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Numerical Calculations

“Die ganzen Zahlen hat der liebe Gott geschaffen, alles
andere ist Menschenwerk8.”

LEOPOLD KRONECKER

Counting is one of humanity’s achievements, for Homo sapiens a rela-
tively late one. Independent cultures developed it independently, as we
know from the existence of different number systems. Man very soon
began to use counting and calculating instruments to facilitate working
with numbers.

Arithmetic Computation and Its Mechanization

“La machine arithmetique fait des effets qui approchent
plus de la pensée que tout ce que font des animaux.”

BLAISE PASCAL

The language root that we find in ‘calculate’ comes from the counting
pebbles that were used by the ancient Romans, in Latin calculi. The
Indo-Germanic root *reg that gave us the word ‘reckon’ means ‘make
orderly’, originally as applied to a collection of such pebbles. Calculat-
ing instruments soon emerged. The Roman abacus, the Chinese suanpan
or chu pan and Russian schoty that are still in use to this day, the Turkish
coulba, and the Armenian choreb were all used to ‘arrange’ counters on
a counting board, French comptoir. But neither this ‘reckoning on the
lines’ nor the use of notches on a tally (late Latin computare) marks the
beginning of the mechanization of mental activities.

It was the symbols for finger numbers, the digits, which originated
in India and were brought to Europe by the Arabs, used in combina-
tion with a zero to facilitate the place value notation, which first led to
a technical solution in which the teeth of a wheel can take the place of
the counters. This was the adding machine with digit carry invented
by WILHELM SCHICKARD9 (1592–1635) in 1623, which multiplied ac-
cording to the Gelosia-method using Napier’s bones and allows multi-

8 God created the integers, all else is the work of man.
9 WILHELM SCHICKARD was Professor of Biblical Languages and later of

Astronomy in Tübingen. He was born on 22.4.1592 in Herrenberg and died of
the plague on 23.10.1635.
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Fig. 7: Wilhelm Schickard Fig. 8: Roman abacus

Fig. 9: Drawing of adding machine Fig. 10: Gelosia method
of multiplication

ples of the multiplier to be read out. In s’Hertogenbosch in 1640 the Je-
suit father JOHAN CIERMANS (1602–1648) suggested calculating with
the help of ‘iron wheels’. From 1641, BLAISE PASCAL (1623–1662)
also developed an adding machine, which was completed in 164510; its
last two positions already possessed a non-decimal carry appropriate to
the monetary system of the time11.

10 Example in Conservatoire des Arts et des Métiers, Paris, described in
Diderot’s Encyclopédie.
11 The arrangement invented by RENÉ GRILLET in France in 1678, which had
three rows of seven disks, does not possess any carry facility and was used
only to record numbers, not for addition. In 1666 the Englishman S. SAMUEL
MORLAND (ca. 1625–1685) constructed a machine in which the carry was not
propagated automatically but was merely registered and had to be added on by
hand.
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Fig. 11: Blaise Pascal Fig. 12: Pascaline

Fig. 13: Gottfried W. Leibniz

In 1671–1674, GOTTFRIED WILHELM LEIBNIZ finally managed to
extend the mechanization to produce a genuine four-species adding ma-
chine, by introducing a sliding carriage as counter and using a stepped-
drum to store the multiplicand setting. Subsequently, ANTONIUS BRAUN

(1686–1728) in about 1726 in Vienna, and PHILIPP MATHÄUS HAHN

(1739–1790) from 1770 in Echterdingen, built machines with count-
ing wheels arranged concentrically around the stepped-drum, probably
the first really useable devices. The same construction was also seized
upon by CHRISTEL HAMANN (1870–1948) in 1905 for the machine
‘Gauss’ and was finally used again in the ‘Curta’ constructed in 1948 by
the Viennese KURT HERZSTARK (1902–1988), which weighed only 230
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Fig. 14: Braun’s calculating
machine

Fig. 15: Calculating machine
by Hahn

grams and had the appearance of a prayer-wheel. In 1722 CHRISTIAN

LUDWIG GERSTEN (1701–1762), a professor of mathematics in Gießen,
built a machine for addition and subtraction. Further improvements
were devised in Darmstadt in 1783 by JOHANN HELFRICH MÜLLER

(1746–1830), and were incorporated into the machines built by JOHANN

CHRISTIAN SCHUSTER (1759–1823). In Paris in 1818, CHARLES

XAVIER THOMAS (1785–1870) from Colmar began series production
of an ‘arithmomètre’12.

