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A calculating engine was built more than a century
after it was attempted by Charles Babbage. It works.




Redeeming Charles Babbage's
Mechanical Computer

A successful effort to build a working, three-ton

Babbage calculating engine suggests that history
has rrzi.y'm{gmd the pioneer of automatic computing

harles Rabbage is celebrated as
the great ancestral figure in the
history of computing. The de-
signs for his vast mechanical calculators
rank among the most starthng intellec-
rual achievements of the 19th century.
Yet Babbage failed in his efforts to real-
ize those plans in physical form. Histo-
ries of compulting routinely assert that
Babbage faltered primarily because the
demands of his devices lay beyond the
capabilities of Victorian mechanical en-
gineering. Curiously, no contemporan
evidence supports that view
In 1985 mv colleagues and [ at the Sci-
ence Museum in London set oul (o re-
sobve or at least illuminate the question
by building a full-size Babbage comput-
ing engine based on his original de-
signs. Our endeavor fnally bore fruit in
November 1991, a month before the bi-
centenary of Babbage's birth. At that
time, the device known as Difference
Engine No, 2 - flawlessly performed its
first major calculation. The success of
our undertaking affirmed that Babbage's
failures were ones of practical accom-
plishment, not of design,
Those failures have become inextri-
cably associated with his creative ge-

DORON D, SWADE s both an electron-
ics engineer and a historian of comput-

| ing He has been senior curator of the
computing and control sectian of the Sci-
ence Museumn in London since 1985 and
has published articdes on curatorship
and oa the history of computing. He has
recently written two books: Charfes Bab-
hage and His Calculating Engines, which
accompanies the Babbage exhabition that
Swade curated, and, in collaboration with
Jon Palfreman, The Uream Macfune: Fx-
ploring the Computer Age, a companana
to the television seres of the sanse name
Swade Jed the project to construct a full
scale Bubbage calculating engme.

—

by Doron D. Swade

CHARLFS BABBAGE sat for this daguer-
reotype around 1847, the year he began
work on Difference Engine No. 2.

nius. Babbage, proud and principled.
was famed for the vigor and sarcasm
of his public denunaations of the sci-
entific establishment, The demise of hus
engine project added a sense of injus-
tice, bitterness and even despair o his
celebrated diamibes, Since then, he has
acquired an image of testiness and ec-
centricity; the first biography of Bab-
bage. written by Maboth Moseley and
published in 1964, was titled frascible
Genius: A Life of Charles Babbage, Inven-
tor. Our work ar the Science Museum
emphasizes a distinctly different side
of Babbage: a metiatlous inventor whose
designs were hugely ambitious but well
within the realm of possibility.
Babbage’s desire 1o mechanize calcu-
Jation arose from the exasperation he
felt a1 the inaccuracies in printed math-
ematical tables. Scientists, bankers, ac-
tuanies, navigators, engineers and the
like relied on such tables to perform
calculations requiring accuracy to more
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than a few figures. But the production
of tables was tedious and prone 1o er-
ror at each stage of preparation, from
calculation to transcription 1o typeset-
ting. Dienysius Lardner, a well-known
popularizer of science, wrote in 1834
that a random selection of 40 volumes
of mathematical tables incorporated
3,700 acknowledged crrata, some of
which themselves contained errors.

Babbage was both a connoisseur of
tables and a lastidious analyst of tabu-
lar errors, He raced clusters of errors
common to different cditions of tables
and deduced where pieces of loose type
had been incorrectly replaced after fall-
ing out. On one occasion, he collaborat-
ed with John Ierschel, the renowned
British astronomer, to check two inde-
pendently prepared sets of calculations
for astronomical tables; the two men
were dismaved by the numerous dis-
crepancies. [ wish to God these calou-
lations had been executed by steam'”
Babbage exclaimed in 1821,

Mechanical computers should, Bab-
bage thought, offer a means 10 elminate
at a stroke all the sources of mistakes in
mathematical tables, He envisioned a
machine that not only would calculate
flawlesshy but would eradicate ranscrip-
tion and typesetting errors by automat
ically impressing the results ol its cal-
culations onto papier-maché strips or
plates of soft metal. A printed record
could then be generated directly from
those plates, thereby eliminating every
opportunity for the genesis ol errors

