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P. Ceruzzi + Coevolution of Electronics and Computer Science

in fact occur. As computer science matured, it re-
paid its debt to electronics by offering that en-
gineering discipline a body of theory which served
to unify it above the level of the physics of the
devices themselves. In short, computer science
provided electrical engineering a paradigm, which
I call the “digital approach,” which came to de-
fine the daily activities of electrical engineers in
circuits and systems design.?

Though continuous, the interaction between
Computer Science and Electrical Engineering was
marked by two distinct phases. In the first phase,
between 1940-1955, electronics took over the
practice of computing. In the second, from 1955
to 1975, computing took over electronics. I shall
look at each in turn.

Between 1940 and 1950, a scattered group of
persons, without knowledge of one another, put
Babbage’s ideas into working machinery. These
inventors were interested in building machines
that could carry out a sequence of elementary
arithmetic operations, store intermediate results,
and recall those results automatically as needed,
and display or print the final results of the cal-
culation. They were not, for the most part, con-
cerned with the engineering details of their im-
plementation, except insofar as they wished to
have a machine that worked reliably (Cohen
1985). As things turned out, the first reliable,
working computers—in other words, the first
machines to implement Babbage’s idea of an au-
tomatic computing machine—used relays or sim-
ilar electromechanical elements to carry and ma-
nipulate numbers. Using relays (a technology
borrowed from the telephone industry), George
Stibitz of Bell Laboratories and Konrad Zuse of
the Henschel Aircraft Company in Berlin each
built calculators that could carry out three to five
arithmetic operations a second. And using a com-
bination of relays and toothed wheels borrowed
from punched-card accounting machines, How-
ard Aiken at Harvard built a powerful “Auto-
matic Sequence Controlled Calculator” with a
similar operating speed (Ceruzzi 1981).

Relay computers played the vital role of intro-
ducing the concept of automatic, sequential cal-
culation to an often skeptical community. It was
with electromechanical relay technology that the

*Throughout this paper I will be concentrating on that
branch of Electrical Engineering that is more accurately de-
scribed as “electronic” engineering. This term will be defined
later in the text, but essentially I will not address that branch
of EE that deals with Power Engineering or the so-called
“Heavy Currents.”

first automatic calculators, finally, after years of
hope and promise, came into existence. But al-
most from the start they were eclipsed by ma-
chines using the much faster vacuum tube as its
computing element. The story of the invention of
the electronic digital computer has been told
elsewhere, and in that story the issue of the vac-
uum tube’s perceived unreliability, as well as its
heavy power demands, are among the difficulties
cited for the initial skepticism as to its practi-
cality. These were indeed serious issues, but they
were addressed. Once they were, vacuum tube
technology, with its higher operating speeds, was
perceived as an alternative to relays.

One reason for the rapid ascendancy of elec-
tronic devices for computing elements was that
events during the war, mainly unrelated to
building computers, had transformed electronics
itself, raising it above the level considered (and
rejected) by the computer pioneers like Aiken or
Stibitz. One development—radar—was critical,
and became the bridge across which electronics
entered the realm of computing.

The role of radar is not usually considered as
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P. Ceruzzi + Coevolution of Electronics and Computer Science

gram), namely the Atanasoff computer, the
ENIAC, the British Colossus, and the IBM SSEC,
addressed these problems in different, and in
hindsight inelegant, ways. Electronic computing
was held up by the need for a consensus on what
a digital computer ought to look like.*

This last bottleneck was broken in 1945, with
the emergence of the concept of the stored pro-
gram principle as the way to organize the various
units of a computer. The origins of this concept
are a matter of controversy, but the informal dis-
tribution, in 1945 and 1946, of a “First Draft of
a Report on the EDVAC” by John von Neumann
was what brought the computing community a
general awareness of the concept (von Neumann
1945).

Von Neumann’s report described the EDVAC in
terms of its logical structure, using a notation
borrowed from neurophysiology. The EDVAC’s im-
plementation in vacuum tube circuits, though
mentioned, is not the focus of von Neumann’s
energies. Instead he focuses on the main func-
tional units of the computer—its arithmetic unit,
its memory, input and output, and so on. The re-
port also described the idea, and the advantages,
of storing both instructions and data in one, high
speed internal memory.