A different technical solution, the pin-wheel, was invented in Padua
in 1709 by GIOVANNI POLENI (1683–1761).

The pin-wheel is encountered again in the machine developed by
DIDIER ROTH (1807–1885) in 1841, in the patent awarded to DAVID

ISAAC WERTHEIMBER in 1843, and eventually in the work of BÜT-
TNER (1889) and HEINRICH ESSER (1892). The pin-wheel achieved its
greatest practical significance after it was used in 1872 in the USA by
FRANK STEPHEN BALDWIN (1838–1925) and in St. Petersburg in 1871
by WILLGODT THEOPHIL ODHNER (1845–1905). It makes it possible
for subtractions to be performed simply by turning the crank the other
way: in Thomas’s stepped-drum machine this had called for adjustments
to the gears.

In 1890 the current technology as regards mechanised four-species
numerical calculations was still characterised by the “arithmomètres”,
hand-crafted stepped-drum machines based on LEIBNIZ’s construction.
Roughly 1500 such machines were constructed between 1820 and 1878
at a price of a few hundred French francs (production of these machines
continued until 1930, reaching an overall total of about 4000 machines).
But the call was for cheaper yet faster machines. After DUBOIS D.
PARMELEE was awarded a patent in 1850 for a convenient key-operated

12 In 1858 a rotation counter was added to this.
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Fig. 16: Charles X. Thomas
de Colmar

Fig. 17: Philipp M. Hahn

Fig. 18: Thomas Arithmometer

column adding machine such machines did then become available – sim-
ple devices for summing a single column of figures13. (Neither PAS-
CAL’s machine nor the beautifully handcrafted 18th century specimens
of HAHN and SCHUSTER had actually managed to be of any practical
use.) At this point the development is lost in a fog of technical de-
tails and numerous patents and productions, right down to toothed-rack
adders made of sheet metal.

The experiments carried out in 1886 by EDUARD SELLING (1834–
1920) and in 1887 by LÉON BOLLÉE (1870–1913) attempted to replace
LEIBNIZ’s method of multiplication by repeated addition by the use of
‘multiplication bones’ (as suggested by NAPIER)14 for each position in
turn, but they were technically not a success15.

13 As MAURICE D’OCAGNE recorded, V. SCHILT in 1851 and F. ARZBERGER
in 1866 constructed the first column adding machines with keys, although the
latter possessed only two keys – for 1 and for 3.
14 JOHN NAPIER (1550–1617), Multiplication Bones, 1617.
15 In 1850, once VIKTOR MAYER AMÉDÉE MANNHEIM (1831–1906) had
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Fig. 19: Frank S. Baldwin Fig. 20: Baldwin’s pin-wheel

Fig. 21: Willgodt T. Odhner Fig. 22: Pin-wheel by Odhner

The breakthrough did not come until 1892 when the Swiss OTTO

STEIGER (1858–1923) was awarded a patent for a mechanical multipli-
cation block cast in metal. Such direct multipliers were then used in the
MILLIONAIRE built by HANS W. EGLI (1862–1923).

