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will take hourly readings of the barometer, thermometer, etc. The 
readings are to start 6 hours before noon on the 21st, taking the 
whole day, and continuing until 6 hours after noon of the 22nd. If the 
21st is a Sunday, they will not begin until the 22nd. It is important 
that the same days are chosen at different parts of the earth.

The persons who will take part in these observations can send their 
results to Sir J. Herschel or M. Babbage, using the Academic as 
intermediary.
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IV

ON THE MATHEMATICAL POWERS
OF THE CALCULATING ENGINE’

(26 December, 1837)

The object of the present volume is to show the degree of assistance 
which mathematical science is capable of receiving from mechanism. I 
may possibly in a separate work describe minutely the mechanism I 
have contrived for that purpose. For the complete understanding of the 
following pages it will be unnecessary to present to the reader more 
than a very general outline of the structure of the engine and if he feel 
indisposed to examine even that, he may pass it over and taking certain 
mechanical data for granted at once proceed to the mathematical 
investigation in which he will find that they are all proved to depend on 
those mechanical data.

The calculating part of the engine may be divided in two portions: 
First. The mill in which all operations are performed
Secondly. The store in which all the numbers are originally placed 

and to which the numbers computed by the engine are returned.
The plate'’ represents a plan of the engine - those circles placed round

’ ‘On the mathematical powers of the calculating engine’ is a manuscript in the Buxton 
MSS collection in the Museum of the History of Science, Oxford. The manuscript was 
given by Babbage to his friend H. W. Buxton, who quoted it at length in his Memoirs of 
the life and labours of the late Charles Babbage (first published 1987). The complete 
manuscript was first published in B. Randell, The origins of digital computers (Berlin etc., 
1973). This version has been lightly edited for readability: the numbering of sections has 
been made uniform; rules ( ) have been used to indicate missing values, and ellipses have 
been used to indicate unfinished passages in the original. All substantive corrections have 
been indicated by footnotes.

'’No plate accompanies the manuscript, but it is likely that Babbage intended to use the 
general plan, no. 25 dated 6 August, 1840, reproduced as the final plate of the appendix of 
this volume.
© Elizabeth Buxton, reprinted with permission.
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the great central wheel constitute the mill whilst that portion which 
adjoins the longitudinal part or rack represents the store.

I OF THE MILL

Two axes with figure wheels, I the ingress axis and "A the egress axis 
connect the mill with the store.

The mill itself consists of:
1. three figure axes
2. three carriage axes
3. ten table figure axes
4. digit counting apparatus
5. selecting apparatus
6. barrels
7. reducing apparatus for barrels
8. operation cards
9. repeating apparatus

10. combinatorial counting apparatus.

1. Of the figure axes

The figure axes A and 'A are connected with each other without the 
intervention of the central wheels so that a number on the figure wheels 
of one axis may be transferred to those of the other.

These figure wheels are considerably larger than any others in order 
to allow of sufficient space on their circumference for placing the 
pinions by which communications are made with other parts of the mill.

By means of some of these pinions a process called stepping down and 
another called stepping up may be performed. It consists in shifting each 
digit of a number one cage lower or one cage higher, which processes 
are equivalent to the arithmetical operations of dividing or multiplying 
the number by ten.

Other pinions are fixed on register axes R and Ri and convey the two 
highest figures of the dividend to the selecting apparatus. The third 
figure axis "A is placed near the store and constitutes the egress axis. It 
is adjacent to the digit counting apparatus with which it communicates.
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2. Carriage axes

These axes F, 'F, "F with their peculiar apparatus are employed to 
execute the carriage of the tens when numbers are added to or 
subtracted from each other. The carriages F and 'F can be both 
connected with the figure axis A or one of them with the figure axis A 
and the other with 'A or they may by means of the central wheels be 
connected with any other part of the mill. The third carriage "F is 
connected both with the mill and the store and may be used with either.

Whenever the number subtracted is greater than that from which it is 
taken the resulting carriages would if effected, and if the mechanism 
admitted, produce a carriage in the forty-first cage. This fact is taken 
advantage of for many purposes - it is one of very great importance and 
when it happens a running up is said to occur. Connected with this part 
is a lever on which the running up warning acts and this lever governs 
many parts of the engine according as the circumstances demand.