The “First Draft” had an effect on every aspect
of computing. One effect was to hasten the de-
mise of the relay and assure the place of elec-
tronic circuits as the technology of choice for
building a computer. Once the logical design of
a digital computer was laid out in a way not tied
to a specific technical implementation (as von
Neumann’s was), then it became no more diffi-
cult to construct a computer according to that de-
sign using vacuum tubes than it was to construct
it out of relays or anything else. There were
problems of reliability with tubes, but these were
not overwhelming, nor were they that much
greater than similar problems (e.g. transient

“It is sometimes argued that those who were skeptical of
vacuum tube technology because of its alleged unreliability
were correct, as evidenced by the fact that vacuum tubes were
eventually themselves replaced by the presumably more re-
liable “solid-state” devices such as diodes, transistors, and later
on integrated circuits. Transistors did offer far greater reli-
ability and lower power consumption than tubes, but it was
a full decade after the transistor’s invention that it became
practical to produce transistors in quantity with uniform
characteristics such that they could be used in computers. In
the invervening decade (1948-1958), it was questions first of
logical structure, and then of memory technology, that dom-
inated debates over computer design.

faults) with relays (Stibitz 1945). What that meant
was that for an incremental investment of time
and money to utilize vacuum tube technology, one
got a thousandfold increase in speed. That ad-
vantage was overwhelming, and it meant that the
argument of tubes vs. relays was over before it
had a real chance to begin.

Maurice Wilkes, whose EDSAC was among the
first stored program computers to be completed,
in 1949, was among those who saw the Report as
the answer to many of the organizational prob-
lems associated with building computers:

. . . In [the EDVAC Report], clearly laid out, were
the principles on which the development of the
modern digital computer was to be based: the
stored program with the same store for numbers
and instructions, the serial execution of instruc-
tions, and the use of binary switching circuits for
computation and control. I recognized this at once
as the real thing, and from that time on never
had any doubt as to the way computer develop-
ment would go (Wilkes 1985, p. 109).

As the first stored program electronic com-
puters finally began operating in the early 1950,
their superiority was quickly recognized. The Ab-
erdeen Proving Ground provided a good test en-
vironment—at that facility a variety of mechan-
ical and electronic calculators, relay sequence
calculators, and stored program computers were
installed by 1953. Franz Alt, who was at Aber-
deen at that time, later remarked:

. relay computers were in competition with
them [electronic computers], and they didn’t hold
their own. They were much too slow by compar-
ison . . . After a few years people lost interest
in them. They had been built as an insurance
against the possibility that electronic computing
might not work (Alt 1969).

The range and evolution of machine types, and
the emergence of the stored program approach,
is revealed by the listing in Table 1 of digital
computer installations, broken down by their type
of design. (Analog computers and devices are ex-
amined in a separate section). Table 1 summa-
rizes the various types of automatic computing
machines built and installed between 1940 and
1955. For each machine, a date is given for its
completion or first installation, followed by an

260 - Annals of the History of Computing, Volume 10, Number 4, 1989
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P. Ceruzzi -+ Coevolution of Electronics and Computer Science

Table 1. Computer Installations, 1940-1955. (continued)

Name Year No. Installed
Il. Stored Program Electronic Computers
A. Serial, “EDVAC type”

BINAC 1949 1

EDSAC 1949 1

SEAC 1950 1

Pilot ace 1951 1

RAYDAC 1951 1

UNIVAC 1951 46 eventually
C.S.I.LR.0. Mark | (Australia) 1952 1

cusa (France) 1952 1

EDVAC 1952 1

LEO 1952 1

DYSEAC 1953 1

FLAC 1953 1

MIDAC 1953 1

DEUCE 1954 3 by 1955, 32 eventually

B. Drum Memory, “ERA 1101 type”

Era 1101 1950 1
OARAC 1952 1
Burroughs Laboratory Comp. 1952 5 approx.
cADAC 102 1952 14
Elecom 100 1952 5 approx.
PTERA 1952 1
Bendix G-15 1953 >400 eventually
CALDIC 1953 1
CIRCLE 1953 5
Hughes Airborne 1953 5 approx.
IBM 650 1953 >2000 eventually
MINIAC 1953 3
ALWAC 1954 5
ORDFIAC 1954 1
WISC 1954 1
PENNSTAC 1955 1
LGP 30 1955 >100 after 1955
READIX 1955 1
C. Parallel Memory, “von Neumann type”
Whirlwind 1950 1
SWAC 1950 1
Manchester (Ferranti) Mark | 1951 9
AVIDAC 1951 1
IAS (von Neumann) 1951 1
ILLIAC 1952 1
IBM 701 1952 19 by 1955
MANIAC 1952 1
NAREC 1952 1
ORDVAC 1952 1
ARC (see text) 1948/52 1
ERA 1103 1953 10
JOHNNIAC 1953 1
IBM 702 1954 14
Ferranti Mark Il 1954 19
NORC 1954 1
ORACLE 1954 1
IBM 704 1955 1in 1955, many later
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P. Ceruzzi + Coevolution of Electronics and Computer Science

tion of the diode and triode vacuum tubes in the
first decade of the 20th century.’

