the equivalent of 1.500 printed 
pages of information (about three mil­
lion characters). Although image dis­
plays in the 1980's will probably be 
flat-screened mosaics that reflect light 
as liquid-crystal watch displays do. vi­
sual output is best supplied today by a 
high-resolution black-and-white or col­
or television picture tube. High-fidelity 
sound output is produced by a built-in 
conversion from discrete digital signals 
to continuous waveforms. which are 
then sent to a conventional audio ampli­
fier and speakers. The user makes his 
primary input through a typewriter like 
keyboard and a pointing device called a 

mouse. which controls the position of 
an arrow on the screen as it is pushed 
about on the table beside the display. 
Other input systems include an organ­
like keyboard for playing music. a pen­
cillike pointer. a joystick. a microphone 
and a television camera. 

The commonest activity on our per­
sonal computer is the manipulation of 
simulations already supplied by the 
SMALLTALK system or created by the 
user. The dynamic state of a simulation 
is shown on the display. and its general 
course is modified as the user changes 
the displayed images by typing com­
mands on the keyboard or pointing with 
the mouse. For example. formatted tex­
tual documents with multiple typefaces 
are simulated so that an image of the 
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"WINDOWS," display frames within the larger display screen, enahle the user to organize and 
edit information at several levels of refinement. Once the windows are created they overlap on 
the screen like sheets of paper. When a partially covered window is selected with the pointing 
device, the window is redisplayed to overlap the other windows. Images with various degrees 
of symbolic content can be displayed simultaneously. Such images include detailed halftone 
drawings, analogical images such as graphs and symbolic .images such as numbers or words. 
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finished document is shown on the 
screen. The document is edited by point­
ing at characters and paragraphs with 
the mouse and then deleting. adding 
and restructuring the document's parts. 
Each change is instantly reflected in the 
document's image. 

In many instances the display screen is 
too small to hold all the information a 
user may wish to consult at one time. 
and so we have developed "windows." 
or simulated display frames within the 
larger physical display. Windows orga­
nize simulations for editing and display. 
allowing a document composed of text. 
pictures. musical notation. dynamic ani­
mations and so on to be created and 
viewed at several levels of refinement. 
Once the windows have been created 
they overlap on the screen like sheets of 
paper; when the mouse is pointed at a 
partially covered window. the window is 
redisplayed to overlap the other win­
dows. Those windows containing useful 
but not immediately needed informa­
tion are collapsed to small rectangles 
that are labeled with a name show­
ing what information they contain. 
A "touch" of the mouse causes them 
to instantly open up and display their 
contents. 

In the present state of the art software 
development is much more difficult 

and time-consuming than hardware de­
velopment. The personal computer will 
eventually be put together from more or 
less standard microelectronic compo­
nents. but the software that will give life 
to the user's ideas must go through a 
long and arduous process of refinement 
if it is to aid and not hinder the goals of a 
personal dynamic medium. 

For this reason we have over the past 
four years invited some 250 children 
(aged six to 15) and 50 adults to try ver­
sions of SMALLTALK and to suggest ways 
of improving it . Their creations. as imag­
inative and diverse as they themselves. 
include programs for home accounts. 
information storage and retrieval. teach­
ing. drawing. painting. music synthesis. 
writing and games. Subsequent designs 
of SMALLTALK have been greatly influ­
enced and improved by our visitors' 
projects. 

When children or adults first encoun­
ter a personal computer. most of them 
are already involved in pursuits of their 
own choosing. Their initial impulse is to 
exploit the system to do things they are 
already doing: a home or office manager 
will automate paperwork and accounts. 
a teacher will portray dynamic and pic­
torial aspects of a curriculum. a child 
will work on ways to create pictures and 
games. The fact is that people naturally 
start to conceive and build personal 
tools. Although man has been charac­
terized as the toolmaking species. tool­
making itself has historically been the 
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province of technological specialists. 
One reason is that technologies fre­
quently require special techniques, ma­
terials, tools and physical conditions. 
An important property of computers, 
however , is that very general tools for 
using them can be built by anyone. 
These tools are made from the same ma­
terials and with the same effort as more 
specific creations. 

Initially the children interact with our 
computer by "painting" pictures and 
drawing straight lines on the display 
screen with the pencillike pointer. The 
children then discover that programs 
can create structures more complex 
than any they can create by hand. They 
learn that a picture has several represen­
tations, of which only the most obvi­
ous-the image-appears on the screen. 
The most important representation is 
the editable symbolic model of the pic­
ture stored in the memory of the com­
puter. For example, in the computer an 
image of a truck can be built up from 
models of wheels, a cab and a bed, each 
a different color. As the parts of the 
symbolic model are edited its image on 
the screen will change accordingly. 

Adults also learn to exploit the prop­
erties of the computer medium. A pro­
fessional artist who visited us spent sev­
eral months building various tools that 
resembled those he had worked with to 
create images on paper. Eventually he 
discovered that the mosaic screen-the 
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indelible but instantly erasable storage 
of the medium-and his new ability to 
program could be combined to create 
rich textures of a kind that could not be 
created with ink or paint. From the use 
of the computer for the impoverished 
simulation of an already existing medi­
um he had progressed to the discovery 
of the computer's unique properties for 
human expression. 

One of the best ways to teach nonex­
perts to communicate with com­

puters is to have them explore the levels 
of abstraction at which images can be 
manipulated. The manipulation of im­
ages follows the general stages of intel­
lectual growth. For a young child an im­
age is something to make: a free mixture 
of forms and colors unconnected with 
the real world. Older children create 
images that directly represent concepts 
such as people, pets and houses. Later 
analogical images appear whose form is 
closely related to their meaning and pur­
pose, such as geometric figures and 
graphs. In the end symbolic images are 
used that stand for concepts that are too 
abstract to analogize, such as num­
bers, algebraic and logical terms and 
the characters and words that consti­
tute language. 

The types of image in this hierarchy 
are increasingly difficult to represent on 
the computer. Free-form and literal im­
ages can be easily drawn or painted with 
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SMALLTALK is a new programming language developed at the Xerox Palo Alto Research 
Center for use on the experimental personal computer. It is made up of "activities." computer­
like entities that can perform a specific set of tasks and can also communicate with other activ­
ities in the system. New activities are created by enriching existing families of activities with 
additional "traits," or abilities, which are defined in terms of a method to be carried out. The 
description of the family "box" shown here is a dictionary of its traits. To create a new member 
of the family box, a message is sent to the trait "new" stating the characteristics of the new hox 
in terms of specific values for the general traits "location," "angle" and "size." In this example 
"new" has been filled in to specify a box located in the center of the screen with an angle of 
zero degrees and a side 100 screen dots long. To "show" the new hox, a member of the curve­
drawing family "brush" is given directions by the open trait "shape." First the brush travels to 
the specified location, turns in the proper direction and appears on the screen. Then it draws a 
square by traveling the distance given by "size," turning 90 degrees and repeating these actions 
three more times. The last trait on the list is open, indicating that a numerical value is to be 
supplied by the user when the trait is invoked by a message. A box is "grown" by first eras­
ing it, increasing (or decreasing) its size by the value supplied in the message and redisplaying it. 
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lines and halftones in the dot matrix of 
the display screen with the aid of the 
mouse or in conjunction with programs 
that draw curves, fill in areas with tone 
or show perspectives of three-dimen­
sional models. Analogical images can 
also be generated, such as a model of a 
simulated musical intrument: a time-se­
quenced graph representing the dynam­
ic evolution of amplitude, pitch varia­
tion and tonal range. 

Symbolic representations are partic­
ularly useful because they provide a 
means of handling concepts that are dif­
ficult to portray directly, such as gener­
alizations and abstract relations. More­
over, as an image gets increasingly com­
plex its most important property, the 
property of making local relations in­
stantly clear, becomes less useful. Com­
munication with computers based on 
symbols as they routinely occur in natu­
ral language, however, has proved to be 
far more difficult than many had sup­
posed. The reason lies in our lack of 
understanding of how human beings ex­
ploit the context of their experience to 
make sense of the ambiguities of com­
mon discourse. Since it is not yet under­
stood how human beings do what they 
do, getting computers to engage in simi­
lar activities is still many years in the 
future. It is quite possible, however, t() 
invent artificial computer languages 
that can represent concepts and activi­
ties we do understand and that are sim­
ple enough in basic structure for them 
to be easily learned and utilized by non­
experts. 

The particular structure of a symbolic 
language is important because it pro­
vides a context in which some concepts 
are easier to think about and express 
than others. For example, mathematical 
notation first arose to abbreviate con­
cepts that could be expressed only as 
ungainly circumlocutions in natural lan­
guage. Grad ually it was realized that·the 
form of an expression could be of great 
help in the conception and manipulation 
of the meaning for which the expression 
stood. A more important advance came 
when new notation was created to rep­
resent concepts that did not fit into 
the culture'S linguistic heritage at all, 
such as functional mappings, continu­
ous rates and limits. 

The computer created new needs for 
language by inverting the traditional 
process of scientific investigation. It 
made new universes available that could 
be shaped by theories to produce simu­
lated phenomena. Accordingly symbol­
ic structures were needed to communi­
cate concepts such as imperative de­
scriptions and control structures. 

Most of the programming languages 
in service today were developed as sym­
bolic ways to deal with the hardware­
level concepts of the 1950's. This ap­
proach led to two kinds of passive build­
ing blocks: data structures, or inert con-
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Message Interaction 

g box new named "joe" ! 
box:joe 

g joe turn 30! 
ok 

g joe grow-15 ! 
ok 

g joe erase ! 
ok 

g joe show ! 
ok 

g box new named "jill" ! 
box:jill 

g jill turn-l O !  
ok 

g 1 tol0 ! 
interval:12345678910 

g forever ! 
interval: 1 2 3 4 5 6 7 8 9 10 11... 

g 1 to 10 do Ooe turn 20) ! 
ok 

g forever do Ooe turn 11. jill turn -1 3) ! 
ok 

Pictorial Effect 

D 

o 
o 

SMALLTALK LEARNING SEQUENCE teaches students the ba­
sic concepts of the language by having them interact with an already 
defined family of activities. First, offspring of the family box are cre-

Commentary 

An offspring of the family "box" 
is created and is named "joe." 

The box joe receives the 
message and turns 30 degrees. 

Joe becomes smaller by 15 units. 

Joe disappears from the screen. 

Joe reappears. 

A new box appears. 

Only jill turns. Joe and jill are 
independent activities. 

An interval stands for a sequence 
of numbers. 

Forever is the infinite interval. 
It must be terminated by hitting an 
escape key. 