In 1822 Babbage built an experimen-
tal model intended 1o carry him toward
his goal, He called his mechanical cal-
culator a *difference engine” because it
is based on a mathematical principle
known as the method of fintte differ-
ences. The method permits one to de
termine successive values of polvnomi-
al functions using only addition [see
box on page 90]. Multiplication and dy-



vision, which are far more difficult to
mechanize, are not necessary. Because
the value of the function at each step is
calculated based on its predecessor, a
correct final result imparts a high de-
gree of confidence that all previous val-
ues are also correct,

For economy of design, Babbage's dif-
ference engines use the decimal number
system rather than the binary system
commen to modern electronic comput-
ers. Each digit in a multidigit number is
represented by a toothed pear wheel,
or figure wheel, engraved with decimal
nusnerals. The value of cach digit is rep-
resented by the angular rotation of the
associated figure wheel. The engine's
control mechanism ensures that only
whole-number values, represented by
discrete positions of the figure wheels,
are valid. Babbage boasted that his ma-
chines would produce the correct result
or would jam but that they would never
leceive.

Babbage's most ambitious venmure to
-onstruct a full-scale calculating device

FFERENCE ENGINE NO. 2 was constructed in public view at
Es_d&cehhmnninbomion. Here the two engineers who
it it, Barrie Holloway (lefr) and Reg Crick (right), perform

was devoted ro the tl-fared Difference
Engine No. 1. His efforts foundered in
1833 after a decade of design, devel-
opment and component manufacture,
not to mention vast expensc. The proj
ect collapsed after a dispute between
Babbage and his chicl engineer, Joseph
Clement, over payment for relocating
the machining works. Outwardly ar
least, technologry did not feature in the
disagreement. The question that has re-
mained tantalizingly unresohved is
whether the circumstances surround ing
the collapse of the project concealed
the 1echrucal or logical impossibility of
Babbage's schemes.

ifference Engine No. 1 consists
of a basic adding element, re-
peated many rimes over in an
arrangement that embodies the meih-
od of differences. The size and com
plexiry of the engine are monumental:
the desegm calls for roughly 25,000 parts;
the assembled machine would measure
eight feet hugh, seaen feet long and three

feet deep: and it would weigh several
tons. The project, which was funded by
the British goy ernment, was also enor
mously éxpensive, When Clement's Last
bill was paid in 1834, the cost rotaled
£17,470. For comparison, the steam Io
Comotive John Bull, built in 1821, cost
all of £784.

Clement completed abourt 12,000 of
the 25,000 parts required for Differ-
ence Engine No, 1, most of which were
later melted down as scrap. The British
government finally withdrew from the
project in 1842, partly on the advice of
Leorge Biddell Airy, Astronomer Roy-
al, who pronounced Babbage's engine
“worthless.” The failure 10 complete the
difference engine was the central trau-
ma in Babbage’s scientific Life; it is a 10p-
ic he returns to repearedly m his wril
ings as though unable to reconcile him
self 10 the dismal outcome,

The vears of work on Difference In.
#ine No. | did produce one noleworthy,
tangible result, In 1832 Clement assem-
bled a small section of the enEine, con

some essential adjustments., Babbage also designed a print-
ing mechanism for the difference engine, but because of lim-
ited time and money, the printer has not ver heen il
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sisting of about 2,000 parts, as & demon-
stration piece, This finished part of the
unfinished engne is one of the finest ox-
amples of precision engineering of the
time and works timpeccably to this day.

The demonstration piece is the first
known automatic calculator. Unlike the
desktop calculators of the time, the en-
gine, once set up, did not rely on in-
formed human intervention. Thus, an
operator could achieve accurate results
without any understanding of the logi-
cal or mechanical principles involved.
The opportunity 1o speculate sbout ma-
chine intelligence was not lost on Bab-
bage and his contemporaries. Harry Wil-
mot Buxton, a younger colleague with
whom Babbage entrusted many of his
papers, wrote that *the wondrous pulp
and fibre of the brain had been substi-
tuted by brass and iron; he [Babbage]
had taught wheelwork to think.”