With the advent of servomechanisms, radar,
computers, and the transistor (which did not in-
volve movement of electronics though a vacuum),
the definition had to change. In a guest editorial
in a 1952 issue of the IRE Proceedings, William
Everitt proposed a new definition:

Electronics is the Science and Technology which
deals primarily with the supplementing of man’s
senses and his brain power by devices which col-
lect and process information, transmit it to the
point needed, and there either control machinery
or present the processed information to human
beings for their direct use (Everitt 1962, p. 899).

In subsequent issues, several readers objected,
saying that the notion of “information” was too
vague. Many felt that Everitt was correct in
broadening it beyond the movement of electrons
in a vacuum, but they suggested that a better,
yet still precise, definition might be something
along the lines of “the movement of electrons, in
solid, gas, or vacuum (McMahon 1984, pp. 231—
232).”

The increasing awareness of the computer as
a machine that integrates all aspects of infor-
mation handling, including communication, was
implied in a 1959 address by Simon Ramo, of
Hughes Aircraft, to the Fifth National Commu-
nications Symposium, where he proposed a new
term, “Intellectronics,” defined as “the science of
extending man’s intellect by electronics (Ramo
1959).”® And Zbigniew Brzezinski coined the term
“Technetronics” to describe essentially the same
transformation of society (Brzezinski 1970).

By 1977 the computer-and-information defi-
nition had become accepted, at least as a general
overall definition of electronics, as indicated by
the lead article by John Pierce for a special issue
of Science on “the Electronics Revolution”:

"Shortly after Edison’s observation, J. J. Thompson ex-
plained the effect by hypothesizing that a stream of nega-
tively charged particles carried the current through the vac-
uum. In 1894 these particles were given the name “electrons”—
hence “electronics”—by the Irish physicist George Stoney.
Alan Turing, whom I shall describe later in this paper as one
of the founders of Computer Science, was a distant relative
of Stoney. (Hodges 1983).

*Ramo’s term did not catch on, although a decade later a
group of engineers working in what has since become known
as “Silicon Valley” founded a company called “Intel,” a con-
traction of either Ramo’s term or of the words “Integrated
Electronics;” (Hanson 1982, Chapter 5). Today, what in
America is known as “Computer Science” is called “Infor-
matics” in Continental Europe.

What is electronics? Once we associated elec-
tronics with vacuum tubes, but vacuum tubes are
almost obsolete. Perhaps electronics is semicon-
ductor devices. But then, what of magnetic cores
and bubbles and liquid crystals? I think that
electronics has really come to mean all electrical
devices for communication, information process-
ing, and control . . . (Pierce 1977).°

Recent publications hint at a new definition
that is in the same spirit as Everitt’s 1952 defi-
nition of electronics as a matter of communica-
tion and control. Mainly as a result of the de-
velopment of so-called very large scale integration
(VLSD)—integrated circuits with hundreds of
thousands of elementary devices on one chip—
there is a perception that it is the job of electri-
cal engineers to “manage complexity.” Although
it is still of concern to design the elementary
transistors, resistors, and so on, what is now the
critical issue is how to interconnect thousands,
even millions of similar and fairly simple devices
to one another.

In the final chapter of Karl Wilde’s and Nilo
Lindgren’s book on the history of Electrical En-
gineering and MIT, for example, several current
faculty and administrators are asked to define
what they see as the essence of their depart-
ment. Most agree that the computer, and espe-
cially its implementation in VLSI circuits, had
come to dominate the practice of the electrical
engineer.'’ For one of the administrators inter-
viewed (Fernando Corbato), “if there is a single
theme . . . it is the problem of complexity (Wildes
and Lofgren 1985).”'! This last definition, if it
becomes generally accepted, reveals a strong in-

°Notice that although the definition of electronics-as-in-
formation resolved the question of whether solid-state devices
like the transistor and integrated circuit properly belonged
to electronics, it introduced the confusion of allowing electro-
magnetic relay devices to be included. While in the general
view there is nothing wrong with this inclusion, when applied
to the context of the early digital computer era, it is inap-
propriate.

“They further agreed that the decision made in the late
1970s to keep Computer Science as a part of EE and not let
it break off as did many other universities was a wise one;
the name of the department is now Electrical Engineering
and Computer Science. I shall have more to say on this later.

"'One example might serve to illustrate the increase in
complexity of electronic circuits that has taken place over the
past few decades: When the World Trade Center was built in
Lower Manhattan beginning in the late 1960s, it displaced a
block known as “Radio Row™: a group of shops selling surplus
radio parts, mainly of World War II vintage. Though many
lamented the passing of this area, it should be noted that in
terms of active circuits, the entire contents of all the shops
on Radio Row are today contained on one or two VLSI chips.
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bit of storage, and capacity (Redmond and Smith
1980).