3. Table figure axes

These axes are ten in number, nine of them contain the table of the nine 
multiples of one factor in multiplication and of the divisor in division. 
The tenth contains the complement of the divisor in the latter 
operation. They are all connected with the central wheels and the 
number on each figure wheel can be stepped up or down upon the other 
figure wheel of the same cage. The figure which at each stepping goes off 
from the bottom wheel is transferred to the top wheel.

4. Of the digit counting apparatus

This is a mechanism by which the digits of any number brought into the 
mill may be counted and certain calculations made as to the position of 
the decimal point in the result of multiplication and division. It is also 
used to limit the number of figures employed when the engine is making 
successive approximations, either to the roots of equations or to the 
values of certain functions. It consists of three distinct systems nearly 
similar to each other.
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5. Of the selecting apparatus

When a table of the nine multiples of a multiplicand has been made it 
becomes necessary in order to effect multiplication to select successively 
those multiples indicated by the successive digits of the multiplier. This 
mechanically is not difficult. But when in the process of division it 
becomes requisite to select that multiple which is next less than the 
dividend from which it is to be subtracted the mechanical difficulty is of 
quite a different order and hitherto nothing but the most refined 
artifices have been found for accomplishing it. This refinement relates 
however entirely to the nature of those contrivances not to the certainty 
of their action nor to any delicacy of workmanship.

The apparatus consists of a portion of the carrying apparatus for 
three figure wheels which by the addition of another contrivance 
renders them available for the purpose of making the selection. This 
apparatus is placed immediately below the table axes.

6. Of the barrels

The barrels are upright cylinders divided into about seventy rings, the 
circumference of each ring being divided into about eighty parts. A stud 
may be fixed on any one or more of these portions of each ring. Thus 
each barrel presents about eighty vertical columns every one of which 
contains a different combination of fixed studs.

These barrels have two movements:
1. They can advance horizontally by a parallel motion of their axis.
2. They can turn in either direction and to any extent on their axis. 
When the barrels advance horizontally these studs act on levers

which cause various movements in the mill, the stud belonging to each 
ring giving a different order.

Amongst these movements or rather these orders for movements the 
following may be more particularly noticed. The advance of a barrel 
may order:

1. A number with its sign to be received into the mill from the ingress 
axis.

2. A number with its sign to be given off from the mill. This number 
may thus be either altogether obliterated from the mill or it may at the 
same time be received on the egress wheel or the number may be given
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off from the mill to the egress wheel and at the same time be itself 
retained in the mill.

3. A variable card to be turned.
4. An operation card to be turned.
5. The circular movement of the barrel itself or of any other barrel to 

another vertical. This always occurs at every step from the beginning to 
the end of what are called operations. The barrels when once ordered by 
the operation cards from their zero point to any given vertical always 
direct themselves to be turned to another vertical preparatory to their 
next advance. This circular motion is however occasionally changed by 
an action arising from another source.

7. Of the reducing apparatus

Behind each barrel is placed a reducing apparatus. It consists of six or 
eight sectors which can be made to act upon the barrel and give it a 
rotatory movement so as to make it pass over 1, 2, 3, or any required 
number of verticals previously to its next advance.

The levers which put these sectors into action are acted upon by:
1. the studs on their own barrel
2. the studs on any other barrel
3. the operating cards
4. the running up levers.
The first and third of these sources of action occur most frequently.

8. Of the operation cards

Those who are acquainted with the cards of a Jacquard’s loom will readily 
understand the functions performed by these cards. To those who are 
unacquainted with that beautiful contrivance it may be necessary to 
state that the cards consist of pieces of thick pasteboard, tin plate, or 
sheet zinc pierced with a number of holes; these cards being strung 
together by wire or tape hinges pass over a square prism.

This prism is situated in front of a number of levers placed in rows 
which govern the reducing apparatus and consequently the barrels. The 
faces of the prism are perforated so as to present an opening opposite 
every lever.

If the prism alone is made to advance horizontally against these
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 i

n 
or

de
r 

to
 e

ns
ur

e 
th

e 
ab

se
nc

e 
of

 e
rr

or
 f

ro
m

 c
op

yi
ng

 it
s 

an
sw

er
s.