The multiplication process by repeated addition was automated in
1905 by CHRISTEL HAMANN in the ‘Mercedes’ on the basis of an
experiment carried out by CHEBYSHEV in Paris in 1882, and division
followed in 1908 in the ‘Madas’, which used a principle invented in
1902 by ALEXANDER RECHNITZER (1883–1922): these are the first
recorded instances of a loop-like process structure.

finalized their design, logarithmic slide-rules soon became available more
cheaply.
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Fig. 23: John Napier Fig. 24: A set of Napier’s bones

Fig. 25: Charles Babbage Fig. 26: Babbage’s Difference
Engine

A print station was first attached to a mechanical desk calculator
in 1889 by the company Burroughs, although the automatic creation
of print matrices had been planned by CHARLES BABBAGE (1791–
1871) in 1823 when he started work on his ‘difference engine’, which
was intended to perform production of tables by means of interpolation.
The difference engine was further advanced in Sweden in 1835 by
PEHR GEORG SCHEUTZ (1785–1873), and EDVARD RAPHAEL

SCHEUTZ (1821–1881) subsequently developed it sufficiently for it to
be of practical use, but the machine then stood unused in the Dudley
Observatory in Albany, USA, from around 1855 to 1924. In 1851 BAB-
BAGE was also already familiar with the principle of single-step carry-
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Fig. 27: Pehr G. Scheutz Fig. 28: Difference Engine by Scheutz

ing16, but nothing further is known about any implementation of this
idea.

Computation in the Binary Number System

In the early years of what is considered the ‘modern age’ number sys-
tems other than decimal were considered less peculiar than they are to-
day17. For instance the last two positions of PASCAL’s machine18 had
wheels with 20 and 12 teeth corresponding to the mixed radix of the
currency in use at the time, in which the livre was subdivided into 20
sous each equivalent to 12 deniers. The use of various number sys-
tems, from base two to base twelve, was investigated in 1670 by Bishop
JUAN CARAMUEL Y LOBKOWITZ (1606–1682) in his Mathesis biceps,
vetus et nova, Campania 1670. GEORGE LOUIS LECLERC DE BUF-
FON (1707–1788) was also a proponent of a purely duodecimal sys-
tem. LEIBNIZ, however, uncompromisingly changed over to using base
two. The first of his manuscripts that deals with this was written on 15th

March 1679, but he had been considering it since his time in Paris.

16 “This new and rapid system of carrying the tens when two numbers are added
together reduced the actual time of the addition of any number of digits, how-
ever large, to nine units of time for the addition, and one unit for the carriage.
Thus in ten’s units of time, any two numbers, however large, might be added
together.” CHARLES BABBAGE, Passages from the Life of a Philosopher, p. 116ff.
17 This doesn’t apply to the British, who waited until 1971 to decimalize their
monetary system.
18 Pascal was the son of a tax collector and developed the machine for fiscal
calculations.
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Fig. 29: Beginning of Leibniz’ handwriting of 15th March 1679
“The dyadic number system, part I. The sequence shown here can easily be continued, by working from right

to left, writing a 0 underneath each 1 in the number in the row above until you come to a 0 and then writing a

1 underneath that; there is no need to go any further because all the following digits remain the same as in the

number in the row above. . . . ” (translated from the Latin by P. Franz Xaver Wernz SJ, Munich).

A fact that more people should be aware of is that in this work, De
Progressione Dyadica, LEIBNIZ also sketches the design of a machine
operating on the binary principle:

“This type of calculation could also be carried out using a
machine. The following method would certainly be very easy
and without effort: a container should be provided with holes
in such a way that they can be opened and closed. They are to
be open at those positions that correspond to a 1 and closed at
those positions that correspond to a 0. The open gates permit
small cubes or marbles to fall through into a channel; the
closed gates permit nothing to fall through. They are moved
and displaced from column to column as called for by the
multiplication. The channels should represent the columns,
and no ball should be able to get from one channel to another
except when the machine is put into motion. Then all the
marbles run into the next channel, and whenever one falls
into an open hole it is removed. Because it can be arranged
that two always come out together, and otherwise they should
not come out.”

LEIBNIZ harks back to his binaria arithmetica in numerous letters,
and in a paper written in 1703 “Explication de l’Arithmétique Binaire”.

