Charles Babbage as an Algorithmic

Thinker
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-.the whole of analysis discovered dependent m
great part upon modified algorithms of certam fixed
quantities, .

Leonhard Fuler, 17641

This opinion was quoted in 1822 by Babbage, in a paper

on notation which was related 10 functional equations
(p- 1/344).7 In this article | putforward a general thesis about
Babbage'swork asa mathematician, engineer, and scientist,
of which several clements are exemplified by the quotation,
My claim is as follows:

* Although Babbage's interests covered a remarkable
and indeed polymathic range, many of the most im-
poriant ones exhibit common threads, in both the
choice of problem and the manncr(s) of their investi-
gation.

* The common threads center around algorithmic pro-
cedures in mathematics. scaence, and other walks of
life.

* Babbage was consciously aware of some of these
common features, especially in his deplovment of
analogy from one theory in another.

¢ Atteation to these common features casts much Light
upon the character of his achievements, for it shows
links within an appareatly eclectic range of interests,

The content of this thesis will become clearer in and after
the discussion (in the next section) of certain mathematical
trends in Babbage's time, but some preliminary expansion
on the word “algorithm™ is necessary here. [ intend it 1o
refer, in a very general range of contexts. 10 ideas, theories,
or procedures in which prominence is given 1o successive
repetitions of a process or maneuver., jts reversal, its com-

pounding with other processes, and/or its substitution into
itself. In mathematical contexts the words “iteration” and
“combination” will also be used (and indeed, quoted),

In addition. two related aotions have to be included.
First, “algebra” refers both to the branch of mathematics
in which Babbage worked {specifically, functional equa-
tions) and 10 certain features of algebraic thinking and
proof which also arise elsewhere in his activitics. Second,
“semiotics” denotes theories of signs, symbols, and nota-
tons as such (in mathematics and ¢lsewhere), in which is
stressed their importance in o theory and in its philosoph-
ical basis. The word was not used in Babbage's time, * but
it can be applied to several of his concerns and those of
Some contemporaries.

The thesis, then, is that Babbage consciously followed an
algorithmic/algebraicisemiotic approach in his choice and
solution of many of his problems and deployment of analo-
gies, and that his histosians should give it proper attention.
For convenience 1 shall coin the word “algorithmism™ 1o
refer in general to this characteristic.

This thesis is explored in approximate chronological
order of the development of Babbage's pertinent interests.
The section “Mathematical oricntations™ covers the part

* Some unclear lincs of miuence are involved here. As they arc
only partly pertinent 1o Babbage. I grant them mercly this shon
aote. The word “semsotics.” in the form “semeiotiks,” is due to the
philesopber John Locke. In his Exsay Concerning Human Under-
stanscling (1690), it designated his third branch of knowledge, “The

“semeiotic” does not seem 1o have come through; it was adopted as
Late as the end of the nineteenth eentury (by CS, Peirce), and has
become popular only very recently (partly because of the rise in
importance of computing), and in the spelling “semiotic. ™
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that Babbage played in the reform of mathematics at Cam-
bridge and his rescarches in functional equations and some
other areas of mathematics. The section “Calculations by
hand and by handle™ starts with mathematical 1ables and
moves on lo the Difference and Analytical Engines. “ladus-
try and science™ notes a miscellany of other examples in
manufacturing, cryptography, and physics. The final section
draws some conclusions about the importance of algorithm-
ism in Babbage (including a contrast with Boole) and spec-
ulates upon its origins. Reference is madc in places 1o “the
figure,” which appears in the last section.

I give detals of the principal pertinent events in or
related to Babbage's life in the box. For more details, I refer
the reader to A. Hyman's excellent biography.* I rely aimost
entirely upon Babbage's published writings and on certain
manuscripls that appeared posthumonsly, for enough mate
nial is to be found there for my purpose. Many unpublished
documents reinforce the thesis, and a few have been Gred.
The references will be found in the references list, but in the
text I cite by volume and page number from M. Campbell-
Kelly's fine new edition.® For example, in the reference at
the start of this article to an 1822 publication, “p. 1/344" cites
page 344 of Volume 1 of the new edition, but the superscript
“2” cites the original publication. Dates associated in the
text with items are normally those of first publication. A
page range nor preceded by a volume number and a slash
refers to the work indicated by the superscript number that
precedes it,

' Charles Babbage (1781-1871): Some principal career detaile

- — ——— T — e,

:  Age
1832 Partof First Difference Engine completed
1834 D. Lardner publishes articie on thés engine a1
1834-37 Maindevelopment ofideasfor

1837 Mosts A. Lovelace; she assists himinhs

work on engines s e R
1837 The Ninth Bridgewater Trealise: A Frag- 44
1840 kurmiﬁqﬁ;ﬁg-ﬁg&f;

" L
= it
£
-
-

- s .H-*,

Mathematical orientations

-..the dots of Newton, the d's of Leibnitz, or the dashes
of Lagrange.
Babbage, 1864 (p. 11119

British reforms: traditions in the calcuhss

One part of Babbage’s life is well known; he played a
major part in the conversion of British mathematics by the
Analytical Society from Newton's fluxional calculus 1o the
Continental notation. However, this “fact™ is not a fact: it is
also misleading in connotation, A revised account will be
briefly summarized here. *

First, before that Society set to work in 1812, reforms in
calculus teaching had been under way, at Jeast among the
staff, i various Britsh institutions: in Scotland. in the circle
around J. Playfair and also W, Spence; in Ireland. at Trnity
College, Dublin, in moves initiated in 1812 by H. Lloyd:and
in the Home Counties of England, at the Royal Mihitary
College and the Royal Military Academy (with P. Barlow,
0. Gregory,C. Hutton, J. Ivory, W. Leybourn, and W. Wal-
lace). At Cambridge itself. R. Woodhouse had become
acquainted with, and even the current occupant of Newton's
chair of mathematics, 1. Milnor (a quite insignificant math-

* The main source for this outhine s N. Guicciarding’s book.?
cspecially Chapters 7 through 9, The reading in JM. Dubbey’s
book,” Chapters 2 and 3, is pot recommended.
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ematician). had been buying Continental mathematical
books.* The single most important stimulus for change had
been the publication of the first four volumes of PS,
Laplace™s Traité du mécanique céleste (1799-1805), While
the young men who founded the Analytical Socicty in 1812
made themselves remarkably familiar with Continental
mathematics, they may not have been aware of all of these
developments in Britain. Thus, while their movement cer-
tainly led to the most profound changes in British teaching
and research in mathematics, it was not the first such initia-
tive,

Second, the Society lasted as such only for a little over a
year, while its founders (principally Babbage, J.F.W. Her-
schel, and G, Peacock) were undergraduates at Cam-

bridge. ™" However, their intentions were maintained after- .

ward, and [ use the word “Society” in this looser sense when
referring 1o the later activities of its former members.