Joe spins. 

A simple parallel movie of joe 
and jill spinning in opposite 
directions is created by 
combining forever with a 
turn request to both joe and jill. 

ated, named and manipulated, and a second family of activities called 
"interval" is introduced. Offspring of the interval and box families 
are then combined to generate an animation of two spinning boxes. 
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HELICOPTER SIMULATION was developed by a 1S-year-old 
student. The user directs the helicopter where to go with the pointing 

device, which controls the position of the black arrow on the screen, 
The window at the top shows the changing topography of the terrain 

struction materials, and procedures, or 
step-by-step recipes for manipulating 
data. The languages based on these con­
cepts (such as BASIC, FORTRAN, ALGOL 
and APL) follow their descriptions in a 
strictly sequential manner. Because a 
piece of data may be changed by any 
procedure that can find it the program­
mer must be very careful to choose only 
those procedures that are appropriate. 
As ever more complex systems are at­
tempted, requiring elaborate combina­
tions of procedures, the difficulty of get­
ting the entire system to work increases 
geometrically. Although most program­
mers are still taught data-procedure lan­
guages, there is now a widespread recog­
nition of their inadequacy. 

A more promising approach is to de­
vise building blocks of greater generali­
ty. Both data and procedures can be re­
placed by the single idea of "activities," 
compnterlike entities that exhibit be­
havior when they are sent an appropri-

ate message. There are no nouns and 
verbs in such a language, only dynami­
cally communicating activities. Every 
transaction, description and control 
process is thought of as sending mes­
sages to and receiving messages from 
activities in the system. Moreover, each 
activity belongs to a family of similar 
activities, all of which have the ability 
to recognize and reply to messages di­
rected to them and to perform specific 
acts such as drawing pictures, making 
sounds or adding numbers. New fami­
lies are created by combining and en­
riching "traits," or properties inherited 
from existing families. 

A message-activity system is inherent­
ly parallel: every activity is constantly 
ready to send and receive messages, so 
that the host computer is in effect divid­
ed into thousands of computers, each 
with the capabilities of the whole. The 
message-activity approach therefore en­
ables one to dynamically represent a 

system at many levels of organization 
from the atomic to the macroscopic, but 
with a "skin" of protection at each quali­
tative level of detail through which ne­
gotiative messages must be sent and 
checked. This level of complexity can be 
safely handled because the language se­
verely limits the kinds of interactions 
between activities, allowing only those 
that are appropriate, much as a hor­
mone is allowed to interact with only a 
few specifically responsive target cells. 
SMALLTALK, the programming system of 
our personal computer, was the first 
computer language to be based entirely 
on the structural concepts of messages 
and activities. 

The third and newest framework for 
high-level communication is the observ­
er language. Although message-activity 
languages are an advance over the data­
procedure framework, the relations 
among the various activities are some­
what independent and analytic. Many 
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CIRCUIT-DRAWING PROGRAM that was developed by a 15-
year-old boy enables a user to construct a complex circuit diagram by 

selecting components from a "menu" displayed at the bottom of the 
screen. The components are then positioned and connected with the 
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below as tbe belicopter flies over it. (Actual terrains were obtained 
from Landsat maps.) A tbird window keeps track of tbe belicopter's 

altitude, direction and speed. Tbe variety of events tbat can be simu­
lated at tbe same time demonstrates tbe power of parallel processing. 

concepts. however. are so richly inter­
woven that analysis causes them virtual­
ly to disappear. For example, 20th-cen­
tury physics assigns equal importance 
to a phenomenon and its context. since 
observers with different vantage points 
perceive the world differently. In an ob­
server language. activities are replaced 
by "viewpoints" that become attached 
to one another to form correspondences 
between concepts. For example. a dog 
can be viewed abstractly (as an animal), 
analytically (as being composed of or­
gans, cells and molecules), pragmatical­
ly (as a vehicle by a child), allegorically 
(as a human being in a fairy tale) and 
contextually (as a bone's way to fertilize 
a lawn). Observer languages are just 
now being formulated. They and their 
successors will be the communication 
vehicles of the 1980·s. 

Our experience. and that of others 
who teach programming, is that a first 
computer language's particular style 

and its main concepts not only have a 
strong influence on what a new pro­
grammer can accomplish but also leave 
an impression about programming and 
computers that can last for years. The 
process of learning to program a com­
puter can impose such a particular point 
of view that alternative ways of perceiv­
ing and solving problems can become 
extremely frustrating for new program­
mers to learn. 

At the beginning of our study we first 
timidly considered simulating features 
of data-procedure languages that chil­
dren had been able to learn. such as BA­
SIC and LOGO. Then, worried that the im­
printing process would prevent stronger 
ideas from being absorbed. we decided 
to find a way to present the message-ac­
tivity ideas of SMALLTALK in concrete 
terms without dilution. We did so by 
starting with simple situations that em­
bodied a concept and then gradually in­
creasing the complexity of the examples 

to flesh out the concept to its full gener­
ality. Although the communicationlike 
model of SMALLTALK is a rather abstract 
way to represent descriptions. to our 
surprise the first group and succeeding 
groups of children who tried it appeared 
to find the ideas as easy to learn as those 
of more concrete languages. 

For example, most programming lan­
guages can deal with only one thing at a 
time. so that it is difficult to represent 
with them even such simple situations as 
children in a school. spacecraft in the 
sky or bouncing balls in free space. In 
SMALLTALK parallel models are dealt 
with from the start, and the children 
seem to have little difficulty in handling 
them. Actually parallel processing is re­
markably similar to the way people 
think. When you are walking along a 
street. one part of your brain may be 
thinking about the route you are tak­
ing, another part may be thinking about 
the dinner you are going to eat. a third 

pointing device. An additional menu can be generated on the screen 
by pushing a button on the pointing device; this menu supplies solid 

and open dots and lines of various widths. In tbe sequence shown 
here two components are selected and added to a circuit diagram. 
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HORSE-RACE ANIMATION shows the capabilities of the experi­
mental personal computer for creating dynamic halftone images. The 
possible range of such simulations is limited only by the versatility of 
the programming language and the imagination of the child or adult 
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user. In this sequence, images of horses, riders and background are 
called up independently from the storage files and arranged for the 
racing simulation with the pointing device. A single typed command 
then causes the two horses and riders to race each other across screen. 
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part may be admiring the sunset. and 
so forth. 

Another important characteristic of 
SMALLTALK is the classification of ob­
jects into families that are generaliza­
tions of their properties. Children readi­
ly see themselves as members of the 
family "kids." since they have common 
traits such as language, interests and 
physical appearance. Each individual is 
both a member of the family kids and 
has his or her own meaning for the 
shared traits. For example, all kids have 
the trait eye color, but Sam's eyes are 
blue and Bertha's are brown. SMALL­
TALK is built out of such families. Num­
ber symbols, such as 2 or 17, are in­
stances of the family "number." The 
members of this family differ only in 
their numerical value (which is their 
sole property) and share a common def­
inition of the different messages they 
can receive and send. The symbol of a 
"brush" in SMALLTALK is also a family. 
All the brush symbols have the ability to 
draw lines, but each symbol has its own 
knowledge of its orientation and where 
it is located in the drawing area. 

The description of a programming 
language is generally given in terms 

of its grammar: the meaning each gram­
matical construction is supposed to con­
vey and the method used to obtain the 
meaning. For example, various pro­
gramming languages employ grammati­
cal constructions such as (PLUS 3 4) or 3 
ENTER 4 + to specify the intent to add 
the number 3 to the number 4. The 
meaning of these phrases is the same. 
In the computer each should give rise to 
the number 7, although the actual meth­
ods followed in obtaining the answer 
can differ considerably from one type 
of computer to the next. 

The grammar of SMALLTALK is simple 
and fixed. Each phrase is a message to 
an activity. A description of the desired 
activity is followed by a message that 
selects a trait of the activity to be per­
formed. The designated activity will de­
cide whether it wants to accept the mes­
sage (it usually does) and at some later 
time will act on the message. There may 
be many concurrent messages pending 
for an activity, even for the same trait. 
The sender of the message may decide 
to wait for a reply or not to wait. Usual­
ly it waits, but it may decide to go about 
other business if the message has in­
voked a method that requires consider­
able computation. 

The integration of programming-lan­
guage concepts with concepts of edit­
ing, graphics and information retrieval 
makes available a wide range of useful 
activities that the user can invoke with 
little or no knowledge of programming. 
Learners are introduced to SMALL TALK 
by getting them to send messages to al­
ready existing families of activities, such 

MUSIC CAN BE REPRESENTED on the personal computer in the form of analogical im­
ages. Notes played on the keyboard are "captured" as a time-sequenced score on the display. 

:- -� .. � ... �, --. 
-

MUSICAL SCORE shown here was generated as music was played on the keyboard. The sim­
plified notation represents pitch by vertical placement and duration by horizontal length. Notes 
can be shortened, lengthened or changed and the modified piece then played back as music. 

241 

© 1977 SCIENTIFIC AMERICAN, INC



••• 
• • 
••• 

• ••• 
• •• • 
• •  • 
•• 
•• , 

••• 
• • 
••• 

• ••• 
• •• • 
• •  • 
•• • ••••••••• 
•• • 

•••••••• 

••• 

••• 
•• • 

• • 
• • ••••••••• 

•• • • 
• ••••••••• 
• •• 
• • •  • • • •  
• • 
•• • ••• 

•••••• 

••• 
•• • 

• • 
• • ••••••••• 

•• • • 
• ••••••••• 
• •• • 
••• • •••• 
• • • 
• •  • ••• 

•••••• 

242 

1 

- I 

as the family "box." whose members 
show themselves on the screen as 
squares. A box can individually change 
its size. location. rotation and shape. Af­
ter some experience with sending mes­
sages to cause effects on the display 
screen the learner may take a look at the 
definition of the box family. Each fami­
ly in SMALLTALK is described with a dic­
tionary of traits. which are defined in 
terms of a method to be carried out. For 
example. the message phrase "joe grow 
50" says: Find the activity named "joe." 
find its general trait called "grow __ " 
and fill in its open part with the specific 
value 50. A new trait analogous to those 
already present in the family definition 
(such as "grow" or "turn") can easily be 
added by the learner. The next phase of 
learning involves elaboration of this ba­
sic theme by creating games such as 
space war and tools for drawing and 
painting. 

There are two basic approaches to 
personal computing. The first one. 

which is analogous to musical improvi­
sation. is exploratory: effects are caused 
in order to see what they are like and 
errors are tracked down. understood 
and fixed. The second. which resembles 
musical composition. calls for a great 
deal more planning. generality and 
structure. The same language is used for 
both methods but the framework is 
quite different. 