Despite its impressive capabilities, the
dilference engine could perform only
one fAxed task. Babbage's repulation
as a computer pioneer largely rests on
another, more sophisticated device-
the Analytical kngine, conceived by
1834. He intended the Analytical En-
gine as a general-purpose programina-
ble computing machine, whose features
are startlingly sirmular to those of mod-
ern electronic computers, It had a basic
repertoire of operations (addition, sub-
traction, multiplication and division)
that it could execute In any sequence.
The internal architecture of the machine
featured a separate “store” and “mill,”
equivalent 1o the memony and proces:
sor in a modern computer, The separa-
non of stere and mill Bas been a domi-
nant design feature of electronic com-
puters since the mid-1940s.

The Analvtical Engine could be pro-

grammed by using punched cards, a
technique previously used in the Jac-
quard leem 1o control patterss of woven
thread. The Analytical Engine could take
alternative courses of action depending
on the result of a calculation, enabling
it to perform complex functions. Bab-
bage intended the machine to be abic
10 handle up o 50-digit inpul numbers
and 100-digit results; the cutput could
be printed, punched or plotted.
Although historians customarily re-
fer 10 the Analytical Engine as il it were
a physical thing, it is actually a series
of unbauilt designs that Babbage refined
at intervals from 1834 until his death
in 1871. Demoralized by the fate of
Difference Engine No. 1, he made no se-
rtous attemp!t to construct a full-scale
Analytical Engine. A small experimen-
tal part of the mill that was still incom-
plete at the time of his death, along, with

How Babbage’s Difference Engines Work

hown below is cne of Babbage’s 20 main drawings of

Difference Engine No. 2, which he drafted in 1847. The
machine is operated by means of the handle on the right.
Turning the handle rotates a vertical stack of 14 pairs of
cams that determine the action and timing of the calculat:
ing cycle. Numbers are stored and operated on in eight ver-
tical columns., each of which contains 31 engraved figure
wheels. The least significant digit of a number is stored at
the bottom of the column, the most significant digit at the
top. The initial values for a calculation are entered by un
locking the figure wheels and rotating each ong by hand 1©
the appropriate decimal value. Below the figure-wheel col-
umns are a set of racks and levers that, when activated by
links from the cams, lift, lower and turn the vertical axes,

thereby carrying out the addition of differences. Difference
Engine No. 2 does not add numbers in sequence from right
10 left, a5 one might expect. Instead values from odd-num-
bered columns are added to even-numbered columns dur-
ing the first half-cycle; even-numbered columns are then
added to odd-numbered columns during the second half-
cycle. This technique significantly reduces the time required
for a calculation. A similar approach, known as pipelining,
is used in modern electronic computers. The printing
assembly, located at the left, is directly coupled to the last
column of figure wheels, which bear the final result of the
calculation. Fach turn of the handle produces one 30-digit
value in the table of differences and auvtomatically preparas
the machine to generate the next number.
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another fragment later built by Bab-
bage's son, Henry Prevost Babbage, are
the only significant remains of his grand
designs.

Work on the Analytical Engine forced
abbage to think about how 1o develop
mechanisims capable of automatc mul-
iplication and division, all regulated by
2 complex control svstem. The solutions
0 those problems inspired him 10 de-
sign a simpler and more elegant differ-
nce engine, Difference Engine No. 2. Al-
hough the machine calculates to a pre-
fision of 31 bgures, 10 digits more than
}abbage envisaged for Difference En-
7ine No. 1, it contains only one third as
nany parts. Babbage drew up detailed
ans for the second machine berween
1847 and 1849 and offered them 1o the
overnment in 1852 but received no
ncouragement. So things stood for
1early a century and a half,

During several visits 1o London begin
ung in 1979, Allan G, Bromley of the
Jniversity of Sydney in Australia exam-
ned Babbage's drawings and notebooks
n the Science Museum Library and be-
ame convinced that Difference Engine
NO. 2 could be built and would work, 1
ad independently read of Babbage's
apless fate and become deeply puz-
ded as to why no one had wied 10 re-
olve the issue of Babbage's fatlures by
ctually building his engine.