Third, the change was not simply of notation but princi-
pally of theory. Fourth, there was no single Continental
theory mto which change could be effected; on the contrary.
as Babbage himself indicated when referring to the pertain-
ing notations in the quotation above, three theories were in
competition:'' limits (although not usually formulated in
Newton's manner): the differential and integral version (dy,
[x. ly dx as an area, and so on). proposed by G.W. Leibniz
but then used in the developed version largely created by
Euler: and an algebraic approach introduced by JL. La-
grange.

One did not necessanily have to make a choice. In partic-
ular, S.F. Lacroix. the chief textbook writer of the day, was
a disciple of M.J. Coadoreet and followed the eighleenth-
century “encyclopediste” philosophical tradition of present-
ing all available traditions in his writings. His principal text
was the great Trauwé du calcud différentiel et du caleul
intégral* which had appeared in three volumes at the end
of the cighteenth ceatury. Babbage had bought a copy of it
in 1811 (p. 11/19)." and he and his colleagues would have
become very well acquainted with Continental traditions
from it alone.** Atall events, he and Herschel showed their
erudition when publshing in 1813 their preface’™ to the first
(and only) volume of the Memotrs of the Society; it is quite
& comprehensive survey of Continental calculus over the
previous 30 years.

Out of the possibilities available to them the Analytical
Society chose the Lagrangian approach (the word “Analyt-
ical” was then often used in mathematics to refer 1o algebraic
principles). The origin of this decision is not clear; it scems
mast likely that a general consensus among the members
was made. The main princples of this approach are ex-
plained in the next subsection, The strength of their adhe-
s0n to it was made evident in the preface to the Socicty's
translation of the second (1802) edition of Lacroix's shorter

* This fact was recently discovered st Queen's College Cam-
beadge, where Milnor's inventory of his coflection was discovered
{communication 1o me from the library),

** Babbage told Lacron in a letter of Navember 28, 1820, that be
hoped for an English translation of the Traité { Bibliothéque de
U'Instite, Paris, ms. 2396). He stressed the importance of Lacroix's
work in Jetters of that time to J.B. Biot (ms. 45895),

treatise on the calculus. published in 1816, As a wandering
encyclopédiste, Lacroix had allowed himsel( to shift his pen-
chant somewhat to limits: but the Young Turks from Cam.
bridge admonished their sensor citoyen for this sad prefer-
ence “in place of the more correct and natural method of
Lagrange.”"f In an 1827 paper on notation in mathematics,
Babbage prinsed in a similar vein the (attempted) expres-
sion of mechanics in algebraic theories that Lagrange had
attempted to effect in his 1788 wreatise Méchanique an-
alitique (p. 1/397).

The “analytical” algebraization of mathematical theories
in France in the Tate cightecnth century related to a growing
interest there in semiotics, The abbé Condillac and his
semifollowers, the “idéologues.” had stressed the impor-
tance of signs, especially in or from his textbook. the (so-
called) Logigue (1780). Indeed, the word “wdéologic™ origi-
nally denoted ideas, their reference, and means of signifying
them. Further, for Condillac (common) algebra was the
(semz- ) formal language par excellence; a posthumous hook
on it called La langue des calculs was published in 1808 '
While Condillac did not influence Lagrange personally to a
aolable extent, the general connection with algebra was
then important — and not only in France, as we shall scon
sce.

Consequences of Lagrange’s algebraized calculus

Lagrange had developed an algebraic version of the
calculus, based on the assumption that every function
fix + h) of a real vanable x could be expanded in a Taylor
senies for every value of x (apan from values of x when f
misbehaved, such as taking an infinite value):

flx+h)=f &)+ hf(x)+ @2 + ... (n

He abo claimed that the denvatives could be defined, by
purely algebraic means, as the coefficients of the appropri-
ate powers of the incremental variable i, He introduced the
dash notation for denvatives, which was mentioned by
Babbage at the head of the previous subsection: it denoted
a functorial operator, going from the function f{x) to the
function f(x).

This approach is based on a clear program — doubtless
one of the sources of attraction to the members of the
Analytical Socety in 1812, Babbage retained his eathusiasm
for it even after belicf in the Taylor series (Equation 1) was
refuted by A.L. Cauchy in 1820 with counterexamples such
as exp(~1/x") when x = 0. Indeed, Babbage did not realize
and perhaps did not know of Cauchy’s work, for in 1827 he
spoke of the time that “has been required to fix permaneatly
the loundations on which the calculus of Newton and
Leibnitz shall rest.” with a clear allusion to Lagrange's
approach (p. 1/371)." (The independent discovery of this

T'This seatiment may have belonged more to Babbage and Her-
schel than to Peacock: for the Leibniz-Euler form was preferred in
leaching at Cambridge. douhtless due 1o its superior educational
utility. This may have been Peacock's decision, as he wis the only
one of the three main founders of the socicty who stayed at the
umniversity after praduation.
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counterexample by W.R. Hamilton in the 1830s also cs-
caped Babbage's attention.) However, according 1o JM.
Dubbey” (p. 90). Babbage had sent three of his papers on
functional equations to Cauchy in 1820, and to that 1opic we
now turn.

In the course of pursuing his approach, especially from
the late 1790s, Lagrange gave considerable impetus [0 the
development of two acw algebras: dilferential operators,
using D (= d/dx) as an algcbraic object; and functional
cquations, in which the function was itself treated as the
object. These algebras flowered especially with a group
around the Alsatian L.F.A Arbogast. who developed the
operational aspects by “separating the symbols™” (a phrase
of the time). They detached didx from y in the derivative
dyldx, and f from x n f(x). Thereby they extended the realm
of algebra by considening objects which were not numbers
or geometrical sizes.