From our study we have learned the 
importance of a balance between free 
exploration and a developed curricu­
lum. The personal computing experi­
ence is similar to the introduction of a 
piano into a third-grade classroom. The 
children will make noise and even music 
by experimentation. but eventually they 
will need help in dealing with the instru­
ment in nonobvious ways. We have also 
found that for children the various lev­
els of abstraction supplied by SMALL­
TALK are not equally accessible. The 
central idea of symbolization is to give a 
simple name to a complex collection of 
ideas. and then later to be able to invoke 
the ideas through the name. We have 
observed a number of children between 
the ages of six and seven who have been 
able to take this step in their comput­
er programs. but their ability to look 
ahead. to visualize the consequences of 
actions they might take. is limited. 

Children aged eight to 10 have a grad-

DISPLAY FONTS can be designed on per­
sonal computer by constructing them from a 
matrix of black-and-white squares. When the 
fonts are reduced, they approach the quality 
of those in printed material. The image of a 
pointing hand shown here is a symbol in SMALL­
TALK representing the concept of a literal word, 
such as the name associated with an activity. 

ually developing ability to visualize and 
plan and are able to use the concept of 
families and a subtler form of naming: 
the use of traits such as size. which can 
stand for different numerical values at 
different times. For most children. how­
ever. the real implications of further 
symbolic generality are not at all obvi­
ous. By age 11 or 12 we see a consider­
able improvement in a child's ability to 
plan general structures and to devise 
comprehensive computer tools. Adults 
advance through the stages more quick­
ly than children. and usually they create 
tools after a few we�ks of practice. It is 
not known whether the stages of intel­
lectual development observed in chil­
dren are absolutely- or only relatively 
correlated with age. but it is possible 
that exposure to a realm in which sym­
bolic creation is rewarded by wonderful 
effects could shorten the time required 
for children to mature from one stage 
to the next. 

The most important limitation on per­
sonal computing for nonexperts appears 
when they conceive of a project that. 
although it is easy to do in the language. 
calls for design concepts they have not 
yet absorbed. For example. it is easy to 
build a span with bricks if one knows the 
concept of the arch. but otherwise it is 
difficult or impossible. Clearly as com­
plexity increases "architecture" domi­
nates "material." The need for ways to 
characterize and communicate architec­
tural concepts in developing programs 
has been a long-standing problem in the 
design of computing systems. A pro­
gramming language provides a context 
for developing strategies. and it must 
supply both the ability to make tools 
and a style suggesting useful approaches 
that will bring concepts to life. 

We are sure from our experience that 
personal computers will become an inte­
gral part of peoples' lives in the 1980·s. 
The editing. saving and sifting of all 
manner of information will be of value 
to virtually everyone. More sophisticat­
ed forms of computing may be like mu­
sic in that most people will come to 
know of them and enjoy them but only 
a few will actually become directly in­
volved. 

How will personal computers affect 
society? The interaction of society 

and a new medium of communication 
and self-expression can be disturbing 
even when most of the society's mem­
bers learn to use the medium routinely. 
The social and personal effects of the 
new medium are subtle and not easy for 
the society and the individual to per­
ceive. To use writing as a metaphor. 
there are three reactions to the introduc­
tion of a new medium: illiteracy. litera­
cy and artistic creation. After reading 
material became available the illiterate 
were those who were left behind by the 
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A concerted effort toward "smaller and smaller. more and more on a chip" is 
ushering in Very Large Scale Integration (VLSI) as the dominant microelectronic 
technology of the next decade, surpassing old barriers of component density and 
circuit speed. Since microelectronics is a batch process technology, putting 
more functions on a chip results in more product per dollar. Upshot: an accel­
erating entrance of the microelectronic phenomena into product fields formerly 
cost-prohibitive. Hughes -- a pioneer in ion implantation, CMOS/SOS, radiation 
hardening, advanced lithography and high density LSI interconnections -- has 
embarked on a broad development program involving new processes, materials and 
device structures that are setting the pace. Already achieved: integration of 
30,000 CMOS/SOS transistors on a 0.15-inch chip. Consider: today's LSI chip 
carrying 10,000 transistors matches the size of a single transistor 20 years 
ago. The payoff: a 1000-times increase in circuit speed and a 100-times im­
provement in power efficiency. 

The drive for greater component density is stimulating research into submicron 
techniques to avoid the optical diffraction limits imposed by today's contact 
photolithography method of circuit patterning. One of these, divect writing 
E-beam, uses a computer-controlled scanned electron beam "with a wavelength 
shorter than that of light. Other areas of development include projection and 
x-ray lithography, dry processing, automated wafer production and computer­
aided circuit modeling. As an outgrowth, circuit densities of up to a ha1f­
million transistors on a single chip are foreseen. Already, thousands of IR 
detectors have been amassed on a single chip the result of integrating CCD 
signal processing with the detector elements in a Monolithic Focal Plane Array. 

The new super-speed circuitry: Hughes has tested new D-ECL circuits (Die1ectric­
ally-isolated Emitter Coupled Logic) with delays of 170 picoseconds. Experiment­
al short channel CMOS devices fabricated on SOS have also shown gate propagation 
delays of less than 200 picoseconds at extremely low power levels (picojoule). 
This technology is now being applied to very high speed and low power LSI for 
spaceborne applications. Others in full development include CMOS/SOS and I2L• 
With I2L, linear and digital functions can be married on the same chip, as can 
logic and memory functions. On-going work in gallium arsenide will see future 
devices with gigahertz switching speeds and reduced power factors. 

A monumental advance in non-volatile semiconductor memory capability -- allowing 
retention of stored data with power off -- is now market-ready. Developed at 
Hughes, NOVRAM (Non-Volatile Random Access Memory) offers the advantages of both 
read-only and random access memories. Data can be written and recalled countless 
times, overwriting a previously stored latent image. Power can be removed en­
tirely without loss of data. Applications are seen in microprocessor based sys­
tems, digital TV tuners, radar signal processors and missile guidance. 

Engineers and Scientists: If you have the advanced degrees and experience to con­
tribute to this new wave of microelectronics, we invite you to call collect to 
Ray Wolfe at (714) 759-2411, Ext. 2550, who will put you in direct contact with 
a key line manager in your field of expertise. Or write him at: Hughes Aircraft 
Company. Microelectronic Products Division, Building 700, M/S A1229, 500 Superior 
Avenue, Newport Beach, CA 92663. Opportunities exist in microelectronic circuit 
design, processing, application engineering and key management positions, in­
cluding transition of advanced research concepts into new products. 

Creating a new world with electronics r------------------, 
I I 

i HUGHES i 
I I 
L __________________ � 
HUGHES AIRCRAFT COMPANY 
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new medium. It was inevitable that a 
few creative individuals would use the 
written word to express inner thoughts 
and ideas. The most profound changes 
were brought about in the literate. They 
did not necessarily become better peo­
ple or better members of society. but 
they came to view the world in a way 
quite different from the way they had 
viewed it before. with consequences that 
were difficult to predict or control. 

We may expect that the changes re­
sulting from computer literacy will be as 
far-reaching as those that came from lit­
eracy in reading and writing. but for 
most people the changes will be subtle 
and not necessarily in the direction of 
their idealized expectations. For exam­
ple. we should not predict or expect that 

the personal computer will foster a new 
revolution in education just because it 
could. Every new communication medi­
um of this century-the telephone. the 
motion picture. radio and television­
has elicited similar predictions that did 
not come to pass. Millions of uneducat­
ed people in the world have ready access 
to the accumulated culture of the centu­
ries in public libraries. but they do not 
avail themselves of it. Once an individu­
al or a society decides that education is 
essential. however. the book. and now 
the personal computer. can be among 
the society' s main vehicles for the trans­
mission of knowledge. 

The social impact of simulation-the 
central property of computing-must 
also be considered. First. as with lan-
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INTRICATE PATTERNS can be generated on tbe personal computer witb very compact de­
scriptions in SMALLTALK. Tbey are made by repeating, rotating, scaling, superposing and combin­
ing drawings of simple geometric sbapes. Students wbo are learning to program first create in­
teresting free-form or literal images by drawing tbem directly in tbe dot matrix of tbe display 
screen. Eventually tbey learn to employ tbe symbolic images in tbe programming language to 
direct tbe computer to generate more complex imagery tban tbey could easily create by band. 
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guage. the computer user has a strong 
motivation to emphasize the similarity 
between simulation and experience and 
to ignore the great distances that sym­
bols interpose between models and the 
real world. Feelings of power and a nar­
cissistic fascination with the image of 
oneself reflected back from the machine 
are common. Additional tendencies are 
to employ the computer trivially (simu­
lating what paper. paints and file cabi­
nets can do). as a crutch (using the com­
puter to remember things that we can 
perfectly well remember ourselves) or 
as an excuse (blaming the computer for 
human failings).  More serious is the hu­
man propensity to place faith in and as­
sign higher powers to an agency that is 
not completely understood. The fact 
that many organizations actually base 
their decisions on-worse. take their de­
cisions from-computer models is pro­
foundly disturbing given the current 
state of the computer art. Similar feel­
ings about the written word persist to 
this day: if something is "in black and 
white." it must somehow be true. 

Children who have not yet lost much 
of their sense of wonder' and fun 

have helped us to find an ethic about 
computing: Do not automate the work 
you are engaged in. only the materials. 
If you like to draw. do not automate 
drawing; rather, program your personal 
computer to give you a new set of paints. 
If you like to play music. do not build a 
"player piano" ;  instead program your­
self a new kind of instrument. 

A popular misconception about com­
puters is that they are logical. Forthright 
is a better term. Since computers can 
contain arbitrary descriptions. any con­
ceivable collection of rules. consistent 
or not. can be carried out. Moreover, 
computers' use of symbols. like the use 
of symbols in language and mathemat­
ics. is sufficiently disconnected from the 
real world to enable them to create 
splendid nonsense. Although the hard­
ware of the computer is subject to natu­
ral laws (electrons can move through the 
circuits only in certain physically de­
fined ways). the range of simulations the 
computer can perform is bounded only 
by the limits of human imagination. In a 
computer. spacecraft can be made to 
travel faster than the speed of light, time 
to travel in reverse. 

It may seem almost sinful to discuss 
the simulation of nonsense. but only if 
we want to believe that what we know is 
correct and complete. History has not 
been kind to those who subscribe to this 
view. It is just this realm of --apparent 
nonsense that must be kept open for the 
developing minds of the future. Al­
though the personal computer can be 
guided in any direction we choose. the 
real sin would be to make it act like a 
machine ! 
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INCREDIBLE DESK-TOP 3-D ILLUSIONS 
A scientific phenomenon 
lets you create mirages 
-on your desk or 
right in your hands! 