A few years later, a few companies and uni-
versities had succeeded in building working com-
puters. Among them there was a modest debate
over the value of logical state diagrams as a guide
to computer design, as opposed to straight engi-
neering borrowed from radar circuits that han-
dled electrical pulses. For a while the former was
known as the “West Coast” approach to computer
design, but by the mid 1950s the debate fell by
the wayside as computer design finally estab-
lished itself on a firmer foundation of symbolic
logic (Sprague 1972).

Another indication of how technology drove
perceptions of computing comes from the way the
history of computers was marketed. When IBM
introduced the System/360 series of computers
in 1964, they helped promote the notion of com-
puters belonging to three “generations,” defined
according to the technology by which they were
implemented: vacuum tubes, transistors, and in-
tegrated circuits. This classification, which has
since become accepted and even expanded on (viz.
the Japanese “Fifth Generation” project), had at
least two effects on the perception of the history
of computing: first, it relegated all computer ac-
tivities before the ENIAC into a limbo of either
“prehistory” or irrelevant prologue; second, it de-
fined progress in computing strictly in terms of
the technology of its hardware circuits.

Recently this view of computer science being
technology driven has been repeated by C. Gor-
don Bell, for many years chief of engineering for
the Digital Equipment Corporation and one of the
inventors of the minicomputer. Speaking of the
“invention” of the personal computer in the late
1970s, he said:

A lot of things are called inventions when, ac-
tually, they were inevitable. I believe technology
is the driving devil. It conspires, and if there’s a
concept half-there or a computer half-designed,
technology will complete it (Bell 1985).

Elsewhere, he has said of the computer industry:

It is customary when reviewing the history of an
industry to ascribe events to either market pull
or technology push. . . . The history of the com-
puter industry . . . is almost solely one of tech-
nology push (Bell et al. 1978).

And in Tracy Kidder’s chronicle of the team of
young engineers in 1978 who were bidding a new
computer for Data General:

Some engineers likened the chips to an unassem-
bled collection of children’s building blocks. Some
referred to the entire realm of chip design and
manufacture as ‘technology,” as if to say that
putting the chips together was something else. A
farmer might feel this way: ‘technology’ is the new
hybrid seeds that come to the farm on the rail-
road, but growing those seeds is a different ac-
tivity—it’s just raising food (Kidder 1978, p. 122).

After 1955 there arose compelling arguments
that computer science was a genuine science, al-
beit one that differed in many ways from the
classical sciences. The first argument to appear
was one that emerged in response to the pressure
that computing activities were putting on tradi-
tional disciplinary boundaries, especially in the
universities. With one exception (Wiesner, noted
below), the first published statements about
“computer science” revealed a perception that a
science was being born, and it needed to be es-
tablished at least on organizational and admin-
istrative grounds; the question of just what it
“was” could be answered later. By the late 1950s
it was recognized that many topics that had much
in common with each other (and all in common
with the computer) were being taught in various
departments around most universities. The feel-
ing was that those who were concerned with the
computer aspects of their work in these other de-
partments would perhaps not be recognized and
adequately rewarded by their peers for doing good
work. Establishing a separate department of
“computer science” would address that concern.

By the second volume (1959) of the Commu-
nications of the ACM (the flagship journal for the
Association for Computing Machinery), the term
“computer science and engineering” had begun to
appear. That September, an article entitled “The
Role of the University in Computers, Data Pro-
cessing, and Related Fields,” by Louis Fein, dis-
cussed the need to consolidate, under a single or-
ganizational entity, the various studies orbiting
around the computer in various academic de-
partments such as business and economics,
mathematics, linguistics, library science, phys-
ics, and electrical engineering. After mentioning
a few names for this entity, including “informa-
tion sciences” (which he attributed to Jerome
Wiesner), “intellectronics” (which he says was sug-
gested by Simon Ramo), and “synnoetics” (which
Fein himself had suggested elsewhere) he sug-
gested “the ‘computer sciences’”; later in the ar-
ticle shortened to “Computer Science,” (singular,
and in quotations). This I believe is the origin of
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P. Ceruzzi « Coevolution of Electronics and Computer Science

rithms by Donald Knuth (Knuth 1968).!° In-
tended as the first of a planned seven-volume se-
ries on “The Art of Computer Programming,”
Knuth’s book was a conscious effort to place com-
puter programming on a foundation of mathe-
matical principles and theorems. The book spar-
kled with wit and erudition. It was a specialized
text that many nonspecialists could read and en-
joy. (One of its most memorable passages was a
13-page, detailed analysis of the algorithms im-
plied in getting an elevator in the Mathematics
Building at the California Institute of Technol-
ogy to work correctly. Although the elevator it-
self worked fine, Knuth later recognized with a
shrug that his algorithmic analysis contained
several fatal “bugs.”) Throughout the book, Knuth
codified and formalized a wealth of computing
techniques and tricks that had been informally
known for years among computer program-
mers.'’