Laws and rules of manipulation of these new algebras
had to be found. A notable contribution was made by F.J.
Servois in 1814:7 Secking the fundamental properties of
hoth algebras. especially functions. he characicrized f as
“distributive” and fand g as “commutative with each other™
if, respectavely,

flx+yt.d=fR+f0N+ .. and fig)) =g(fx) (2)

This is the origin of these standard words in algebra.

Babbage on functional equations and the calculus of
functions

The term function has long been introduced into
analysis with great advantage, for the purpose of
designating the result of every opcration that can be
performed on guantity...
It is this inverse method with respect to functions.
which | at present propose to consides.

Babbage, 1815 (p. 183)"

Functional equations. in one and several variables. were
Babbage's main mathematical interest from 1813 unnl the
carly 1820s. He wrote nine papers in o7 around them, which
were published between 1813 and 1827. (They are repub-
lished in Babbage's works, Volume 1) Herschel also
worked in this area, mostly on the special cases of difference
equations, and with related summation ol series: the two
men corresponded intensively. It s not my intention o
describe Babbage's methods in detail:* suffice it to indicate
some principal concerns, especially the algebraic and semi-
Otic aspects.

* Until M. Pantcki's thesis” (sce especially Chapters 2 and 3) is
penerally available, J M. Dubbey’s analysis* Chapters 2 through 4,
can be used, although the Tinks with Herscbel are not established.
For example, their vast correspondence (mostly held at 1he Roval
Socicty Labrary, Loadon) s ool used at all. This collection, together
with some further Jetters and many letters from other correspon-
deats in the British Library, Add. Mss. 37182-37183. are major
manuscript sources (or Babbage's mathematical researches, and
also tor the founding of the Analvtical Society.

A simple example of a functional equation ®
fix+=ff () (3)

(which is an cquation in fwo variables, because of the form
of the left-hand side). The task is to find functions { which

Functional equations, in one and
several variables, were Babbage’s
main mathematical interest from 1813
until the early 1820s. He wrote nine
papers in or around them.

satisfy the stated property for all valucs of x and y, or some
specified range of them. (The definitions n Equation 2
could be reinterpreted as functional equations.) Babbage
and Herschel were drawn 10 functional equations not only
by Lagrange’s program but also by certain solution methods
developed by G. Monge and Laplace in the 1770s.

In his first paper (published in 1815) and later, Babbage
gave special attention Lo

F(x)=flg(x)). and also f"(x)=g(x) (n integral) (4)

to solve for [ in terms of a given g. (In the important
circumstance when g(x) = x in the second cquation of Equa-
tions 4,  was said 1o be “periodic” of order n.) His most
general cquation in One variable was

Fix, £ 00 8, 00N FUENRD) v fH(E, 00 =0 (5)

to solve for f given F and the [g,} (p- 1/120)."* Apart from
some examples from the geometry of curves, he did not
consider many applications, explaining in 1816 that “my
object has been to direct the attention of the analyst 1o a new
branch of the science™ and stressing that “the doctrine of
functions is of so general a nature, that it 1s applicable 1o
every part of mathematical eaquiry™ (p- 1/ 193).%

At the time, the subject was often called “the calculus of
functions,” referring to the determination ol particular func-
ons (f°(x), say) even if no equations were involved:; for
them the phrase “functional cquations” was uscd.
Babbage's methods of determination and solution, which
followed the French to some extent, were rather freewhecl-
ing, He manipulated functions and serics, wsed sell-substi-
tutions of functions into equations, and deployed cunning
changes of variable. He tried to study the difficult question

Some general background on operators can be obtained from
E. Koppelman's 1971 articie. ™ although mostly on differential op-
crators. S. Pincherle™ provides a valuable survey of operatos meth-
ods. although largely after Babbage's time. Unforunately, the
survey of functional cquations by J. Dhombres™ almos calin:lz
ignores Babbage's work — and also De Morgan’s 1836 essay,
mentoned later in this article — even given his restrictioa 10
functions of several vanables.
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of the complcte solution of an equation, and made very
clever use of symmetric functions (where A(r, v) - y. x)
forall xand y) to build up an iterative sequence of particular
solutions. These methods show very well his enthusiasm for
algorithmic and iterative procedures. Like his predecessors,
bhe did not normally consider conditions for existence and
unigueness; Cauchy was soon to focus on such questions.

As the quotation at the head of this subsection shows,
Babbage was also very concerned with the inverse function.
In this coanection he made much use of the form g 'fg of
solution®* — perhaps the first example of this significant
“conjugate” form (as it became known) in mathematics.
Although he was more chary than Herschel of treating
functions as objects. he exploited well the algorithmic power
of this algebra: to handle a function f, its iterations ff (= /7).
f7. ... the inverse function(s) £ and their iterations ;e
compounds with other functions fg, ..., and so on.

Babbage also tackled related topics, which had been little
studied, such as ordinary and partial differential functional
cquations, ntegral equations, and fractional differentia-
tion.** In 1817 he explicitly compared “the calculus of func-
tons with other modes of calculation with which mathema-
ticians have been Jong acquainted™ (p. 1/216).%7 Summatioa
of (in)finite series was a special concern, in which he followed
Euler and others in seeking formal relationships between
functions and their series expansions — indeed. the kind of
procedure which Euler designated as an algorithm in the
quotation at the head of this article.t One of his methods is
described in a special algorithmic context in the last section.

These methods belonged to a tradition in British algebras
which started principally with Woodhouse and was to be-
come best known with Peacock. In an 1830 book on alge-
bra,™ and clsewhere, Peacock proposed “the principle of
permanence of equivalent forms.™ It put forward conditions

*The form g 'f made its debat in Babbage's 18135 paper (p-
111207 Later he asked De Morpan 1o mentioa that it “was sug-
gested to him by W.H. Maule Esq.™ (p. 318). (See also De
Morgan's letier of confirmation on this pont to Babbage on July
10, 1835 (postmark), i the British Library. Add. Ms, 37189, no.
142) A colleague m the Analyticul Society, Maule communicared
to Babbage in a letter of May 12, 1813, the special case

SUx)=07((-17"9(x)). ¢ arbitrary

s a solution of the penodic case of the first equation of Equarion
4. He also pondered on the generality of the form ¢ *(-4(x)) (37152,
fal. 28).