n 1985, shortly after my appoint
ment as curator of computing, Brom-
leyv appeared at the Science Muse:
m carrving a two-page proposal to do
st that. He suggested that the muse-
m attempt to complete the machine
v 1991, the bicentenary of Babbage's
irth. Bromley's proposal marked the
Tart of a six-year propect that became
omething of a personal crusade for
ne. The saga of our effort 1o construct
he difference engine is one worthy
f Babbage himself. We embarked on a
omplex engineering project that took
s into unknown technical territory and
onfronted us with mechanical conun-
irums, funding crises and the intrigues
nherent i any major venture.
Difference Engine No. 2 was clearly
he engine of choice for the project. The
ssociated set of drawings 1S intact,
vhereas those for Difference Engine No.
show regrettable gaps, Dilference En-
ine No. 2 15 also a more economic de-
ign. Cost and time constraints argued
N favor of ignoring the printer and con-
entrating on the rest of the engine, The
mnter is composed of about 4,000
arts and would be a sizable engineer
g Project in its own nght
The documentation for Difference
ngine No. 2 consists of 20 main de-
ign drawings and several tracings. As
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WORKING PART of Difference Engine No. 1, assembled by Joseph Clement in 1832,
is the first known automatic calculator. Its flawless operation strongly supports
Babbuge’s conviction that building a full-sized engine was a practical Prospect.

we pored over those drawings, my col-
leagues and 1 discovered several flaws
in the plans, in addition to those iden-
tified by Bromicy. One major assembly
appears to he redundant. Other mecha-
nisms are missing irom the design. For
example, the initial values needed to be
gin a calculation are entercd by unlock-
g the columns and manually rotating
¢ach of the freed ligure wheels 10 the
appropriate positions. Babbage omitted
a means of locking the columns after
they were set, 50 the selting-up proce
dure was self-corrupting,

I'he most senous design lapse con
cerned the carriage mechanism, This
crucial component ensures that if, in the
course of an addition, the value on a
fipure wheel exceeds 10, then the next
hugher figure wheel (indicating numbers
10 nmes larger) advances one digit.
I'he most extreme test of the carriage
mechanism occurs when a 1 is added
1o a row of 9's, Babbage solved the car-

rv problem in an exquisitely innovative
manner. During the first part of the cal-
culating ¢yele, the engine performs a
11-digit addition without carryving the
10°s, but every figure wheel that ex-
ceeds 10 sets a spring-loaded waming
device. In the second part of the cvde,
each armed warning device allows a ro
lating arm o advance the next higher
figure wheel by one position.

Unfortunately, the configuration of
the carry mechanism shown in Bab-
bage's design drawings is unworkable.
The direction of rotatton of the ligure
wheels is incorrect, and the warning-
and-carry mechanism could not fune-
ton as droma The source of these shoet-
comings stimulated considerable spec-
ulation. We considered the possibilin
that errors were introduced deliberate
Iy as security against industrial CSpi-
onage, More likely, some flaws were de-
sign oversights, and others were inevit-
able drafting and layout errors.
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None of the design problems we found
in Difference Engine No. 2 compromised
its overall logic or operational principles,
and we managed to devise solutions for
all. Unnecessary mechanisms were omit
1ed. The missing locking assemblies for
the fpgure wheels were devised and,
where necessary, their motions derived
from those of neighbonng, picces, Brom-
ley salved the carryv-mechansm problem
by mirror-reversing the incomectly drawn
parts and altering, their ordentation. The
introduction of a four-to-one reduction
gear in the drive allayed skepticism about
whether the massive Difference Engine
No. 2 could be driven by hand. This
change made the drive handle four times
easier to turn bur caused the engine to
run four times slower.

Implementing the solutions raised a
significant philosophical dilemma. Could
we make these alterations without ¢com-
promising the historical authenuaty ol
the result and, with it, the mission of

proving that Babbage's engines were log-
this problem by adhenng o Babbagce's
own design practices and strictly con-
fining ourselves 1o techniques or de-
vices available 1o Babbage. We also
planned the revisions to Babbage's de-
sipgn so that every mechanism we added
could be easily removed.

n 1989 we built a small tnal assem-

bly at the Science Museum 10 verify

the logic of the basic adding cle-
ment and to confirm that the carry
mechanism operated correctly. The as-
sembly adds a two-digit number to an-
other two-digit number and takes ac-
count of any carry from units to tens
and from tens to hundreds. The finely
finished device went a long way toward
convincing sponsors and colleagues that
our project involved an engineering, &es-
thetic as well as an intriguing historical
thesis. The trial picce later proved an