Another of Knuth’s strengths was his com-
mand of history. A large portion of each volume
discussed the historical context of computing; in-
deed, Knuth was one of the first to recognize and
appreciate the advances in mathematics (com-
putational mathematics) made by the ancient
Babylonians and by Europeans during the Mid-
dle Ages. These historical passages, far from being
diversions from the main thrust of the text, gave
strong support to the notion that “computer pro-
gramming,” if defined properly, was part of a long
scientific tradition.

Fundamental Algorithms consciously defined
the study of algorithms as a subject that was in-
dependent of any machine that might implement
them. Recognizing the need for a programming
language to describe algorithms of interest
throughout the book, Knuth deliberately intro-
duced “MIXAL,” a language developed especially
for the book and one not implemented on any ma-
chine.®

Volumes 2 and 3 of the series (Seminumerical Algo-
rithms and Sorting and Searching) appeared in 1969 and 1973,
respectively. Volumes 4 through 7 have yet to appear. In 1976,
Knuth hinted that more volumes were forthcoming, but as of
this writing (1988), they have not (Knuth 1976; 1982).

'"One example from Knuth’s third volume in the series may
serve to illustrate: “By 1952, many approaches to internal
sorting were known in the programming folklore, but com-
paratively little theory had been developed . . . None of the
computer-related documents mentioned so far actually ap-
peared in the ‘open literature’; in fact, most of the early his-
tory of computing appears in comparatively inaccessible re-
ports” (Knuth 1973, pp. 386-387).”

*Shortly after the appearance of the book, however, com-
puter programmers wrote programs, called “cross compilers,”

The notions of a mechanical process and an al-
gorithm, whether Computer Science’s first prin-
ciples or not, did form an informal basis for the
way the subject has been taught in universities
since the mid-1960s. But a rigorous analysis of
the Turing—Church Hypothesis or of Turing’s 1936
paper “On Computable Numbers . . . ” was rarely
found in introductory Computer Science Courses.
What was more likely to be found was a smat-
tering of history that included a brief mention of
formal computability, quickly followed by the meat
of the course: programming in one or more high-
level computer languages. In short, Computer
Science textbooks adopted Knuth’s strategem of
using a programming language as a medium for
describing algorithms; unlike Knuth, most uni-
versity and college texts introduced actual pro-
gramming languages (e.g. FORTRAN, PASCAL),
whose programs could and were executed by the
students on their university computers.

The present curriculum of the majority of
Computer Science programs stems from a series
of reports published in the journals of the Asso-
ciation for Computing Machinery, and the cur-
riculum that evolved reveals a trend away from
hardware concerns toware more and more of a
mathematical basis (as taught, however, the
mathematical level of many computer science
courses is not high). The version published in 1968
(the so-called “Curriculum ‘68)” was especially
influential; one person calls it comparable to the
EDVAC report as a founding document of aca-
demic computer science (Pollack 1977). In its first,
preliminary version, “electronics” appears as an
optional elective under “supporting” courses
(Figure 2) (ACM 1965). In “Curriculum ‘68”
hardware courses are gone completely, to be re-
placed by an algorithmic approach and an em-
phasis on languages and data structures (ACM
1968). In the latest version the algorithmic focus
remains, with more mathematics introduced in
early stages (ACM 1977).

A more recent definition has appeared, one that
echoes the one thing is emerging in electrical en-
gineering. That is the perception of computer sci-
ence as the study of complexity, at all its levels.
The notion that there is a new science of the
management of complexity appeared in one of the

that allowed a range of then-existing computers to execute
MIXAL statements. But no “Mix” computer, which Knuth called
“the world’s first polyunsaturated computer . . . very much
like nearly every computer now in existence, except that it
is, perhaps, nicer,” was ever built (Knuth 1968, p. 120).
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692 + 6861 ‘v JoquinN ‘01 awn|oA ‘Bunndwor o AI0ISIH 84l JO Sjeuuy

01 noqe juasaidal sjor] asoYy 18} S1 9[qNo.1} 3y} "payyrIuap! jou st onges[(09 LI, YL,
g ‘wayy jnoqe 1 dxs aq 0} A5Ld LI194A SI 91 puE
—030 sedendue] Sutwrwerdoid ‘seuryorwr ‘sway
-s£s Jnoqe sye]—Ss)oR] Jo Sulyoes) oyl sesrd
-woo 3utwmeadoxd jo Suryoeay ay) mo[N]| -

oy} ur guruutdayg ‘eaisyliq ‘A JI9SSPH u9eq sey
jusuodoad [BI0A JSOUI SUOTITUTIOP SIY} A[IUdLIN)