Senior Wrangler and (the first) Smith's Prizeman at Cambridge
1810, Maule was made a Fellow of Trinity College the following
year, where be served for some years as'a coach, But then he
exiubited a typically British carcer preference in entering the lxr,
becoming eventually a judpe ™

** See. in turn, Babbage in 1816 (pp. 1/182-184)" and 1820 (pp.
1/314-319)2 integral equations, formulated in 2 very wencral way
by Babbage and Herschel in 1813 (p. 1/55),” and 1red in special
cases such as by Babbage in 1816 (pp. 1/179-181):* and fractional
diffcrentiation (pp. 1/185-186),™ learnt from Lacroix’s large Traize.
Normally Babbage did not separate functions from their argu-
ments, Herschel was freer. | am currenely examining Herschel's
eathematics, for a meeting mounted by the Roval Society of Lon-
doa in May 1992 10 eelebrate his bicentenary in 1992

* Following Dubbey an p. 139 editor M. Camphbell-Kelly adds 4
note in Volume 1. p. 266" 1o Babhage's paper to describe the results

under which a mathematical expression or equation could
be interpreted outside its “respectable™ domain of interpre-
tation (such as the sum of a divergent series. or a relation in
which negative numbers were accepted as legitimate math-
ematical objects). In its emphasis on form, the principle
carricd something of a semiotic ring. But the principle was
applied mostly to common algebra, and Babbage did not
discuss it in his papers on functional equations. although he
came close to it in some of his manuscripts.f+

Semiotics in Babbage’s mathematics
What is there in a name? It is merely an empty basket,

until you put something into it.
Babbage, 1864 (p. 11/1)*

In 1816 Babbage introduced some good notations in
developing his methods: underbars for homogeneous func-
tions, so that “yw(x, y. z),,” indicated a function of degrees
pinxand ytogether and g in y and 7 together (in a somewhat
unclear passage (p. 1/144)™); and superseripts for iterative
subs:ilslions. with overbars for symmetric cases. such as (p-
1/125)°

W r, ¥) = ey, v), ¥) (6)
Ve ) = yilwx, ), wix, 1) (7)

Later be even took the general case w*(x, y) as a mathe-
matical problem of notations, for he found the numbers of
occarrences of y and of x within it by forming and solving
simple difference cquations (pp. 1/348.349).2

Such points are evidence only of a (well-developed)
normal desire of 2 mathematician 10 use good notations: but
Babbage went much further to show his semiotic side also.
considering families of symbols, and symbolism in general.
Unlike its algebraic mathematics, French semiotics did not
come over strongly to Britain, cither in the revival of math-
ematics or in that of logic (which dated from the mid-1820s,
wilh the publication of R. Whatcly’s book The Elements of
Logic™). Nevertheless, Babbage was aware of it. In the carly
18205 he wrote an encyclopedia article on “Notation™ and.
more importantly, a paper on “the influence of signs in
mathematical reasoning,™™ which were published in 1830
and 1827 respectively. There is much material in common
between the two pieces,

obtamed by Babbage as “mathematical howlers™ for involving
divergent serics. Within the framework of rigor about to be estab-
lished by Canchy (including for fanctional equations), this remark
i correct, but it does not represent the tradition within which Euler
and Babbage were working. Babbage added a note 10 the end of
that paper {p. 1/278)™ reporting a reoent coaversation with S.D.
Poisson (in Paris) on the dangers of divergeat series, but his remark
contradsctscarlier partsof the papec™ (sec especially pp. 1/265-266).
and neither man had a clear view on the matter, On the dfference
between the two traditions m the context of conlemporary German
maibematics, see HN, Jahake's 1987 article ™

7 See espeially Babbage's manusenipts kept a1 the British [i-
brary, Add. Ms. 37202; they are usefully discussed by Dubbey in
Chapier 5. For the parentage of this algebraic tradition in Wood-
howse. see H. Becher's 1980 articke. !



Bahbage noted the work of both the French philosophers
and mathematicians: He quoted from the book Des signes
et de Uart de penser (1819) written by the idéologue I.M.
Degérando (pp. 11374, 376)." and also explained the over-
bar and overarcnotatons A 8 and AB used by L. Camot to
represent respectively directed straight and curved lines (p.
1/404)." He did not develop the “idectogical™ hink, but
variants of Carnot's notations were to be used in computing.
as we shall see Later,

Babbage also laid out vanous dessderata for notations,
including one of almost ikonic character: “all noration
should be so contrived as (o have ity parts capable of being
employed separately” (p. 1/418).% He gave as an example
passible notations for the sine-squared function: He pre-
ferred “(sin 8)°" — as found in the “excellent work™ of
Arbogast, or even better “sin 8™ for avoiding brackets —
by contrast, “sin."8" (including the period) was “by far the
most objectionable of any, and is completely at vaniance
with strong analogies™ (p. 1/422)."

In holding this opinion, Babbage was close to his friend
Herschel, who had discussed in 1813% (p. 25) the use of the
mdices to denote powers of functions, suggesting, the nov-
clty “cos, '¢" for the inverse trigonometric function. This
notation {without the period) has become standard, but the
positive powers of these functions are always normally rep-
resented by the form which Babbage criticzzed — nightly.

The same fate awaited most of Babbage’s (and
Herschel’s) work on functional equations and on notations.
The French took some note of it; in 1821 1.D. Gergonne
translated part of Babbage's paper™ in his own mathematics
journal.”* while the Baron Ferrusac's abstracting Bullerin for
science mcluded routine short notices of his papers pub-
lished in the period 1824 to 1831 of its run. Lacroix noted
Babhage’s 1816 paper™ in 1819, in the second edition of his
large Traité® (p. 595, and a note of Herschel on p. 732).
Surprisingly, Babbage scems never to have consulted this
new edition of a work that had helped him o much in his
youth. and so. for example. seems never to have discovered
Servois’s 1814 paper.'” 1o which Lacroix also gave publicity ™
(pp. 726-727).