The photo captions are true. What 
you see in the mirrored circle isn't really 
there at a l l .  

It's a MIRAGE. So true to l i fe ,  so al ive 
with depth , most people refuse to be­
lieve it when they can't touch what they 
see before the m !  

Spring one o n  curious, unsuspecti ng 
eyes. Even you r closest friends wi l l  be 
un prepared for the elusiveness of these 
mysterious 3-D i l lusions . . .  people wi l l  
practical ly grab the device away from 
you for a closer look.  

Scientists cal l the mirages "three di­
mensional  real  i m ages." Literal ly con­
tradicti ng a l i feti me of experiences, they 
defy-and yet demand -explanation.  
Never has the line between sensory 
perception and reality been exposed 
with such startling clarity 

The effect is not holographic. I ndeed, 
each fun -to- make vision surpasses 
holography in resol ution.  Make one ap­
pear anywhere, i n  any l ight .  . .  even can­
die l ight. There are no movi ng parts , no 
batte r i e s ,  cord s ,  d i a l s ,  k n o b s  o r  
switches.  It's s i m p l e  enough t o  fool 
anyone.  

Experiment! You ' l l  f ind the amazed, 
amused reactions growing with each 
3-D mirage you devise. 

A patented, precision Instrument $1995 NATIONAL tNTRODUCTORY PRICE 

Order without r i s k ,  of course.  If 
M I RAG E fai l s  to please you for any 
reason, return it withi n  1 4  days for a ful l ,  
prompt refund.  Not sold i n  stores, it's 
avai lable only from our labs, at an at­
tractive d i rect-to-you price. 

OOI � 
For yourself-for your gift l ist-look 

i nto M I RAGE .  Designed to enhance 
any decor, it should become one of the 
most intriguing, attention-getting con­
versation pieces you'll ever own. 

MIRAGE IS A TRADEMARK OF OPT1-GONE ASSOCIATES tNC., 

22102 CLARENDON ST., WOODLAND HILLS, CA. 91364@ 1977 

Use your  credit card to order tol l -free 
right now. Or mail the handy coupon. 

TOLL·FREE HOTLINE 
Call anytime-24 hours a day 
and charge to your credit card 

DIAL 800·648·531 1 
( I n  Nevada dial 1 -800-992-571 0) 

---------------------------------� 

2 BON U SES FOR YOU !  
INCLUDED WITH EACH ORDER 

OPTI-GONE ASSOCIATES INC. 
22102 CLARENDON STREET 
WOODLAND HILLS, CALIF. 91364 

24 PAGE MIRAGE GUIDE 
Entertaining book contains ful l  instructions, 
tips, photos, unusual uses and suggestions, 
plus background information explaining this re­
cently discovered phenomenon of science. 

YES! Send me __ MI RAGE(S) at $1 9.95 
plus $1 .40 each for postage, handling and insurance. 
(California residents add 6% sales tax.) 

LINT-FREE POLISHING CLOTHS 
For peak optical resolution, the 9-inch inner sur-

NAME 

ADDRESS 

faces are mirror coated the same way en­
gineers coated the country's largest reflecting CITY STATE 

telescope: at California's Mt. Palomar, the mir- Charge to my 0 Visa/ BankAmericard 

rored finish is 200 i nches in  diameter, but just 0 Master Charge 0 American Express 

5/1 ,OOO,OOOth of an inch thick! 0 My check is enclosed. 

This critical tolerance is followed in  the mak-
ing of each M I RAG E ,  to faithfu lly reconstruct CARO NUMBER 

every molecule of the objects you display. To 
EXPIRATIONOATE 

maintain the surfaces, you' l I  receive a generous 
supply of d isposable pol ishing cloths. SIGNATURE 

ZOP 

---------------------------------------------------------------------
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THE AMATEUR 
SCIENTIST 

Hot water freezes faster than 
cold water. Why does it do so? 

by] earl Walker 

It is sometimes said that hot water will 
freeze faster than cold water. The 
notion is quite old. and many people 

in cold places such as Canada wash their 
car or fill their birdbath with cold water 
believing that doing so will delay freez­
ing. Is there anything to it? The answer 
is yes. although this counterintuitive 
result had little support until Erasto 
Mpemba. a high school student in Tan­
zania. rediscovered the effect while 
making ice cream as a project in physics. 

The technique was supposed to be to 
heat milk. mix in sugar. let the mixture 
cool to room temperature and then put 
it in an electric freezer. One day Mpem­
ba and a classmate placed their mixtures 
in the freezer at the same time. but be­
cause they were both in a hurry Mpem­
ba did not bother to cool his mixture and 
his classmate did not even bother to heat 
his. Mpemba was surprised to find that 
his hot mixture froze long before the 
cool one. 

The ice-cream effect gained credibili­
ty and fame when Mpemba and D. G. 
Osborne of University College Dar es 
Salaam published an account of it in 
Physics Education. The resulting corre­
spondence in that journal and others 
was fairly hot and heavy for a while. 
The scientists who wrote maintained ei­
ther that the effect was well known or 
that the observation was in error. The 
effect is definitely real and can be dupli­
cated in your own kitchen. but the ex­
planation is still the subject of contro­
versy. 

One of the first explanations was that 
the hotter container melted the ice un­
der it and so made better thermal con­
tact with the freezer shelf. The effect is 
the same. however. when the container 
is thermally insulated from the freezer 
shelf. as Mpemba and Osborne's was. 
Moreover. the explanation would not 
serve for the examples of washing cars 
and filling birdbaths or for frost-free 
freezers where no ice forms on the freez­
er shelf. 

Several factors appear to be involved 
in the effect. First. in the hotter contain­
er the liq uid may circulate better. so that 
the hot water in the central region 

246 

moves rapidly to the walls of the con­
tainer or to the top surface of the water. 
Second. more of the gas dissolved in the 
water may be released if the water is 
warmer. Dissolved gas delays cooling. 
and its elimination before cooling al­
lows the water to reach the freezing 
point sooner. The hot-water pipes in 
your home are more likely to freeze 
than the cold-water pipes because the 
dissolved gas was eliminated when the 
water was heated. Third. the warmer 
water may lose more of its mass and 
heat to evaporation than the cooler wa­
ter does. Thus there would be less mass 
to cool. and the water would reach the 
freezing point sooner. If there is a signif­
icant loss of mass. then (once the freez­
ing point is reached) the initially hot wa­
ter will certainly freeze faster because 
there is less mass from which heat must 
be removed to achieve the transition 
from liquid water to ice. 

Here I shall describe my experiments 
on freezing water and suggest others 
that you can do at home. but I have not 
been able to resolve the controversy. I 
want to leave that to you. As Ian Firth of 
the University of St. Andrews put it in 
one of the most thorough discussions of 
the subject: "There is a wealth of experi­
mental variation in the problem so that 
any laboratory undertaking such inves­
tigations is guaranteed results different 
from all others." Your primary difficul­
ty in your own freezing experiments will 
be to tackle only one variable at a time. 

In order to standardize the type of 
container I did the experiments in ordi­
nary Pyrex beakers with graduated mea­
surements on the side. Pyrex is good for 
this purpose because it can withstand 
the rapid temperature change from the 
stove to the freezer without cracking. A 
thermocouple probe of the kind de­
scribed in this department last month 
was placed below the water level in a 
beaker and taped in position. The other 
end of the thermocouple was put in an 
ice-water bath for a reference tempera­
ture. since such a bath is at zero degrees 
Celsius. Probably most kitchen contain­
ers would serve to hold the reference 
bath. but the most convenient container 

is a Thermos jug. With it the ice-water 
bath lasted for several hours. Jf you do 
not want to go to the trouble of setting 
up the thermocouple. a common ther­
mometer that reads from zero to 100 
degrees C. is adequate. Be sure that the 
mercury reservoir of the thermometer is 
fully submerged in the water. 

To thermally insulate the beaker from 
the frost on the floor of the freezer I used 
a cork mat of the kind put under hot 
dishes. Polystyrene or any thick cloth or 
pad will work just as well. Without the 
insulation you might find that the hotter 
water cools faster partly because it 
melts itself into the frost better. In a 
frost-free refrigerator no such insula­
tion is needed. The air temperature in 
my freezer was between -8 and -15 
degrees C. To maintain a consistent air 
temperature be sure to keep the freezer 
door shut as much as possible. 

The beaker should be heated slowly 
on an electric or gas burner. To guaran­
tee uniform heating of all the water put 
a flat metal plate over the burner; other­
wise the thermocouple may be over a 
particularly hot or cool portion of the 
burner and may give a misleading tem­
perature reading. The beaker should be 
covered so that the water evaporated 
during the heating is returned to it. You 
would do well to work at first with a 
small amount of water. say 50 to 100 
milliliters. to hold down the time needed 
to take the data for several different ini­
tial temperatures. The time factor is also 
a reason why you should have several 
practice runs before actually taking the 
data carefully. I began my work with 
200 milliliters of water. took data for 
three days and then found I had not been 
careful enough in my procedure. I had 
to discard all the data. 

When the water reaches the desired 
initial temperature on the stove. it and 
the attached thermocouple probe must 
be quickly moved into the freezer be­
cause of the rapid cooling of the water in 
the first several minutes after the beaker 
is removed from the heat source. You 
cannot obtain accurate readings by first 
heating some water in a teakettle. pour­
ing the water into a beaker already in the 
freezer and then taking a temperature 
reading. The water has cooled too much 
by then. 

I worked with ordinary tap water that 
had been boiled to eliminate dissolved 
gas. After each run I allowed the water 
to return to room temperature before I 
added water to restore the original vol­
ume. By measuring the amount of water 
needed to restore the original volume in 
the beaker you measure the amount of 
water lost through evaporation during 
cooling. I found that the most accurate 
and convenient way to replace the water 
was to squirt it from a hypodermic sy­
ringe marked in cubic centimeters. 

The thermocouple probe was placed 
at various depths in the water to monitor 
the cooling rate at different depths. You 
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General Instrument standard microprocessors are optimized 
for the application they serve ... a unique approach that 
minimizes interface circuit requirements and eliminates 

unnecessary costs. For example, the standard micropro­
cessor designed as a numbers cruncher isn't the optimum 
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should avoid letting the probe become 
exposed to the air during a run as evapo­
ration lowers the water level. because 
then it samples only the air temperature. 
With a blower turning on and off in a 
frost-free refrigerator. you then get a 
perplexing oscillation in temperature 
readings. If you do use a frost-free re­
frigerator. try to keep the blower either 
on or off for the entire run. The air cur­
rent set up by the blower is a significant 
factor in cooling the beaker. 