o1 (BGET 1ausaip) Ajrxayduwiod pazruedio

:o1durexs 10 ‘yuowiireda(] SuLaULIUY [edLI) Jo swapqoad ayy, s[[ed andea[[oo LN 2UO0 jeym jo
-031q S LIWN Jo 9soy) se [[@M se jusuwale)s sJou Apnys oy ‘st ey ‘serpaedoad [estsAyd atayy urody
-SOIM 0Y0a ‘senges[[00 SIY 0} paje[naan Afajeartd uey) IeYjel AINJINI)S I0 UOTJeZIUuedIo I8t} WOy
pue patequnu ,{H*euas ‘sojou JoLiq JO uLio} a9y} auWIod YITYM SToquILS Jo sAeaae Jo sarjaedoad ayg
938} US1JO YoIyM ‘SSUILIM STE "S[O0YDS oy} ur K31 10 wa)sAs e jo serasdoad 9y} uo sI9judd 1S8I0JUT
-a1308 [edulid s31 se se8endue] SurwweiSoad jo YTy Ut £pn3s jo seare asoyy 03 perjdde st yorym
£10SeW 5y} WOIJ OS[E JNq SONSST SIEMpPIRY A[UO ULI9) [B19USS B ST SIYJ, ‘S90USIIS UOIIBITUNUIUIOD

paI[ed £1AT30R [enjoa[[eul Jo pal) SUIA[0AS UE Jo

Jou oy J[osy oUBISIP UG Jndwo) Iey) 1908B] U0 IN( I SWAISAs Fuissssoad uorjeuLioju]

oArjeradwur (s1 pue) sem 1 ensy{yJ 10 ‘sedend

-ue[ Surwurersoxd Jnoqe qunyj jo send Jurisou SPUBIWOD SUIMO[[0] 9} SPBWI ISUSIIA| SUIOIA [
-13ue A[uo 3uiyoesl atom sjuswjredap 9dULIdG ‘RGET ul A1ojeroqer] asof ueq NHI @Yz Suruado
Jonduro)) ‘suwyjriod[e uo siseq juasoddo ue 931ds AUOWaI) B 1B SSOIPPR UB U 90u8slos Jojndulod,,

-op 1ey} pandie A[Juelsisuod eIlsyli(q ‘sp961 91e[ [[BO MOU 8M JBUM JNoge sjuswele)s paystqnd jsaiy

[(9%¢ "d ‘G961 WOV
SUOYDIIUNWULO]) ‘SUOT)RPUIW00Y 9W0g :90uslag tojndwo)) ur werold sjenpeidiepul) uy,, ‘@oustog 1ajndwo))
U0 99NTUWI0Y)) WN[NOLINY) NIV WO4J) 'SSAIII[e 19yjo,, pue Funroddns jo 3urpesy ayj Iopun  SOTUOI}OD[9, UO
95aM00 9[3UTS 9] 90N | "G96T ‘@3uaIdg Jonduo)) uo 9913 IWWO)) SJAIDV Y} WOl WN[NOLIND Areutwifald ‘g 34nbig

“130dal €193 U1 UAAS e ‘sTwIswInu P%Jpoq {q PIIWIPAL ‘$IEIMOY) y[ Y1 10} suvnBYRAds g ,

33udlog jo Aydoso]

-1yd pue Aydosoiyg DNIKRVUDOuJ SAOYADNYV
213017 JILSINNAY -9{ T¥YRYOJ "Cf
sonysmsary SAADINHOE], AYOdHT
K100y, sonsn NOILVZINILI() VIVROLIY OL
-813 pu® A311q8Q01J TVOILVIIHLY]Y *gl NOLLDAAOYIN] “§{
§21U0I393[ SNOILYTANIG o107 A¥O3AJ, HAVUY) ANV £242199) 5
s193ndwor) Sorsuy SRALSAG 1 FALLONUISNOD) *§] SOIMOLVNIEKO)) "0 Y10

(*10 ) so18AY g

SN[ PaduvApY SNALSAG

suolyenby I1 SISATVKY ONIKIKY¥DOY
[s11U3I341(} TYOINEKAN 8 ANy "3ININOD ‘6 £2a1703] 5
SPOYIAIY [TO1ISNI®IQ 1 SISUVIVNY AHOEH], ONIHOLIMG PapuaIu003y
$2INJONIIQ OIBIGas]Y TVOIMAKAN 2 ANY NDISI(] 2ID07] *g Aybrgg

SFYILINYLY
NOILVAUOIN] ¥

DNINIKVEDOU]

GNY NOILILYZINYDU()

HALIINO)) *C
(¢) B1Qa3|y Jvauty (2 9sun0) SYTTIAIRO) +SASSID0U ]
1z 10) SATNDTIVY asy SIOVAHNY] OIRHLIIUODTY
siedA[euy  3utuuiBag TVOIHARAN ¢ OIKHLI¥OD1TY °C OL NOILDNAOWLINY °{ pasnnbay
puo ;;a;;;p;’faldnzwog Ssutf11031Y 10I34214R AT sasunol) Kiory §3saN07) 2150