Functional equations fell rather into the doldrums for
several decades, and the only substantal use of Babbage's
contributions was made in 1836 by De Morgan.™ in the first
systematic study of the subject. However, although pub-
lished as an article in an important encyclopedia of the time.,
unfortunately it did not make the impact that it deserved.*
Simlarly, Babbage's concern with notations failed 1o raise
the interest it deserved, although again De Morgan was a
commentator. ”

Babbage's other mathematical writings

Some evidence of algonthmic concerns can be found
ekewhere in Babbage's mathematics, His occasional writ-
ings on probability were concerned with combinatorial

* An mteresting example of De Morgan's extension of Babbapge's
Weas concerned the case of Equation 7 from 1822, where 0 substaiu-
tives in the function created a sort of identity operators " (v, v) = v

(p. 1/345)7 Babbage & not perceive the condeptual micrest of ths
Grse; De Morgan calkd it the “zero-function™ (p. 278

2

cases, including an 1821 paper™ on the “martingal™ in con-
nection with successive betting, the estimation of mortality
for the caleulation of annuities in an 1826 book (pp. 6/91-
96).* and the interpretation of apparent miracles in terms
of some higher law unknown to man in his unofficial 1838
Bridgewater treatise (pp. 973-80)7 In the latter case his

“What is there in a name? It is merely
an empty basket, until you put
something into it.”
—Babbage, 1864

algonithmic and analogeal nclinations stood him in espe-
cially good stead. He gave as examples an iteration executed
by his engine which followed 2 mathematical law and then
“miraculously”™ contravened it at some stage, which, how-
ever, had been prepared deliberately by the operator (pp.
952-55).7" (Sce also Babbage's Passages from the Life of a
Philosopher? pp. 11/292-293.)

A striking example of algorithmism comes from the
mathematies of chess “Durning the first part of my ressdence
al Cambndge, I played at chess very frequently,™ he recalled
(p. 11/25),* and in an 1817 paper® Babbage followed his
hero Euler in studying the iteration of the knight's move so
as to cover every square of the board. A further feature of
this paper is displayed in the figure on pages 42.43.

Calculations by hand and by handle

In this section, I treat Babbage's concerns with compa-
tation and computing,

The appearance of mathematical tables

For about five years from 1826 Babbage concerned him-
self with the production of logarithmic tables.* He drew on
existing tables for the basic numerical data and did not
introduce any major new idea about their calculation. But
concerning therr physical appearance he showed his semi-
otic side. For case of reading he spaced out the arrays of
digits into five-row bands** and chose a font where all
numerals were of the same height, yielding clean rows of
dipats, For danty and compaciness, he pninted out digats only
after the second decimal place, indicating by small zeros in
the third place those cases when “17 had 10 be added 1o the
second; and at the final seventh place he indicated rounding-
up by setting a dot under the digit (explanations and sample
pages from 1827 are given in Babbage's Tables of Loga-
rithms of the Natural Numbers (pp. 2/72-107).* Babbage
used a few of these principles also for the tables in his 1826
book on assurance (pp. 6/104-127).* In 1531 he printed
some of the logarithmic tables with a variety of colored inks
on papers of different colors, Lo compare varous possibili-
ties for clarity of reading (pp. 2/115-117).% Part of a page s
contained in the figure on pages 42-43.

++ This procedure was pot novel with Bablbage: it can be found in,
for example, Barlow’s tables® of 1814, But it was unusual at that
time, when the rows were normally separated by lines
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Babbage as an Algorithmic Thinker

In the end. Babbage's findings were not of major signif-
icance. But they were unusual. and reflect clearly the semi-
otic cast of his mind.

The Difference Engines
What algebra is to arithmetic, the nolalion we now

allude 10 is to mechanism.
Lardner, 1534 (p, 2/174)%

Prior to these semiotic ruminations on tables, Babbage
had brought (o their algorithmic side a remarkable insight
whiech was to influcace his whole life: that loganthmse tables
“might be calculated by machinery.” In his autobiography

he gave two occasions for this reflection —in 1812-1813 and

1819 (p. 11/31)" — and the latter is of particular significance.

During the 179k a large set of loganithmic and tnigono-
metric tables had been produced in Paris under the direction
of the French engmeer scentist G Riche de Proay. The
work was planned out according to Adam Smith's principles
of the division of labor, and a large number of uncmployed
hairdressers were used to fill out the numbers on the sheets
by adding and subtracting. Although the tables were com-
pleted in 1801, their size made publication a costly task and
it was never done, despite the fact that printing was started
more than once and vanous efforts were made over the
years to find finance, *

Now one of these occasions occurred during the late
1810s, when the detente between Britain and France after
the fall of Napoleon opened up the possibility that the
British government might share the expenses. Although the
plans did not come to fruit, they were proposed just at the
time when Babbage was thinking about mechanical compu-
tation for the secomd time and must have remamned o his
mind. for he described de Prony’s project in his “letter™ of
1822 which secured the onginal governmental grant (pp.
2/10-12).*7 It scems that that project. with its extension ad
ahsurdum of manual computation, helped Babbage to con-
ceive of the need for an automated alternative.® Further, de
Prony so concewved his tables that the hairdressers only had
1o add and subtract over dilferences ol vanous orders.
Babbage's vanant was his projected Difference Engine no.
1 {as he later named it). working the same way mechanically
up to A" and back again, “cither proceeding backwards or
forwards,” as Dionysius Lardner putitin 1834 (p. 2/167).%¢#

The analogies here extend not valy to de Prony; fand /'
{sce the carlier subsection on functional cquations) also
readily come 10 mind. Another analogy 15 shown in the

* Compare Menabrea (pp. 363-66)." translation by Lovelace (pp.
3949707 Strange it is, then, that Babbage did not apply Smith's
prmaple of the division of labor to his own computer projects, One
source Of s tailure seems 10 have beea his own podr project
planmng.

** A less happy point of influence from de Proay may have been
Babbage's penchant for calculaling large numbers of digils. “The
reason for this is not clear™ (p. 126). Now de Prony perplexes in @
ssmilar way, for some of his lables went up 1o around 30 deamal
places. without explanation. A contemporary of Babbage, also
aware of de Prony™s use of differences, was the mathematician
Thomas Knight: see his 1817 paper.”

figure (in the last section), concerning the layout of the
wheels. Babbage himself reported yet another, ina paperon
mechanical computation. He posed there a question con-
cerming the determination of the digit in any place in the
array (rather like the numbers of x's and ¥'s in Equation 7),
and in 1822 he came up with a difference equation “which
had impeded my progress several years since, in attempting
the olution of a problem connected with the game of chess™
(p. 2133).%

In 1348 Babbage thought out a simplified version of this
cngine, He denoted it in his autobiography as “Difference
Engine no. 27 (pp. 11/75-85)" It has rccently been con-
structed, as a new-old machine.® Little of the rclevant

~ paperwork has been published so fars [ would expect it 1o

provide further evidence supporting the claim.