Instead of measuring the time needed 
to freeze all the water I stopped each run 
when the thermocouple reached zero 
degrees C. By then a thin layer of ice had 
usually formed on the outer edge of the 
surface of the water. One might be able 
to measure the time of complete freez­
ing by placing the thermocouple in the 
middle of the sample and waiting until 
the temperature began to drop below 
zero degrees C. Not until the water is 
completely frozen can the temperature 
be below zero degrees. 

The best test for any procedure you 
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devise is repeatability. As repeatable as 
most of my measurements were. howev­
er. I still obtained strange large devia­
tions on some of the runs. I do not know 
the reason. but I suspect that impurities 
in the water altered the time needed to 
cool it. 

My first run was with 50 milliliters of 
water in a small beaker. graduated to 
150 milliliters. which had an inside di­
ameter of 5.3 centimeters and a height 
of 8.1 centimeters. The water in it had a 
height of about 1.8 centimeters. I used a 
refrigerator with a freezer that was not 
frost-free. A plot of the time needed to 
cool the water to zero degrees C. against 
the initial temperature of the water 
showed a steady rise until about 80 de­
grees for the initial temperature. There­
after the cooling curve rose less rapidly. 
Disappointingly. the curve did not bend 
over in such a way as to show that less 
time would be needed for a high initial 
temperature than for a cooler one. 

The same amount of water in a larger 
beaker (graduated to 600 milliliters. di-
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a' 

ameter 8.2 centimeters. height 12.4 cen­
timeters. water height .9 centimeter) and 
in the same freezer did give a curve that 
bent over at an initial temperature of 
between 60 and 65 degrees C. This result 
means that water beginning at. say. 99 
degrees would reach the freezing point 
about seven minutes before water begin­
ning at 60 degrees. Presumably if I were 
to time the process until the water had 
frozen completely. the bending over of 
the curve would be even more pro­
nounced if the evaporation of the water 
was a significant factor. With more 
evaporation at the higher temperatures. 
more mass would be lost and less heat 
would have to be removed from water 
at zero degrees C. in order to transform 
it into ice. 

The results suggest that evaporation is 
important. In going from the small 
beaker to the large one the area of the 
water surface more than doubled. and 
the rate of evaporation therefore in­
creased. I do not know. however. how 
the shortening of the water column af-
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bl (a) 50 milliliters iV! 5111all beaker 
(b) 50 milliliters iVl larqe beaker 
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TiVVle to reach 0° CelsiUS (W1i�lAte5) 
75 

Experiments in freezing water from differellt starting temperatllres 
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Get updated • • •  keep updated with 

the leading magazine in the 
personal computer field 

The personal 
computer 
age is here. 
Join Byte's 100 000 sub­
scribers and catch up on 
the latest developments 
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Home computers 
... practical, 
affordable. 

Large scale integration has 
slashed prices of central 

in the fast-growing field of microprocessors, Read 
BYTE The Smalf Systems Journal that tells you 
everything you want to know about personal com­
puters, including how to construct and program 
your own computer (30,000 BYTE readers have al­
ready built, or bought, their own systems and half 
of these have 8K bytes or more), 

processors and other com­
puter components. This has encouraged the devel­
opment of new, low-cost peripherals resulting in more 
hardware and software - more applications than you 
could imagine, more opportunities for you. BYTE brings 
it all to you. Every issue is packed with stimulating and 
timely articles by professionals, computer scientists and 
serious amateurs. 

You'll find our tutorials on hardware and software 
invaluable reading, also our reports on home ap­
plications and evaluative reviews based on experi­
ences with home computer products. 

BYTE editorials explore the fun of using and applying 
computers toward personally interesting problems such 
as electronic musicr video games and control of systems 
for alarms to private information systems. 

Subscribe now to BYTE . . .  The Small Systems Journal 
Read your first copy of 
BYTE, if it's everything you 
expected, honor our in­
voice, If it isn't, just write 
"CANCEL" across the in­
voice ond moil it bock. You 

won't be billed and the 
first issue is yours. 

AllOw 4 to 6 weeks for processing. 

r--------------------� 
• BYTE Subscriptions Dept. P.O. Box 361 Arlington, Mass. 02174 U.S.A .• 

30e Please enter my subscription for: • • 0 One year U.S. - $12 0 Two years U.S. - $22 0 Three years U.S. - $32 
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Readings from near the bottom of 100 milliliters of water 
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The same data on a semi/og scale 
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fected the convection-current cells in 
the water. A more important quantity in 
describing the change between beakers 
might be the ratio of the surface area to 
the area of the sides. From the surface 
the heat loss is primarily by evapora­
tion. whereas through the sides the loss 
is by convection and radiation. The 
change in beakers increased this ratio of 
areas by three times. Evaporation there­
fore gained an advantage over the heat 
loss through the sides of the beaker. and 
that may be why the time curve then 
bent over. 

With the same amount of water in the 
same beaker but in a frost-free freezer 
the water cooled in about half the time 
because of the constant blowing of the 
air around the beaker. The bend in the 
curve is still visible and appears at ap­
proximately the same temperature. At 
initial temperatures near the boiling 
point the curve appears to rise again. 
Perhaps there the increase in tempera­
ture begins to outweigh the loss of mass 
due to evaporation or the increase in 
water circulation. You might want to 
search for such a second rise in your 
own data; no one has yet reported it. 

Increasing the water volume to 100 
milliliters in the 600-milliliter beaker 

70 and returning to my original refrigera­
tor. I took data with the thermocouple 
probe near the bottom of the water and 
then again near the top. The bottom dis­
played a curve that bent over nicely but 
with the peak cooling time shifted to 
a higher initial temperature of about 
80 degrees C. Water initially at 95 de­
grees reached the freezing point about 
three minutes before water initially at 
80 degrees. 

To see when initially hot water and 
initially cooler water reached the same 
temperature in their race to the freezing 
point I took temperature measurements 
about every five minutes during the runs 
where the thermocouple was near the 
bottom. Particularly interesting was the 
minute-by-minute comparison between 
the water initially at the temperature (81 
degrees C.) requiring the most time to 
reach freezing and the water initially 
even hotter (95.5 degrees). The initially 
hotter water reached the same tempera­
ture as the water initially at 81 degrees 
seven or eight minutes after the cooling 
began. The temperature of the initially 
hot water then stayed below that of the 
initially cooler water until the last 15 or 
20 minutes before freezing. Just before 
the initially hot water froze its tempera­
ture dropped rapidly to the freezing 
point. whereas the initially cooler water 
stayed near one degree C. for several 
more minutes. 

If the cooling rate is exponential. that 
is. if the temperature of the water de-70 pends on an exponential function of the 
elapsed time. then the data will yield a 
straight line when they are plotted on 
semilog paper. Plotting my data in that 
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LEONARDO DA VINCI INVENTED COMPUTERS! 

Ehaps not. 
The point, we're making, is that trying to find a 

starting point of any invention (like a computer) is 
never easy. In fact, it may be like deciding where clouds 
begin-easy from a distance, impossible up close. How­
ever, Leonardo da Vinci is a reasonable first approxima­
tion-since he dreamt many things, and sketched many 
projects. Alas, a number of his ideas never saw the light 
of day due to the restrictions of the 15th Century tech­
nology. 

In tracing the history of computers (or Automatic 
Computing Engines, as they used to be called), it's the 
same thing over and over again. You can go back to 
counting with neolithic pebbles, or on fingers, or through 
the Chinese and Russian Abaci, or through Blaise Pas­
cal's desk calculator, and so on. 

These devices, in spite of their ingenuity, merely 
hastened individual arithmetical steps. The first real 
genius in the field of computing was probably Charles 
Babbage (1791-1871), who in the middle 1830's con­
structured his DifJel'ence Engine. This was the first device 
which attempted to solve the problem: "Could you plan 
and guide the sequence of calculation',rather than just 
speed up the calculation. Babbage's "piece de resistance" 
(his Analytical Engine) never fully worked, but the ideas 
therein were the precursor of all subsequent "stored pro­
gram" computers. 

We could, also, write about the contributions made 
by Boole, Turing, von Neuman, et al. But it's clear that 
by the late "30's", the mathematicians had proven con­
clusively that such a device was, in fact, a certainty; all 
that was lacking was the technology. 

It's common knowledge, technology has always 
forged ahead at a rapid rate by confrontation. Of course, 
confrontation in the late "30's" and early "40's" was no 
exception. As a result, the first true working, stored­
program computers came into being at that time (per­
forming Logistics, Ballistics and Cryptographic Data Pro­
cessing-what else?). The trouble is that the basic concept 
of what a computer is (scientifically accurate, great num­
ber crunching) has altered very little since. It seems we 
have assumed that the first way the computer was built is 
the only way, rather than-one of the ways. 

Some people even appear to believe they can design 
a computer that is all things to all people. Since it doesn't 
work this way with anything else, we fail to see why com-

puters are the exception. 
We, at Logical Machine Corporation, don't believe 

that the progress made, since 1946, in ultra high speed 
computation has anything to do with the needs of the 
modern business person. What they need are mundane 
things like: add, subtract, divide, and to make sure the 
invoices are right. 

Accordingly, the price of computing has fallen dra­
matically. Today, a major miracle, the micro-computer is 
here. But to us, it's strange the industry has spent bil­
lions on smaller, cheaper, quicker hardware, and yet has 
not re-examined the "basic" concept. It's even stranger 
that the concept of the software has changed even less 
(we've ended up with more and more complicated com­
pliers, assemblers, operating systems, etc., etc., involving 
far more software, on far less hardware). Perhaps the time 
has come to view the problem afresh-particularly from 
the business point of view. 

We believe, we at LOMAC have made a small con­
tribution to that area. We have unconventional hardware, 
and even more unconventional software. \Ve make a busi­
ness computer that does not require the previous knowl­
edge of a structured computer language (the method of 
programming is in English). Indeed, the word "program­
ming" may be a misnomer, because as well as telling it 
what to do, you have to tell it what it is you are telling it. 
That is, the words you're using are defined at the time 
you use them. If that sounds complicated, it isn't. It's 
extremely straightforward. The only trouble-s.o far, it 
defies description. Regardless, instead of the word "Pro­
gramming" we call it "Teaching." The net result: vir­
tually anyone with reasonable knowledge of what they 
want to do, combined with a logical approach, can make 
our business computer do what they want to do, when 
they want to do it, their own way. All this, without the 
expense of a professional programmer. 