FIRST

Mathematical Principles of the Difference Engines

abbage’s difference engines are so called because they use the method of

finite differences to find the value of certain mathematical expressions,
The method is used below to produce the table of cubes (y = x3), The first dif-
ference is found by subtracting successive pairs of cubes, The same procedure
is applied to pairs of first differences 1o derive second differences. When the
process is repeated for the second differences, one finds that the third differ-
ence is constant and equal to six. This information makes it possible to gener-
ate the rest of the table of cubes by reversing the differencing procedure. For
example, adding six to the second difference (1 8) gives the new second differ-
ence (24); adding this to the first difference {(37) yields the new first difference
{61). Finally, adding this to the last cubed number (64) gives the next number
in the sequence, 125 or 5%, The procedure can be repeated indefinitely to gen-
erate as many 1erms as desired using only repeated additions.

The methad of differences can be applied to any of the mathematical func-
tions known as polynomials, which have the generic form y=a x"+
@, X" '+ ...+a,x+ a, The nth difference of an nth-order polynomial
will always be a constant that can form the basis for the method of differenc-
5. Polynomials are used 1o represant many relations in physics and engi-
neering. They can also be used to approximate other functions, such as loga-
rithms and trigonometric functions. In Babbage's difference engines, each col-
umn of figure wheels represents the position of one multidigit number in the
table. Difference Engine No. 2 can tabulate 7th-order polynomials to 31 fig-
ures of accuracy, an impressive accomplishment even by modern standards.

SECOND THIRD

invaluable aid for visualizing the ma-
chine’s operation and for testing the first
sample parts.

To build Difference Engine No. 2 and
1o estimate the cost of manufacturing
it, we needed (ull-dimension drawings of
its parts. Late in 1989 we contracted a
specialist engrineering company 10 pro-
duce a set of drawings using Babbage’s
original set as the authoritative source,
Missing information—detailed dimen-
sions, choice of materials, tolerances,
methods of manufacture and a great
deal of fine detail - had 10 be supplied.

Dimensions [or the individual parts
were obtained by measuring and scal-
ing the original plans. The enginecring
company produced 50 new drawings
that fully specified each of the engine’s
2,000 parts. Surviving mechanical as-
semblies show that Babbage construct-
ed his parts from bronze, cast iron and
steel. Bromley and Michael Wright of
the Saence Museum offered advice re-
garding which material to use for cach
part. Our colleagues at the Imperal
College of Science and Technology ani-
lyzed the composition of the compo-
nents of Difference Ergine No. 1 to guide
us in selecting an appropriate modern
bronze.

No attempt was made to use period
machinery in the manufacture of parts.
The engine's 4,000 components embody
only about 1,000 different part designs,
so there is a high degree of repetition.
We unashamedly relied on modern man-
ufacturing techniques to produce the
many identical parts. We also welded
parts that Babbhage would have forged.
But we scrupulously ensured that Bab-
bage could have produced components
of the same precision, though possibly
by other means.

Specifying the precsion with which
parts should be made proved less prob-
lemaltic than we first feared. Bromley
and Wright had measured parts from
Difference Engine No. 1 and found that
Clement achieved repeatability of 1.5
to 2.0 thousandths of an inch, belying
the popular belief that mid-19th centu-
ry mechanical engineering Jacked the
precision necessary for building Bab-
bage's devices. We adopted a modern

____________ OIFFERENCE _ OIFFERENCE _ _ DIFFERENCE engineering standard, conﬁden;(;‘h:l it
1 - was within the limits of what 1 en-
: T 7} tury crafismen could achieve. The pro-
< = (1‘2) cess of producing the 50 modern me-
- 3 o s chanical drawings took about six months
@ < s @) and was substantially complete by Jan-

3 27 < - @ @ a uary 1990.
@,—-—"’7 ¥ K\ :/(,) We were determined to secure a fixed-
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\@D OF sorry tale of open-ended expense. Af-
: > 125 DIFFERENCES ter some hard negonation, the Science

isx Museéum and the specialist company
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ENGINEERING CHALLENGES were solved in the course of build-
ing Difference Engine No. 2. Engincers at the Science Museum
constructed a part of the calculating mechanism (lefr) in 1989

agreed to a price and 10 a set ol prove-
sions 10 cushion agamst unforeseen
technical difficulties. The Science Muse-
um cornenitied to underwrite the costs
against pledges from a group of five
Sponsoring computer companies: ICL,
Hewilett Packard, Rank Xerox, Siemens
Nixdorf and Unisys.