The Analytical Engine
The whole of arithmetic now appeared within the

grasp of mechaniso,
Babbage, 1864 (p. 11/385)°

In 1834 Babbage came to his next great idea: a machine
that would give commands as well as execute them (p.
11/46).° The quotation above suggests that with this ex-
tended algorithmism he had a glimmerning of mechanical
recursion, as it was to be conceived (in electrical and clec-
trome contexts) a century later, the whole of arithmete,
numbers and operations with them, Thus was born the
Analvtical Engine™

Many analogies were brought into play when Babbage
developed this engine. For example, the Jacquard loom
cards which ran it were of three kinds. for numbers, van-
ables, and algebrase operations — as one would expect from
a mathematician who distinguished f from x.f They were
used to give compound instructions (like functions £z, ...),
and they were able “to revolve backwards instead of for-
wards,” i the words of Lady Lovelace in 1843 (p. 3135)%
so close to Lardner’s quoted in the previous subscction.
Agam. presumably drawing on the experience of printing
tables, in 1337 Babbage represented the four basic arithme-
tic operations on cards of four different colors (p. 3/52).%

In the mechanism Babbage distinguished between the
“store,” which held operands and results between opera-
tions, and the “mill,” where they were sent 10 executc anth-
metic operations (sce A.G. Bromley's article,* p. 198).
Another mathematical analogy comes readily to mind:

x = [(or fgor..)— f(x)(or fig{x))or..)

store mill store

Bahbage did not mess this analogy. On the contrary, in
his autobiography he foresaw actual applicabiliry of the
engine to functional equations (p. 11/325):*

+ This classification of cards 15 often mentioned; see, for example,
Lovelace (p. 3/115)." Babbage (pp. 1U89-91)" and hs son (pp.
3/192)." It is criticized by A.G. Bromley™ (p. 128) oa modem
metalogical grounds,
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Calcadus of Functions,
This was my earliest step, and s still one to which
[ would willingly recur if other demands on my time
permitted... 1t is very remarkable that the Analytical
Engine adapts itsclf with singular facility to the devel-
opment and numerical working out of this vast de-
partment of analysis,

With her usual acuteness, Lady Lovelace had also stressed
this possibility in 1843 (p. 3/116):"

In studying the action of the Analytical Engine, we
find that the pecuhar and independent nature of the
considerations which in all mathematical analyss be-
long to operations, as distinguished from the objects
operated upon and from the resudis of the operations
performed upon those objects, is very strikingly de-
fined and separated.*

Menabrea had gone a hittle too far in his 1842 account of
the engine. In a fit of ourdatedness he mvoked Lagrange’s
belief (Equation 1) in the Taylor senes to stress the (alleged)
generality of its range (p. 3/76)." Neither Lovelace nor
Babbage picked up this detail in her translation (p. 3/107),"
and carlier we saw that Babbage may not have known of
Cauchy’s refutation of the belief,

Semiotics in Babbage’s engines

In an 1826 paper on “expressing by signs the action of
machinery” (akin to the paper on mathematical notation’
cited earher, ncidentally), Babbage varied his use of
Carnot’s curved and straight overbars by deploying vertical
lines and curled left brackets to distinguish different types
of motion of parts of Difference Engine no. 1 (pp- 3215-
216).% Later. in his account of the Analytical Engine, he
used Lagrange-like predashes as m Equation | to distin-
guish the axes: for example. in 1837, F."F. and “F were used
(p.3/17).* Later. in the pamphlet™ of 1851, he lettered parts
of the engines on his working drawings in a manner extend-

*On Lovelsee's evident use of course-of-values recursion for
calculating the Bermoulli numbers (pp. ¥166-167)" and recent
criticisms., see R. Gandy's paper”” (pp. 57-60). She teok an overly
modest view of her 1843 translation and notes™ on Menabrea. for
i tve Last of four letters sent 1o ber publishor Richard Taylor during,
August 1843 she stated (in a stilted third-person mode): “She lsad
not been without apprehensions that the nature and content of the
Noles placed them somewhat beyond the bounds preseribed by the
plan and objects of that publication [ Tavlor's Sciemtific Memairs],
at the same time that she could by no means flatter herself that they
possessed any inerinsic vatue sufficient to justify an exeeprion being
madde in their tavour, or to compensate for the many weeks of delay
in the appearance of the Number which she fears they caused.”
(Letter of Aupust 16, 1343, Taylor & Francis Archives, St. Bride
Printing Library, London: these letters complement the contempo-
rary ones published in the excellent study by the Huskeys™ on the
relationship between Babbage and Lovelace.) The remark in the
abave extract about the “bounds™ of the Memoiry cames more
point than & a1 first apparenl. Taylor had created the serics of
Enzlish translations of forcizn scentificworks s a positive reaction
1o Babhage's complaints™ in 1830 of “the decline of science in
England™ (see W.H. Brock and AJ. Meadows’ book * pp, 89-92).

ing this practice to sub-, super-, and all-over-the place indi-
ces. which indicated the type of part involved and its rela-
tionship to other parts.

Most important of all for semiotics, Babbage developed
a “mechanical Notation™ for all his engines, by means of
which ~the drawings. the times of action, and the trains for

“It is not a bad definition
of man to describe him as a
tool-making animal.”
—Babbage, 1851

“the transmission of force, are expressed in a Janguage at

once simple and concise™ (p. 11/79).° It included rules on
using upright, italic, and small-font lettess for different kinds
of referents (pp. 11/107-110)." Had he managed to construct
his engines as envisaged, he mught well have developed
these wleas further in producing the envisaged printing
mechanisms. There are obvious cross-influcnces between
these concerns and his printing of mathematical tables (dis-
cussed in the earlier subsection on mathematical tables).

Industry and science

Rabbage’s style is evident i concerns other than math-
cematics and computing, as we shall now see.

The processes of manufacture

It is not a bad defimtson of man to describe him as a
tool-making anvmal.
Babbage, 1851 (p. 10¢/104)™

To the modern view it i$ an irony that Babbage, much
concerned as he was with various applications of probability
and statistics, failed to notice their place in production
engineering. Instead, the semioticist won: “Nothing is more
remarkable, and yet less unexpected, than the perfect iden-
sity of things manufactured by the same tool,” he wrote in
1835 (p- 847, italics inserted).” We may have @ clue here
about his failure to complete any of his engines- A lack of
understanding of production processes led him to waste
time and money on the excessively precise manufacture of
some of ther parts.