We think the effect of the micro-processor on the 
world will be profound. More so, when we can remove 
the "software" bottleneck which is currently strangling 
everyone. 

If you concur, and if you are one who likes to con­
trol your own destiny, and have a problem which falls in 
the area of Business Data Processing, hopefully you'll 
write to us. You may not, yet, have heard of us? So, when 
you write, we will not only tell you about our products, 
but about us, too. 

LCmRI: 
LOGICAL MACHINE CORPORATION 1294 HAMMERWOOD AVE., SUNNYVALE, CA 94086 • (408) 744-1290 
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Tina has never 
had aTeddy Bear. 

A mother's love. A doll to cuddle. 
Tina knows nothing of these things. 
But she does know fear, rejection, 
and hunger. 

For just $15 a month, you can 
help save a child like Tina. 

Through our "adoption" program 
you can help provide a child with a 
better diet, clothes, medical atten­
tion, school. And even a toy or two. 

But don't wait. There are so many. 
And somewhere, right now, a child 
is dying from starvation and neglect. 
p-------------- .. 

Write to: Mrs. Jeanne Clarke Wood, 
Children, Incorporated, P.O. Box 5381, 
Dept. SA93, Richmond, Va. 23120 USA 

o I wish to "adopt" a boy 0, girl 0, in 
OAsia,O Latin America, OMiddle East, 
OAfrica, OUSA, o Greatest Need. 

o I will pay 515 a month (5180 a year). 
Enclosed is my gift for a full year 0 , the 
first month 0 .Please send me the child's 
name, slory, address and picture. 

o I can't "adopt," but will help 5 __ _ 

o Please send me further information. 
o If for a group, please specify. 

Church, Class, Club, School, Business, etc. 

NAME 

ADDRESS 

CITY STATE ZIP 
U.S. giflS art fully tax deductible. 

Annual financial statements arc available on request. 

CHIlDREN, INC. 
L ______________ � 
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way. I found that the cooling is rather 
steep in the first and last few minutes of 
each run but that straight lines can be 
fitted through the data points for most 
of the run. The samples of water starting 
at 81 degrees C. and at 55 degrees ap­
pear to have two regions in their cool­
ing. because for each one I had to use 
two straight lines with different slopes to 
fit the data points. Except for the first 
and last few minutes the curves for the 
two samples were parallel. suggesting 
similar cooling mechanisms for each. 
The water beginning at 95.5 degrees C. 
had a much steeper slope in the first half 
of the run. suggesting an additional 
mechanism of heat loss that the water at 
the lower initial temperatures did not 
have. In other words. above a starting 
temperature of 81 degrees C. either 
evaporation loss or circulation suddenly 
becomes significant and the cooling rate 
is increased. 

The measurements taken near the sur­
face of the water showed a more pro­
nounced bending over of the curve of 
time needed to reach freezing than the 
measurements taken near the bottom. 
The initial temperature requiring the 
most time to reach freezing appeared to 
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be the same. I reran the surface mea­
surements with the same initial temper­
ature of 70 degrees C. as in a bottom 
measurement in order to see how the 
surface and the bottom differed in tem­
perature during a run. Within a few min­
utes after the beginning of a run the sur­
face was cooler by a few degrees. the 
difference increasing to three degrees by 
the middle of the run and then narrow­
ing again until within a few minutes be­
fore the surface began to freeze. More 
measurements such as these Vlould be 
interesting because the convection-cur­
rent cells in the water are driven by the 
difference in temperature between the 
surface of the water and the bottom. 
You might want to do more work on this 
temperature difference in order to deter­
mine the possible influence of the con­
vection cells on the freezing effect. I sug­
gest. however. that instead of repeating 
runs as I have done you lower two ther­
mocouples into the water to take the 
measurements at the different depths 
simultaneously. 

To decrease the effect of evaporation. 
at least by eliminating the loss of mass 
due to evaporation. I repeated the run 
for 100 milliliters of water in a 600-mil­
liliter beaker with the thermocouple 
near the bottom. but this time I fastened 
a plastic food wrapping over the top of 
the beaker with a rubber band. Evapora­
tion still removed heat from the water. 
but the evaporated mass condensed on 
the plastic wrapping and dripped back 
into the beaker. For all the initial tem­
peratures the time needed to reach 
freezing increased. This result suggests 
that the loss of mass during evaporation 
is important. 

Measuring the loss of mass in normal 
runs by finding how much water is need­
ed to refill the beaker to its previous lev­
el is not very accurate. Nevertheless. the 
general result is that more water is lost 
when the initial temperature is higher. 
In a theoretical study of the cooling rate 
in water George S. Kell of the National 
Research Council of Canada found that 
water cooling from 100 to zero degrees 
C. loses about 16 percent of its mass if 
the primary heat loss is by evaporation. 
My results appear to be in line with 
Kell's calculations. again suggesting 
that the loss of heat and mass by evapo­
ration is important in the paradoxical 
freezing effect. 

The circulation of the cooling water 
can be examined by squirting a small 
amount of dye into the beaker of water 
with a hypodermic syringe. The large­
scale motion is a rising in the center and 
a sinking on the outside edge. The trans­
port of heat by this circulation cell is 
probably determined in part by the 
depth of the water. the cross-sectional 
area of the beaker and the temperature 
difference between the top and the bot­
tom of the water column. I do not know 
of any easy calculation to show how 
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Vivitar Series I'M 70-210mm f3.5 automatic zoom lens with macro focusing. 

This is the original automatic zoom 
lens for 35mm SLR cameras that 
also provides macro focusing capa­
bility. A unique mechanical design 
permits both zooming and focusing 
with the same control. Although this 
lens has a large maximum aperture, 
it is surprisingly short and light. 
These seemingly contradictory fea­
tures were reconciled by the ex­
tremely sophisticated computer 
programs with which the designers 
worked. Most significant of all in 
practical picture taking situations 
is the high performance, accom­
plished by a novel approach to 
zoom optical design. This was an-

other computer suggested depar­
ture from conventional zoom lens 
configuration. The quality of per­
formance thus produced was pre­
viously unavailable in zoom lenses 
and compares favorably tO,the finest 
original equipment telephoto lenses. 
The versatility of macro focusing 
combined with a three-to-one tele­
photo zoom make this a remarkable 
all-purpose lens, particularly for the 
photographer who does not care to 
compromise on performance. A spe­
cially anodized finish on the lens 
mount and deeply checkered vinyl 
non-slip grips provide for absolutely 
positive focusing. 

Specifications: 
Focal length: 
Aperture range: 

Construction: 

Angle of 
acceptance: 

Weight: 
Length: 
Diameter: 
Accessory size: 
Lens coating: 

Closest focusing 
distance from 
film plane: 

Maximum 

70-210mm 
f3.5-22 
(Konica to f16) 
15 elements, 
10 groups 

34-11° 
940 gms. (33 oz.) 
158mm (6.2 in.) 
78mm (3.1 in.) 
67mm 
VMC Vivitar 
multicaating 

Telephoto: 
1.9m (6.3 ft.) 
Macro Focusing: 
29.2cm (11.5 in.) 

reproduction ratio: 1 :2.2 

Available in mounts to fit Nikon, 
Nikkormat, Canon, Minolta, Kaniea, 
Olympus OM, Pentax S, Vivitar and other 
universal thread mount cameras. 

7OMM-21OMMf35 MACRO F OCUsiNG AUTO ZOOM LENS 
�::::::: " __ IG,-
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Vivitar Series 

Vivitar Series 1 Program 
In recent years, remarkable prog­
ress has been made in solving 
some of the classic problems of 
optical design. Intensive work in 
the field was spurred on by the de­
mands of space exploration and 
military applications and vastly 
aided by the growing sophistication 
of computer technology. 

Vivitar optical designers, working 
with programs devised for highly 
specialized optical tasks, have used 
computer generated designs to de­
velop for Vivitar a new series of 
lenses capable of performance un­
reachable until now. 

Each Vivitar Series 1 lens so far 
introduced has represented a break­
through in optical design. 

The Series 1 135mm f2.3 and the 
200mm f3 lenses are both closer 
focusing and faster than almost all 
other lenses in their respective 
focal lengths. 

The 35-85mm f2.8 auto variable 
focusing lens is a wide angle to 
moderate telephoto lens that fo­
cuses as close as 10.9cm from its 
front element. . 

The Series 1 90mm f2.5 macro 
lens and its 3 element macro cor­
rector-lens adapter yield true flat­
field reproduction from infinity to 
1: 1. It may be the sharpest lens in 
35mm photography. 

The 28mm f1.9 gives the photog­
rapher a remarkable combination of 
speed and close focusing capability 
extremely rare in a wide angle lens. 

And the 600mm f8 solid cata­
dioptric telephoto lens represents a 
revolutionary advance in long tele­
photo design. 

Eventually there will be a com­
plete optical system of more than 
twenty Vivitar Series 1 lenses, each 
demonstrably superior to other 
lenses currently available. 

Vivita� 
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Who-Js got the brass 
to make things s------ �.....-....-.er 

for America? 

, , We do. You'll find Olin Brass in much of the wizard small 

circuitry of today. From desk-top computers, which used to fill a 

room. To pocket calculators, which used to fit on a desk. 

Why Olin Brass? The reason is quality. At Olin Brass we can roll 

copper to 1/16th the thickness of a page in this magazine. In fact, we 

can roll metals so uniformly thin that we've helped create an amazing 

new technology-flexible circuitry. With flexible circuitry, individQal 

connections are eliminated and 50% less space is used. The result is a 

smaller, more reliable product with fewer warranty and repair costs. 

Olin Brass also meets the big needs of America. For heavy indus­

try we make alloys for motors, generators, transformers, and switch­

gear. Fineweld® copper-nickel condenser tube is in big demand by 

power companies where corrosion resistance means less shutdown 

time for maintenance. 

Olin also helps open doors. When you see a doorknob, you prob­

ably don't realize it came out of an Olin seven-ton coil, over a mile 

long, delivered without scratches, dings, dents, or other defects. 

The leading manufacturers in communications, electronics, ap­

pliances, photography, transportation, all rely on Olin Brass, tailor­

made to fit their needs. Whether the need be big, small, or somewhere 

in between, quality seeks out quality. , , 
says Olin 

Olin Corporation, Stamford, Conn. 06904 
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System 8813 

e- 0 

The Computer for the Professional 
Whether you are a manager, scientist, educator, lawyer, 

accountant or medical professional, the System 8813 will 
make you more productive in your profession. It can keep 

track of your receivables, project future sales, evaluate 
investment opportunities, or collect data in the laboratory. 