Jurjs0ddng

sasan0)

PIUNIG rNduin)

HINIIOQ HILNAKO)) NI SHOLV]Y ¥Od
IOV 40 FALIINKOD KATADIIYYAD) IHL 40 SNOLLVANIARNODIIY AMYNDUITIY T 19V

sJofey 20u310g 13IndUI0) 10§ §3%4N07) JO IqEL

SISY10D JIONHIOS ¥ILAJINO0D

80UBI0g JeINdWo pue SIIUCIID8[T JO UOHNIOABOD) . 1ZZNI8) 'd




F i =

P. Ceruzzi « Coevolution of Electronics and Computer Science

percent of what has to be taught; the remaining
90 percent is problem solving and how to avoid
unmastered complexity . . . (Dijkstra 1982, p. 107)
. . . But programming, when stripped of all its
circumstantial irrelevancies, boils down to no
more and no less than the very effective thinking
so0 as to avoid unmastered complexity (Dijkstra
1982, p. 163).

For him, the goal of computer science was to con-
cern itself with the attempt “to define program-
ming semantics independently of any underlying
computational model . . . ” or, in other words, to
“forget that program texts can also be inter-
preted as executable code” (Dijkstra 1982, p. 275).
But although Dijkstra is held in high esteem by
academic computer scientists, Computer Science
as it is taught (especially in the United States)
emphasizes the study and mastery of existing
programming languages (and operating systems)
that can be executed on existing digital com-
puters.

Based on these observations, Computer Sci-
ence, as it was formally recognized and taught
between 1955 and 1975, was an engineering sci-
ence, according to Layton’s term. It also fits Wal-
ter Vincenti’s criteria for engineering science in
that in its first two decades, progress in Com-
puter Science occurred in the absence of any for-
mal or useful theory (Vincenti 1979, pp. 742—746.2°
But in the context of its roots in formal mathe-
matics (and in its ever increasing levels of ab-
straction and formality since 1975) it is now a
pure science, albeit one that is still groping for
an agreed upon set of fundamental principles and
one that has a different character from classical
physics or chemistry.

The issue of what is Computer Science ironi-
cally has little to do with its having been shaped
by administrative, government, military, and
university policies—indeed, the same sort of pol-
icy factors are characteristic of nearly all post-
World War II science, including (even especially)
physics. Computer Science concerns the system-
atic study of algorithms, especially in the expres-
sion of those algorithms in the form of computer
programs that can be executed on commercially

“In one aspect Computer Science represents a departure
from Vincenti’s thesis. That is his assertion (Vincenti 1979,
p. 746), that “. . . the use of working scale models . . . is
peculiar to technology. Scientists rarely, if ever, have the pos-
sibility of building a working model of their object of con-
cern.” As noted by Newell et al. above, the object of study for
Computer Science is precisely such a model—a universal model
at that.

sold digital computers. Computer hardware, and
hence electrical engineering, are part of com-
puter science, but at present the university strue-
ture of computer science departments treats com-
puting hardware as a given, and the more one
can ignore purely hardware issues the more
progress can be made on the study of algorithms.
To a lesser extent there is a trend to look at ex-
isting programming languages in the same way.

Analog vs. Digital

Despite the many pieces of common ground be-
tween computing and electronics, the two activ-
ities remained distinct. One reason was due to a
fundamental difference in the ways each disci-
pline approached the handling of signals of elec-
tron currents, a difference that had characterized
the evolution of each discipline from its earliest
days. Electrical Engineering evolved as a study
of using devices (like the vacuum tube) to am-
plify continuous signals (McMahon 1984). Com-
puting Engineering, later on Computer Science,
was concerned with using electrons to count and
switch. The one was analog, the other digital.
Analog computing devices, electronic or other-
wise, belong to the history of computers (the ENIAC
owed as much a debt to wartime analog comput-
ing projects as it did to radar or to digital me-
chanical computing). But analog computers do not
belong to Computer Science, as the discipline es-
tablished itself in the late 1950s. The reason is
simple: Computer Science centers on the pro-
grams that execute algorithmic procedures; but
whatever advantages analog have over digital
machines, their inability to be programmed eas-
ily put them forever at a disadvantage, and pre-
clude their being part of the discipline. Several
examples illustrate this difference.