Babbage's statement was made in the most influential
book that he published, On the Economy of Machinery and
Manufactures (the 1835 edition is cited here). There was
much concern at that time, especially among engineers, with
the mathematical analysis of economic guestions, especially
concerning optimization™ and equilibrum® (Chaps. 2-3).
However, in his usual lateral and algorithmic way, Babbage
focused instead upon the processes that take place: To the
extent that optimization s treated. it is usually in the form
of time-saving ot ime-consuming, A wide variety of produc-
tion procedures and problems was given in the book, of
which one s worth noting here: an extensive account of
Adam Smith’s principles of the division of labor and their
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Babbage as an Algorithmic Thinker

Figure. Babbage's iterative arrays. The illustrations are
tuken from the original publications. (a) From the 1817
paper on the knight’s move in chess (Plate I1, at p. 1/243).°
(b) Part of a typical page from his logarithmic tables* of
1831, from the white-page printing. (¢) A typical array of
wheels for Difference Engine no. 1, from Lardner’s 1834
article (p. 2/147).* (d) Part of his representation of a cypher
in 1854 (p. §71).%

use by de Prony to manufacture hus logarithmic and trigo-
nometric tables (pp. 8/124-126, 135-139).%

Algorithm:c thinking 1s evident in Babbage's idcas on the
postal services. His proposal “for transmitting letters cn-
closed in small cylinders, along wires suspended from posts.
and from towers or from church steeples™ (p. 11/447)° has
the characteristics of compounding and reversal, and the
little model that he made around the mid-1820s in his own
house shows that he 100K it seriously. Again, in his hook on
manufactures, he criticized the poor way in which letter
boxes were indicated and advocated a semiotically much
superior system: “at each letter-box, 1o have a light frame of
iron projecting from the house over the pavement, and
carrying the letters G.P., or T.P.. or any other distinctive
sign" (pp. R32-33)™

Repetitions and decoding

“I was much struck with the announcement™ of F.
Arago’s researches of 1824 “on the magnetism manifested
by various substances during rotation,” recalled Babbage in
his autobiography (p. 11/339).° and be and Herschel re-
ported their own rescarches in a joint paper™ of 1825 and
Babbage in one of his own™ a year later. One may presume
that the repeated oscillations inherent in the phenomena
attracted the attention of this natural algorithmist,

In 1851 Babbage published his study of another case of
repetition, this time an optical one: He proposed occulting
systems for ighthouses, in which “It would only be necessary
to apply a mechanism which should periodically pull down
an opaque shade over the glass cylinders of the argand [sic)
burners.” Further, a lighthouse could identify itself by ex-
hibiting its identification number in a temporally semiotic
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manner, i terms of the appropriate numbers of occultations

for cach digit. For example, the lighthouse numbered 253
would signal

[time =]
0000000000 - 0 - 000« 02 0 0 - 0000 + 0 - 0 - OOOC0000....

where the raised points indicate the (2. then 5. then 3)
interruptions of shining of the light {pp. 10V62-65).%

Another late interest of Babbage lay in cryptography; it
exhibits algorithmism and semiotics very clearly, especially
in the transposition and rearrangement of the letters of the
alphabet. In attending to the coding and decoding, he
thought once again of going forward and backward. He did
not publish much on it (principally an 1854 article™), but O 1
Franksen™ has shown recently from the manuscripts that he
gave it a great deal of attention. It also provides another
feature for the figure.

Diagnosis
The next morning I breakfasted with Humboldt, On
the previous day | had mentioned that I was making
a collectson of the signs employed in map-making,
Babbage, 1864 (p. 11/149)"
Babbage’s choices
Babbage's eclecticism 15 not as random as it might ap-

pear: The constant concern with algorithms, semiotics. and
algebrasc thinking functioned together and gave his work far

l' T e O O
jA*l8lz]le| et kiv, d
‘B slbhlalbh|flal1|lwle
Cle|li]|n]|i g|lvim|x|t
Diwijlels} hlwinjylsg
Efv|ik|alk|i|lz]lolz|n
Fiw|l]lol1}j yiplan]|i
Gilxim|[f|=|k slqlblj
Hiv|as|lgle|l1|la|lrlelx
Idslo|b|lo|lm|b|alain
Jisjiplilpin|le|t]elm
Efdb|{qli|lelolalaflrin
L cir|klrelple|fv]|glo
M alsltlefqlt]|w]ln P
Nileltim|ce riglxli|q
L Ol f|lu|nlals Bivlis |~
’ Plleg|v|elvle|lilzlx]e
Qb(w |p|wian|j|lal1]e
Blli|x|lqlxlv]x|[b|m!e
8'Fity e yFlwil o -—v—
Tlx|z|s E|lx|midlo|w
Ujtiajetlal|ly]|n sip|x
Vimidbjlujlv|zle figly
Wila|lec]v Clziplgir|s=
Xflelalwlea|s qihis|a
YHp|lelxfol|lelel!lilelo
Zlaqltfylelalalslale

(d)

more interconnections than are obviows at first. This is the
thesis proposed in the first section of this articke, and it is
strengthened not only by the contenr of the cases exhibited
but also by their choice: That is. Babbage preferred to work
on problems and contexts in which they were prominent
rather than on the numerows other situations in which they
were not (50) evident.

A further common factor can be pointed out, as I fulfill
the promise of providing the figure. It shows four illustra-
tions of what I call an “iterative array™ that is, some kind of
repeatable process or its product. Further, one passage from
a paper of 1819 on infinite series (sec the subsection on
functional equations) proposed a mathematical analog:
namely, “the method of expanding horizontally and sum-
rung vertically™ whea a sequence of series were to be
summed 1ogether (pp. 1/248-249, 268), The wide range of
contexts highlights the strength of his liking for algorithmic
thought.
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Babbage as an Algorithmic Thinker

A contrast with Boole

Babbage’s position can be clarified by contrasting it with
that of his coatemporary George Boole. another major
algebraist and a pioncer of logic, One might expect to find
that the two enjoyed fruitful contact, but in fact it never
developed, = point that has surprised some historians (see,
for example, 1. MacHale's book,™ pp. 234-235).