This idea then remained buried for 250 years, apart from a remark
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Fig. 30: Louis Couffignal

made by the above-mentioned Hesse-Darmstadt engineering pioneer JO-
HANN HELFRICH MÜLLER in 1786 that his machine was capable of
being configured to use LEIBNIZ’s arithmetica dyadica. MAURICE

D’OCAGNE (1862–1938) considers this MÜLLER machine to have been
the precursor of BABBAGE’s process control.

In a French patent granted priority on 12th September 1931, RAY-
MOND LOUIS ANDRÉ VALTAT used toothed wheels with 23 = 8 po-
sitions. In 1936 he pointed out the advantages of binary arithmetic
for the design of (mechanical) arithmetic units, which idea was fol-
lowed that same year by LOUIS COUFFIGNAL (1902–1966) in France
and E. WILLIAM PHILLIPS in Britain.

The latter demonstrated a mechanical model of a multiplier that used
the binary system and recommended the compatible octal system for use
in tabulators. Even before this, in 1934, KONRAD ZUSE (1910–1995)
had decided19 to use the binary system in his purely mechanical pilot
model, finished 1937/38. He then moved, in a natural technical conse-
quence, in 1938 to the use of electromagnetic relays, which are capable
of two states (open and closed). JOHN VON NEUMANN (1903–1957)
and HERMAN HEINE GOLDSTINE (1913–2004) then took up the bi-
nary system again in their design of the ‘Princeton Machine’, a report of
which was widely distributed in 1946–1948. In Britain the development
of the pilot ACE (JAMES HARDY WILKINSON) influenced by ALAN

MATHISON TURING (1912–1954) was also designed to use binary in-

19 KONRAD ZUSE, Der Computer, mein Lebenswerk. First ed. 1970, Verlag
moderne industrie, p. 48.
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Fig. 31: Konrad Zuse Fig. 32: Zuse’s switching
element

Fig. 33: John von Neumann Fig. 34: Alan M. Turing

ternally and octal externally, as proposed by PHILLIPS, and all other
British developments were correspondingly binary-oriented: MAURICE

VINCENT WILKES (*1913), FREDERIC CALLAND WILLIAMS (1911–
1977) and TOM KILBURN (1921–2001). Meanwhile developments that
had been started in the USA by HOWARD HATHAWAY AIKEN (1900–
1973), GEORGE R. STIBITZ (1903–1995), JOHN PRESPER ECKERT

(1919–1995), JOHN WILLIAM MAUCHLY (1907–1980) and WALLACE

J. ECKERT (1902–1971) stuck to the decimal system. CHARLES ERYL

WYNN-WILLIAMS (1903–1979) had already started using electronic
counters that operated on the binary system back in 1931.
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Fig. 35: James H. Wilkinson Fig. 36: Wilkinson at Pilot ACE

Fig. 37: Maurice V. Wilkes Fig. 38: Wilkes at EDSAC computer

Floating-Point Arithmetic

KONRAD ZUSE, however, made a further contribution to the develop-
ment. He recognized that the magnitude of numbers can be better rep-
resented by their logarithms and introduced the ‘semi-logarithmic form’
that is now known as ‘floating-point representation’. His first machine,
Z1, possessed seven binary positions for the exponent and sixteen for
the mantissa.
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Fig. 39: Howard H. Aiken Fig. 40: George R. Stibitz

Fig. 41: J. Presper Eckert at
UNIVAC

Fig. 42: J. Presper Eckert

However, apart from the relay computer Model V created by STIBITZ

in 1947 this idea was also not taken up in the USA or in Britain until
much later; wired-in floating-point calculations did not reappear until
the Swedish development BARK, a number of Soviet developments, and
the PERM in Munich.
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Fig. 43: John W. Mauchly Fig. 44: Wallace J. Eckert

Fig. 45: 1946 ENIAC
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Fig. 46: Munich Technical University computer PERM
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