The first concerns the fate of the various Dif-
ferential Analyzer projects, centered at MIT un-
der the leadership of Vannevar Bush. These ma-
chines were certainly among the world’s first
“computers,” in the sense that they were the first
machines capable of automatically evaluating
fairly complicated mathematical expressions. Yet
they never really fulfilled their promise, and of
all the reasons this was so, it was the difficulties
involved in reprogramming them for different
tasks that was decisive (Owens 1986).%

*'Owens argues, for example, that it was the Rockefeller
Analyzer’s inability of to be reprogrammed easily that was
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electronic technologies and cost-effectiveness of
electronic solutions took over more and more jobs
from the venerable mechanical and electrome-
chanical technologies. (Electronics 1973, p. 4)

Inside, a 100-page section described in detail how
electronic devices were rapidly sending older
technologies to the scrap-heap. Examples in-
cluded retail sales, (where point-of-sale terminals
were replacing cash registers), pocket calculators
replacing slide rules, electronic circuits replacing
mechanical clockwork in watches, computers in
banking replacing older posting and accounting
techniques, and many others.

Although nowhere was it explicitly stated in
this issue, the reason electronics was taking over
the world was that digital circuits were taking
over electronics. Every example given described
a digital circuit. Buried at the end of the section
on “technology” was a half-page piece entitled
“Don’t Forget Linear” (p. 84). The implication was
that “linear”—that is, analog—-circuits were in-
deed all but forgotten. And of the linear circuits
described, a large percentage were those that
performed a conversion between analog and dig-
ital.

After about 1973, Electronics Engineering be-
came digital computer engineering. Radio, and
communications applications, from which elec-
tronics sprang and which dominated it in its ear-
lier period, were still there, but insofar as they
were, they were treated as a subset of digital
techniques. Even the humble radio, from which
modern electronics engineering grew, has now lost
its tuning dial to a calculator style digital key-
pad. Thanks to the mass produced microproces-
sor, it has become easier to take a computer and
program it to “act like a radio,” than it is to de-
sign and build a radio from scratch.

Analog circuits, now called “linear applica-
tions,” are still found of course, but they occupy
an inferior position. Many do believe however that
progress in computer engineering will hinge on
a redefinition and breakthrough in analog cir-
cuits, as digital circuits approach the physical
limits of the ultimate granularity of matter
(Sutherland and Mead 1977).%° Digital comput-

®In recent years computer science has had to return to a
closer look at technological questions. This phenomenon is
outside the scope of this paper, but briefly it can be sum-
marized as a reaction to the introduction of the microproces-
sor in 1974, which has driven the cost of computing to near
zero. Ivan Sutherland, a founder of computer graphics, and
Carver Mead, one of the founders of a theory of VLSI, summed

ing techniques, and their expression in the mi-
croprocessor, offer overwhelming advantages over
any other approaches to, say, building a radio or
an automatic control system or whatever. Thus
it has become not only possible but compelling to
recast as much of electronics practice into a dig-
ital computing mold. Increasingly, digital com-
puting appears as a natural extension of the very
properties of electronics that have always been
part of its appealing characteristics.

Conclusion

Electronics took over computing in the late 1940s
because of its inherent advantages over other
techniques. Digital computing, the theory for
which grew out of Computer Science, took over
electronics because it provided a path for those
inherent advantages to progress. In sum, those
advantages are as follows:

Like electronics in general, digital computing
offered speed. The “instant” communications of-
fered by the Morse telegraph was matched by the
relentless drive by the computer engineer for
faster switching circuits, and by the computer
scientist’s development of algorithms that do not
“blow up”—take up exponentially greater num-
bers of cycles as the complexity of the problem
increases by a small increment.

Like electronics in general, digital computing
offered leverage. One early notion of electronics
(still used in Europe) was that it concerned the
applications of “weak currents,” in contrast to the
“strong currents” of traditional electrical engi-
neering. Weak currents of electricity, carried on
thin and light wires or as weightless signals
through the ether, do the heavy work of carrying
messages, motion pictures, and signals that con-
trol heavy machinery. With computers is it the
same: a tiny chip and its accompanying ethereal
software do the heavy work of “crunching num-
bers” and moving and processing huge quantities
of data.

up this phenomenon as follows: “Computer science has grown
up in an era of computer technologies in which wires were
cheap and switches were expensive. Integrated circuit tech-
nology reverses the cost situation, making switching ele-
ments essentially free and leaving wires as the only expen-
sive component.” (Sutherland and Mead 1977, pp. 210-228).
As a result, the theory of computing has to be revised, but as
of their writing (1977) this revision had only begun. With the
advent of the microprocessor it is now more practical to stamp
out very complex computers on a chip, and then deliberately
hobble them to do 2 more mundane task, than it is to design
and build from scratch the simpler circuit to do that mundane
task.
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P. Ceruzzi + Coevolution of Electronics and Computer Science

ment of complexity,” a term once again not pre-
cisely defined. Both disciplines continue to evolve
and change rapidly. For both Electronics Engi-
neering and Computer Science, the present def-
initions, institutional settings, and research pro-
grams will evolve, and coevolve, in the future.
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