The two men did meet, in 1862, probably at the Septem-
ber meeting at Cambridge of the British Association for the
Advancement of Science.* Babbage explained the Differ-
ence Eagine and  recommended  that Boole  study
Menabrea’s 1842 article™ and learn about the Joom-card
system. Boole hoped 1o mect Babbage in London after the

Cambridge meeting, but he was called back urgently to his

nstitution (Queen’s College, Cork).** No significant con-
tact developed between them, but Boole enclosed an off-
print of a paper on probability theory, and this may have
been the stimulus on Babbage around that time to read
Boole’s major paper™ of 1844 on differential operators. “It
related to the separation of symbols of operation from those
of quantity. a question peculiarly interesting to me, since the
Analytical Engine conlains the embodiment of that
method.” Babbage noted (p. 11/105).° Nevertheless, despite
the quality of the paper, “There was no rcady, sufficient, and
simpie mode of distinguishing letters which represented
quantity from those which indicated operation™ (p. 11/105).

Boole's work on logic began to appear with a short
book™ of 1347. Babbage read it and annotated it with the
marginal remark “This is the work of a real thinker™ (p.
244). This praise is itself noteworthy: for unlike Boole's
contributions to differential operators, his work on logic did
notarousc strong interest until the early 1860s, when Stanley
Jevons was the first to give it detailed scrutiny.t However,
Babbage did not make use of Boole's ideas developing his
engines. To a modern view this is a pity. for his thinking,
especially on the Analytical Engine, was rather weak on
logical matters.® However, there are intimate and explicit
links between Boole's work on differential operators and on
logic.™ and it scems likely that Babbage would have found
(or did find) similar and thus unsalisfactory conflations in
Boole’s logac, with the same symbol (deliberately) serving
both for the operation of sclecting of objects to form a class
and for the (objectual) class stself. Indeed. while his criti-
asms of Boole's 1844 paper are rather overstated. they are

* Babbage would have attended this 1863 meeting as an “annual
subscriber”; Boole delivered a lectuze™ on differential equations
and ako heard WELL. Russell” praise his contributions to this
subject.

** The sole source of information on this meeting is Boole's letter
sent to Babbage on October 15, 1862, from Cork, recalling the
occasion. mentioning Cambridge, and apologizing for the fzilare 1o
resume contacts (British Library, Add. Ms. 37198, no, 414). This
letter i< noled by Hyman® (p. 249): none survive from Babbape 10
Boole, if any were written.

T On the contacts between Boole and Jevons, see 2n article |
published elsewhere ® In 1870 Jevons developed hisown version of
Boole’s algebra mrto & mechanical inference machine,” There is
some paraliel with Babbage but scemingly no influence, although
Jevons was influenced in general terms by Babbapes 1835 book*
an manulactures.

quite accurale (when meant as criticisms ) on Boole's alpebra
of logic.

Coaversely, although Boole praised in 1860 Babbage's
coninbutions to functional equations™ (p. 208), he would
have found repellent the mechanical aspects of Babbage's
engines. He had stated in his 1847 book™ (p. 2)

To supersede the employment of common reason. or
to subject it to the rigour of technical forms, would be
o the last desire of one who kaows the value of that
intellectual toil and wartare which imparts to the mind
an intellectual vigour, and teaches it to contend with
difficulties and 1o rely upon itself in CINETEencics.

Babbage's motives

I believe my early perception of the immense power
of signs in aiding the reasoning faculty contributed
much to whatever success I may have had.

Babbage, 1864 (p, 11/364)*

Algorithmic theories and methods cccupied Babbage
from his youth to his dying days: they consfitute a most
unusual group of concerns for a scientist. Their origing and
drives must have been powerful.

The case of algebra is particularly instructive, for it came
lo him very young. He recalled that he was “passionately
fond of algebra™ whea still a schoolboy (p. 11/18).f and soon
afterward he was advocating Lagrange’s approach at Cam-
bridge. For a rescarch arca he chose functional equations,
perfectly reasonable choice but by no means a frontline topic
at the tume. Much more orthodox would have been. say,
differential equations and applications to mechanics. Yet he
went to that algorithmic theory and stayed therc for several
years of productive work. Indeed. he never lost ur regretted
his interest in (unctional equations, as we saw in his testi-
mony in the subsection on the Analytical Engine and his
atteation 10 Boole.

What kind of explanation can we offer for the strong
place of algorithmism in Babbage? Sociological elements
make some contribution, in that from Woodhouse
through Babbage and Boole right to the end of the cen-
tury with A. Cayley and JJ. Sylvester, English mathemat-
ics showed a marked concern with algebras of one kind
or another. But such factors are very limited, for an equal
number of nonalgebraic English {near-) contemporarics
and successors can be specificd: the later work of Her-
schel, for example, W, Whewell, G.B, Airy. G.G. Stokes,
and so on. The most similar case is De Morgan, whose
fondness for algebras started out in the common versions
and then passed through functional equations {sce the
subsection on semiotics in Babbage's mathematics) to the
mathematical analysis of syllogistic logic.#f Peacock is
another, less significant, example.

11 On 1hese mathemanical links in De Morgan, see M, Panteki’s
dissertation™ (Chaps. 3, 6). They are largely overlooked in D.D.
Merrill’s otherwise excelleat recent study™ of his logic. Babbage
seemsnot 1o have taken note of De Morgan™s contributioas 1o kgic,
despite the Kinship of some of them to functional cquarions; maybe
they mrc:wntimcd in1b¢ leaching that De Morgan pave 1o Lady
Lovelace.
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Thus 2 personal explanation scems to be required, cen-
tered primarily on Babbage himself — “psychological,”
maybe, though the scare quotes are there to scare off the
psychohistorians.” For some reason algebra came naturally
to Babbage. and the contexts of the tme extended that
inclination into a lifelong interest in matters algorithmsc and
semiotic.** In the quotation sct at the head of this subsec-
tion, he stressed the importance of the semiotic aspects of
his early orientations. The guotaton *“What is there in a
name?” is the first sentence of his antobsography.” And the
quotation on “teol-making animal™ — serving as not a bad
definition of man — is certanly a very good definition of
Babbage himself. Can we see him as a naturally algorith-
micfalgebrasc/semiotic mathematical thinker patched into a
practically oriented personality? Relative to the French
background. was he a [usion of the interests of Lagrange and
de Prony? -4
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