Use the System 8813 to develop reports, analyze and store 
lists and schedules, or to teach others about computers. 

It is easily used by novices and experts alike. 

Reliable hardware and sophisticated software make 

this system a useful tool. Several software packages are 

included with the machine: an advanced disk operating 

system supporting a powerful BASIC language inter­

preter, easy to use text editor, assembler and other system 

utilities. Prices for complete systems start at $3250. 

See it at your local computer store or contact us at 
460 Ward Dr., Santa Barbara, CA 93111, (805) 967-0468. 

Po�Morphic Systems 
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these factors influence the heat trans­
port. and so I do not know how much of 
the freezing effect is due to the circula­
tion of the water. 

Much work remains to be done on this 
effect. How does the surface area influ­
ence the time required for freezing? Is 
there a particularly advantageous ratio 
of surface area to side area that will en­
hance the bending of the curves? If you 
have access to a walk-in freezer. you 
could measure the loss of mass from the 
beakers during the cooling by running 
the experiment on a balance. The rela­
tion of mass loss to the temperature of 
the water as a function of time could be 
checked against theoretical predictions 
such as those Kell has made. 

An interesting conjecture offered by 
Kell is that one reason this freezing ef­
fect has been largely forgotten in mod­
ern times is that the replacement of 
wood pails by metal ones diminished or 
eliminated the effect. Faster conduction 
of heat through the walls and the bot­
tom of the container may diminish the 
importance of evaporation to the cool­
ing. Firth argues against this conclusion. 
You can check it by using containers of 
the same size but made of different ma­
terials. such as metal and plastic. You 
can also work with two Pyrex beakers. 
putting a layer of thermal insulation 
around the sides and under one of them. 

My results on the mass loss can be 
improved by cutting off the beakers just 
above the waterline. When a beaker is 
thus shortened. none of the evaporated 
water can collect on it to fall back into 
the water. 

In addition to eliminating the loss of 
mass by putting a cover on the beaker 
you might try spreading a thin layer of 
oil on the surface. If the freezing effect is 
due to evaporation. the effect should 
then be lessened. Such thin layers of 
fluid have been spread on bodies of wa­
ter in arid regions to decrease evapo­
ration. 

One of the major factors in the cool­
ing rate of tap water was eliminated in 
my experiments. namely the gas dis­
solved in cold water from the faucet. 
Although controlling the amount of gas 
dissolved in the water would be very dif­
ficult. you can at least run the experi­
ment under identical conditions except 
with fresh tap water and with previously 
boiled water. Does the dissolved gas ac­
tually retard the cooling? 

You might also investigate how the 
cooling rate is affected if salt is added to 
the water to lower the freezing point. 
The effect might be more pronounced if 
instead of water you use a fluid (such as 
alcohol) that evaporates more readily. 
You will not freeze the alcohol unless 
you have access to extreme means of 
cooling. such as with liquid nitrogen. 
but the time needed to reach zero de­
grees C. may show the bent curve that is 
found with water. 

Start your own revolution 

Pf- I' \�$ I COlJ Pel -Pe�sonr=========== . Com Cot1lYU' 

.. � 
with a personal eODlputer 

Dramatic developments in computer technology have made it possible 
for you to completely reorganize and improve the ways you manage your 
personal and business life. 

Today, for as little as $600, you can buy a complete computer system 
about the size of a typewriter. These new computers are called personal 
computers. They are every bit as powerful as yesterday's room-sized 
computers that cost millions of dollars. 

A personal computer can be your equalizer in dealing with our compli­
cated society. You'll have the same organizing, calculating, and infor­
mation storage POWER that was previously only in the hands of large 
institutions. You can have a computer to deal with their computers. 

As a reader of PERSONAL COMPUTING magazine, you'll be in the 
heart of the computer revolution. We'll show you how to use your own 
computer for business and home management -- for education, income 
tax preparation, research, text editing, environmental control, art, games, 
recipe files, budgeting, inventory control and hundreds of other applications. 

PERSONAL COMPUTING is a consumer magazine that makes com­
puters more understandable and useable. Our readers include business­
men, teachers, accountants, doctors, lawyers, engineers, programmers, 
and scientists. 

Each issue of PERSONAL COMPUTING brings you page-upon-page 
of useful information and colorful, people oriented articles. Subscribe now 
so you can be a part of this new revolution. 

Please start my subscription to Personal Computing 
Name __________________________________________________________ _ 

Address ________________________________________________________ _ 

City State ______________ Zip _____ __ 

o 6 issues $ 8 
o 12 issues $14 
Charge my: 0 Master Charge 0 Bank Americard 

Account # __________________ _ 

Card expiration date ____________ _ 

o Bill me 
o Check enclosed 

Additional Postage: 
Canada & Mexico $ 2.00 surface; 

$ 4.00 air. 
Other foreign $ 4.00 surface; 

$18.00 air. 
(Double rates for 12 issue subscription) 

Now published every other month, PERSONAL COMPUTING will be published monthly starting 
JanuarY,1978. Subscription rates listed above cover 6 or 12 consecutive issues. If you enclose 
your check, we'll extend your subscription by one extra issue for a 6 issue subscription and 2 
extra issues for a 12 issue subscription. Of course, you have the right to cancel at any time and 
receive full credit for the unused portion of your subscription. Mail To: 

PERSONAL COMPUTING 167 COREY ROAD, BROOKLINE, MASS. 02146 
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What is a Jean? The cow· 
boys invented it and the kids 
discovered it. This does not 
mean that you have to be on 

horseback or in your teens to 
enjoy the pleasure of a soft, 
friendly pair of good fitting 
jeans. Nor do your jeans have 
to be skin tight or completely 
faded and worn through to be 
in style. Chesapeake Bay Trad­
ing Company has designed a 

C .. mnlU Gentlemen's Jean for the adult 
physique and unless you are a 

jockey or the Jolly Green Giant himself, you will 
find these jeans to be the most comfortable pair of 
slacks you have ever worn. They have a full 111/2" 
rise and a trim but roomy seat and thigh. \Ak 
promise ... No ... we GUARANTEE (money back. 
that is) your complete satisfaction. EaSily laun­
dered. $19.95 ppd. 

7e�e:t $?�f���rc����\��af?t��n�r:;:d.
Simply 

Chesapea�C]Jay CJrlJding CO. I I ��U!:��u;S:���kg::;1��G;!;��l1m3, Faded 

I �Iue #11mS, White #l1OU, Brown #11018. Camel, #11(»7 1 
S,zes: 30, 31, 32, 33, 34, 36, 38, 40, 42 11 nseam: 5 (30") M (32") L (35") I Color __ Size __ Length __ Qty __ 

I�� 1 Address ____________ _ 

I City State -- Zip --I 
Check 0 or Charge: BankAmericard 0 MasterchargeO 

Card.. Exp. Date 

I Signature 77119 
- - - - - -

WELSH 
STEELWORKER'S 
VEST 

The Welsh Steelworker's Vest makes a 
casual top for work or leisure that is both 
comfortable and serviceable. It is made 
of the best 12 oz. Welsh flannel, 100% 
wool. Pullover style, 2-button neck 
closure, loose sleeves and long back tail. 
Under the armpit is a most remarkable 
feature, a large open gusset to provide 
ventilation and reduce stress during 
heavy exertion. Color is the traditional 
blue gray. 

Sizes S(36/38) M(38/40) 
L(40/42) XL(42/44) 

Welsh Steelworker's Vest $29.50 ppd. 
State Size 

Satisfaction Guaranteed 
Send for our unique catalog 

ViSit our Seattle store at 1523 N.W. Ballard Way. 

�AUSTRAL ENTERPRISES 
Box 70190, Seattle. Washington 98107 
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Jennie can't talk. 
Her vocal cords are paralyzed. 

Yet she communicates 
v.erbally with a voice she holds· 

in her hand. 
MICROPROCESSOR TECHNOLOGY MAKES IT POSSIBLE. 

Jennie's hand-held voice is called 
Handi-Voice™. It's a product of Votrax®, a 

leading manufacturer of voice synthesizers 
for communications systems in business, 
banking and industry. 

A breakthrough in microelectronics 
technology has made the Votrax voice 
synthesizer completely portable and 
lightweight so it can be incorporated into 
new prosthetic devices for speech impaired 
people. 

Handi-Voice is such a device. It's not much 
larger than a calculator. All Jennie has to 
do is enter numeric and symbolic codes 
for words and a microprocessor translates 
the codes into audible speech. The cost 
is under $2,000. 
Handi-Voice can be operated by various 
switches-which respond to body or eye 
movements, and even breath. Obviously, 
Votrax can be the voice for many different 
kinds of rehabilitation equipment, as well as 
the audio-response communications system 
for many different applications in banking, 
industry and business. Call or write for 
complete information. 

�ola 
A product of VotraX® 

Division of Federal Screw Works 
500 Stephenson Highway 

Troy, Michigan 48084 
Phone: (313) 588-2050 
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OSBORNE � ASSOCIATES, INC. 

� The World Leaders In Microprocessor Books � 
Many books on microprocessors and their use are now on the market, and most of them have names that sound alike. 
But Osborne & Associates' books have dominated this market since 1975, when our first book appeared. With rave 
reviews from all over the world - with more than five hundred university text adoptions, our books are all best 
sellers. In fact, "An Introduction To Microcomputers: Volume I - Basic Concepts" now holds the world's record in 
sales volume for any textbook sold for a profit. 

If you want information on microprocessors, begin with the Osborne books . 

An Introduction 
.. An Introduction To M icrocom­
puter: Volume 0 -, The B eginner's 

Book" By Adam Osborne. 
This is the book for the absolute beginner. 
Assuming that you know nothing about 
computers, math or science of any kind, this 
book explains what computers are all about 
- and it takes you to the point where you 
can read Volume I. 300 pages. 
Book No: 6001 $7.50 
Available October 31, 1977. 

.. An Introduction To Microcom­

puters:  Volume I - Basic Con­

cepts" By Adam Osborne. 

The world's best selling textbook. This book 
explains, clearly, concepts. common to all 
microcomputers, yet specific to none. 350 
pages. 
Book No.: 2001 $7.50 

.. An Introduction To M icrocom­

puters: Volume II - Some Real Pro­

ducts" (Revised June 1977) By Adam 
Osborne, Susanna Jacobson and Jerry 
Kane. 
This book descril>es every common 
microprocessor and all of their support 
devices. Information is new and clearly writ­
ten. Only data sheets are copied from 
manufacturers. 1200 pages. 
Book No.: 3001 $15.00 

8080A 
AND 8085 

ASSEMBLY 
LANGUAGE 

PROGRAMMING 

BY LANCE LEVENTHAL 

For the microcomputer user, a series of books provide 

complete programs, written in BASIC. All these books are 

by Lon Poole and Mary Borchers. 