Then, in June 1990, just as the final
contract was about to be signed, the
company involved went bankrupt after
35 vears in business. Reg Crick and Bar-
rie Holloway, the two engineers on the
Babbage project, were fired on Thurs-
day, June 7. Unless orders were placed
with contractors by close of business
the following day, we would incur cost
penalties and have 10 embark on an-
other round of financial negotiation,
which would have jeopardized our goal
of completing the project in tme for the
Babbage bicentenary. Officials ar the
Science Museum interviewed Crick and
Holloway on the moming of June 8; by
junchtime they were museum employ-
ees. We spent the day frantically writ-
ing out part orders for subcontractors
and drafung contract terms. At 3:30
.M., I sprinted to the post office to
mail the drawings and orders to the
component manufacturers. We made
the deadline by minutes.

Difference Engine No, 2 was built in
public view in the Science Museum. Fit-
ling and assembly commenced in No-
vemnber and was completed in May 1991,
Ihe engine became the centerpiece in
the exhibition Making the Difference:
Charles Babbage and the Birth of the
Computer, which opened on June 27,
1991. Even then, the project kept us on
lenterhooks. The three-ton Difference
Engine No. 2 had not vet performed a
ull calculation, and it kept Jjamming
maccountably. We developed debugging

techniques to track the source of the
Jams and continued 1o work on the ma-
chine dunng the exhibition. On Novem-
ber 29, 1941, less than a month before
Babbage’s 2001h birthday, the machine
completed its first full-scale successful
calculation. It produced the first 100
values in the 1able of powers of seven
and has functoned without error ever
since. The engine ended up costing just
under £300,000 (£500,000),

ur project illuminated several
aspects of Babbage’s skills as a
designer and engincer. Histor-
ans of 1echnology have debated wheth-
er the high standards of precision that
Babbage demanded were necessary or
were the product of misguided perfec
tonism. Some rescarchers have point-
ed out that cruder engines had been
built 10 good eflect. Georg and Edvard
Scheutz, a Swedish father-and-son team
who were inspired by an account of
Babbage's work, built three difference
engines, mostly of their own design. The
first of these, completed in 1843, had a
wood Irame and was made using sim-
ple hand rools and a primitive lathe,
Despite its comparatively rough con-
struction, the Scheutzes' machine per-
formed successfully before the Swed-
ish Royal Academy
Babbage’s difference engines were
larger and more sophisticated than
those attempted by the Scheutzes, how
ever, Our experiences constructing Dif-
ference Engine No, 2 underscored the
importance of exacting standards. We
had expected that repeal parts made
using computer-controlled machines
would be sufficently identical to be in-
terchangeable, This proved not to be the
case. Fine tweaking of components to
tolerances of no more than a few thou-

B ¥ Ases ot 22

to verify the design of the engine's basic adding element. They
also built 210 intricate bronze levers (right, shown atop a de-
sign drawing) for the carriage mechanism.

sandths of an inch proved NeCessary,
cspecially for the proper operation of
the carry mechanism, Babbage's insis
tence on high precision was evidently
based on sound engineering judgment.

Constructing Difference Engine No, 2
revealed subtleties and ingenuity tn Bab-
bage’s design not immediately evident
in the drawings. The project also gave
us tremendons respect for Babbage's
ability to visualize the operation of com-
plex mechanisms without the aid of
physical models. We hope to extend our
explorations of Babbage's elegant de-
Signs; to do so, we are currently trying
Lo arract sponsorship 1o build the print-
er. In the meantime, we manvel at the
physical realization of plans that Rab-
bage drew up nearly 150 years ago. Dif-
ference Engine No. 2 stands as a splen
did piece of engincering sculpture, a
monument to the rigorous logic of its
inventor
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