"Some Common Basic Programs" 200 pages. 

Book No, 21002 $7.50 
"Payroll With Cost Accounting - In Basic". 400 
page. Book No.' 22002 $12.50 
"Accounts Payable and Accounts Receivable" 

Book No.: 23002 $12.50 Available November 30, 
1977 
"Oeneral Ledger System" 

Book No.: 24002 $12.50 Available December 31. 
1977 

"SOSOA and SOS5 Assembly Langua ge 

Programming" By Lance Leventhal. 

This book is for the assembly language pro-
grammer or student; it explains assembly 
language programming for the 8080A and 
8085 microcomputers. The book contains 
numerous examples. 400 pages. 
Book No.: 31003 $7.50 Available 

October 31, 1977 

The "Programming For logic Design" series of books show 

how to use microprocessors in a digital logic environment. 

"SOSO Programming For Logic Design" By Adam 

Osborne. 300 pages. 

Book No.' 4001 $7.50 

"6S00 Programming For Logic Design" By Adam 

Osborne. 300 pages. 

Book No.' 5001 $7.50 

"ZSO Programming For Logic Design" By Adam 

Osborne and Susanna Jacobson. 

Book No: 7001 $7.50 (Available November 30, 
1977) 

OSBORNE & ASSOCIATES, INC . •  P.O. BOX 2036 • BERKELEY, CA 94702 

� TITLE UNIT PRICE 

Volume I - Basic Concepts 1#200 1) $7.50 ea. 

Volume 11- Some Real Products (#3001) 
$15.00 ea. 

revised 1977 

8080 Programming For Logic Design 1#40(1) $7.50 ea. 

6800 Programming For Logic Design (#500 1) $7.50 ea. 

Some Common BASIC Programs (#210021 $7.50 ea. 

Payroll With Cost Accounting (#22002) $12.50 ea. 

We will only invoice for purchase orders of over 10 books. 

Shipping charges for bulk orders to be arranged. 

QUANTITY ) 

o Check or Money Order enclosed (Calif. residents include sales tax) 

Where did you hear about our books? _______________ _ 

I will be using these books for 

NAME/COMPANY 

ADDRESS 

CllY. STATE AND ZIP 

TELEPHONE 

Please check one space below: 

4th Class Mail Delivery 13-4 weeks within the U.S.A.) 

I have included $.50 per book for U.P.S. lallow 10 days) 

I have included $1.50 per book for special rush shipment by air. 

I have included $.50 per book foreign surface mail. 

I have included $3.00 per book for foreign airmail. 

I require information on consignments, discounts and distributors 

outside the U.S.A. 
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DR DOBB'S JOURNAL 
of Computer Calisthenics & Orthodontia 

c-----Running Light Without Overbyte --J 
This highly respected reference journal for 
users of home computers contains: 

* Complete Systems 8. Applications 

Software 

User documentation, internal specifica­
tions, annotated source code. DDJ carries 
a large variety of interpreters, editors, 
debuggers, monitors, graphics games soft­
ware, floating point routines and software 
design articles. 

* I ndependent Product Reviews and 

Consumer Advocacy 

DDJ publishes independent evaluations of 
products being mark eted to hobbyists with 
their findings - good or bad. Dr. Dobb's 

carries no paid advertising and regularly 
offers joyful praise and raging complaints 
about vendors' products and services. 

*Unique Systems Projects 

"Realizable Fantasies" - details of pro­
jects that have not yet been done, but are 
within the limits of current technology, 
hobbyists' expertise, and budget. 

REVIEWS: 

"THE software source for microcomputers. 
Highly recommended." 
-Philadelphia Area Computer Society's 

The Data Bus, 7/76. 

"It looks as if it's going to be THE forum of 
public domain hobbyist software develop­
ment. Rating - * * * * ." 

-Toronto Region Assoc. of Computer 

Enthusiasts (TRACE), Newsletter, 7176. 

"The best source for Tiny BASIC and other 
good things. Should be on your shelf." 
-The Computer Hobbyist, 

North Texas (Dallas) Newsletter, 5176. 

r------------ • 
• Please start my one year subscription to • 
• Dr. Dobb's Journal (10 issues a year ) and • 

bill me for $12. 

• Name ___________ 
• 

• • 
• Address • 
• City • 

*Hot News and Raging Rumor • • 
Unusually fast turn-around [often just two . State Zip ---

weeks] on publishing "hot stuff". Mail to: Dr. Dobb's Journal, Dept. 52, • 
1263 EI Camino, Menlo Park CA 94025 • 

.. _ ----------- -

WHAT WE DO BEST 
Environmental Communications 

designs and manufactures 

Custom and Standard 

Thin Film Hybrids 

under MI L-STO-9858A 

to MI L-STO-883A 

and MIL-STO-38510C 

If you don't require the 
highest reliability and 

quality were probably 
to expensive. 

enVironmental8) 
communlcatlonl 

Incorporated • 

Electronics Components Group 

Custom Microelectronics Division 

RF/Microwave Division 

Analog/Digital Division 

Passive Components Division 

3150 pullman st, costa mesa, ca 92626 
ph: 714-557-7800 twx: 910-595-1781 

D O D  0 D O D  0 
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Sales Representation and 
Employment Inquiries Welcome 

o THE COMPLEAT' 
ALPHAMETICS 
BOOK HAVE 

By 
Steven Kahan SOME 

SUMS 
TO 

SOLVE 
Decoding problems of letter In UlOOer sWsti llJlion 

tIlat is frustrating. confounding and grievous to 
tile unwary. Calculator and computer helpful. 
but not necessary . 

• brainteasers. number puzzles. logic 
puzzles. minute mysteries 

• interspersed witll fascinating facts about 
numbers. 9 PAE PUBLICATION PAICE ,, " $4. 5 

After Jan. 1 ".$6.00 prepai(f 

Two exciting publications for curious 
excursions into puzzlooom. 

a THE "�U
N�/;��d�� 

RECREATIONAL 
MATHEMATICS 

4 issues per volume. Praised by Manin Gardner 
in April'S Scientific American. pages 129,137. 
'Ma thematical Games.' 'Crammed witll new and 
exciting material.' 

Priced to individuals 
only 510 volume prepaiO 

To libralles and others 
521 volume treIliIi(f 

Both the BOOk and $12 95 the Journal. indivi(fuals • 

Order now from: prepai(f 

Baywood Publishing Company, Inc. 
120 Marine Street. Farmingdale. N.Y. 11735 

Please enclose personal check 
or money order. 

ceedings 0/ the IEEE, Vol. 62. No.5. 
pages 611-632; May, 1974. 

OPTICAL TRANSMISSION OF VOICE AND 

DATA. Ira Jacobs and Stewart E. Mil­
ler in IEEE Spectrum, Vol. 14. No.2. 
pages 32-41; February. 1977. 

SPECIAL ISSUE: THE IA PROCESSOR. The 
Bell System Technical Journal, Vol. 56, 
No.2; February, 1977. 

SINGLE-SLICE SUPERHET. William Peil 
and Robert J. McFadyen in IEEE 
Spectrum, Vol. 14, No. 3. pages 54-
57; March. 1977. 

MICROELECTRONICS 

AND COMPUTER SCIENCE 

THE SHORTEST PATH THROUGH A MAZE. 

Edward F. Moore in The Annals o/the 
Computation Laboratory 0/ Harvard 
University: Vol. XXx, Proceedings 0/ an 
International Symposium on the Theory 
0/ Switching, Part II. Harvard Univer­
sity Press, 1959. 

FUNDAMENTAL LIMITATIONS IN MICRO­

ELECTRONICS, I: MOS TECHNOLOGY. 

B. Hoeneisen and Carver A. Mead in 
Solid-State Electronics, Vol. 15. No.7. 
pages 819-829; July, 1972. 

LIMITATIONS IN MICROELECTRONICS, II: 

BIPOLAR TECHNOLOGY. B. Hoeneisen 
and Carver A. Mead in Solid-State 
Electronics, Vol. 15, No.8. pages 891-
897; August, 1972. 

How BIG SHOULD A PRINTED CIRCUIT 

BOARD BE? Ivan E. Sutherland and 
Donald Oestreicher in IEEE Transac­
tions on Computers, Vol. C-22, No.5, 
pages 537-542; May. 1973. 

MICROELECTRONICS 

AND THE 

PERSONAL COMPUTER 

TOWARDS A THEORY OF INSTRUCTION. 

Jerome S. Bruner. Belknap Press of 
Harvard University Press. 1966. 

ARTIFICIAL INTELLIGENCE. Seymour A. 
Papert and Marvin Minsky. Condon 
Lectures, Oregon State System of 
Higher Education, 1974 . 

PERSONAL DYNAMIC MEDIA. Alan C. 
Kay and Adele Goldberg in Comput­
er, Vol. 10, No. 3. pages 31-41; 
March. 1977. 

THE AMATEUR SCIENTIST 

COOL? E. B. Mpemba and D: G. Os­
borne in Physics Education. Vol. 4. 
No.3, pages 172-175; May, 1969. 

THE FREEZING OF HOT AND COLD W A­

TER. G. S. Kell in American Journal 0/ 
Physics, Vol. 37. No. 5, pages 564-
565; May, 1969. 

COOLER? Ian Firth in Physics Education, 
Vol. 6, No.1. pages 32-41; January. 
1971. 

COOLER-LOWER DOWN. Eric Deeson in 
Physics Education, Vol. 6, No. 1. 
pages 42-44; January, 1971. 
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The blink of an eye ... 

On the average it takes one-tenth of a second. The nerve 

impulse causing the blink reflex travels at approximately 10 

meters per second or 30 miles per hour. In that same 

amount of time, the Altair 1M 8800b microcomputer has exe­

cuted up to 18.000 processor instructions in a program that 

is working for you, personally. 

Maybe you already know, or have heard about the boom 

in personal computing. Owning a personal computer pre­

sents endless possibilities for your business or home. The 

Altair 8800b will take inventory, conduct scientific experi­

ments, balance your checkbook. monitor household routines 

-with plenty of time left over for fun and games. 

Discover what is going on behind the blinking lights of our 

computers (at prices you can't afford to ignore). 

Altair is a trademark of Pertec Computer Corporation 

MITS, Inc. 
a subsidiary of Pertec Computer Co rporation 
2450 Alamo S.E. Albuquerque, New Mexico 
(505) 243-7821 
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