A 
se

t o
f t

hi
n 

ci
rc

ul
ar

 r
in

gs
 h

av
in

g 
m

et
al
 ty

pe
s 

of
 th

e 
di

gi
ts 

fix
ed

 a
t 

eq
ua

l 
di

st
an

ce
s 

on
 

th
ei

r 
ed

ge
s 

an
d 

th
em

se
lv

es
 

go
ve

rn
ed
 

by
 

th
e
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3

ca
lc

ul
at

in
g 

w
he

el
s 

on
 w

hi
ch

 th
e 

re
su

lt 
is 

pl
ac

ed
 a

re
 to

 b
e 

pr
es

se
d 

do
w

n 
at

 in
te

rv
al

s 
on

 a
 s

he
et

 o
f p

ap
er

 c
ov

er
ed

 b
y 

an
ot

he
r s

he
et

 o
f c

ar
bo

ni
ze

d 
pa

pe
r. 

Th
is 

pa
pe

r 
is 

fix
ed
 i

n 
a 

pl
at

fo
rm

 h
av

in
g 

pr
op

er
 m

ot
io

ns
 f

or
 

pl
ac

in
g 

th
e 

pr
in

te
d 

re
su

lts
 in

 r
ig

ht
 o

rd
er

.
Th

us
 a

 s
in

gl
e 

an
d 

co
rr

ec
t c

op
y 

m
ay

 b
e 

pr
od

uc
ed

 a
lth

ou
gh

 f
ro

m
 th

e 
na

tu
re

 o
f t

he
 p

ro
ce

ss
 th

e 
ex

ec
ut

io
n 

of
 th

e 
pr

in
tin

g 
w

ou
ld

 n
ot

 b
e 

of
 th

e 
hi

gh
es

t o
rd

er
.

If
 h

ow
ev

er
 m

an
y 

pr
in

te
d 

co
pi

es
 a

re
 r

eq
ui

re
d 

th
en

 it
 is

 in
te

nd
ed

 th
at

 
th

e 
ty

pe
 s

o 
ar

ra
ng

ed
 s

ha
ll 

be
 m

ad
e 

to
 im

pr
es

s t
he

ir 
ch

ar
ac

te
rs

 o
n 

a 
so

ft 
su

bs
ta

nc
e 

fr
om

 w
hi

ch
 m

ou
ld

 a
 s

te
re

ot
yp

e 
pl

at
e 

m
ay

 b
e 

ca
st.

6. 
C

op
pe

rp
la

te
 p

un
ch

in
g 

ap
pa

ra
tu

s

If
 it

 s
ho

ul
d 

be
 d

ee
m

ed
 n

ec
es

sa
ry

 t
o 

pr
in

t 
ta

bl
es

 o
r 

ca
lc

ul
at

io
ns

 u
po

n 
co

pp
er

pl
at

e 
an

 a
pp

ar
at

us
 h

as
 b

ee
n 

co
nt

riv
ed

 f
or
 t

ha
t 

pu
rp

os
e.
 T

hi
s 

pr
oc

es
s 

is 
ne

ce
ss

ar
ily

 s
lo

w
er

 in
 it

s 
op

er
at

io
n 

th
en

 th
e 

fo
rm

er
 m

od
es

 o
f 

re
nd

er
in

g 
th

e 
ca

lc
ul

at
ed
 

re
su

lts
 

pe
rm

an
en

t. 
It 

ha
s 

ho
w

ev
er
 

th
e 

ad
va

nt
ag

e 
of

 p
os

se
ss

in
g 

gr
ea

te
r c

le
ar

ne
ss

 a
lth

ou
gh

 th
e 

ad
di

tio
na

l c
os

t 
of

 ta
ki

ng
 o

ff 
im

pr
es

si
on

 m
ay

 in
 s

om
e 

in
st

an
ce

s 
be

 o
bj

ec
tio

na
bl

e.
Si

nc
e, 

ho
w

ev
er

, t
he

 i
nv

en
tio

n 
of

 th
e 

nu
m

be
r 

ca
rd

s 
th

es
e 

m
od

es
 o

f 
pr

in
tin

g 
or
 e

ng
ra

vi
ng
 h

av
e 

ce
as

ed
 t

o 
be

co
m

e 
es

se
nt

ia
l 

pa
rts
 o

f 
a 

ca
lc

ul
at

in
g 

en
gi

ne
. T

he
 a

bs
ol

ut
e 

ce
rta

in
ty

 o
f e

ve
ry

 p
rin

te
d 

re
su

lt 
ca

n 
no

w
 b

e 
ob

ta
in

ed
 a

lth
ou

gh
 th

e 
pr

in
tin

g 
m

ec
ha

ni
sm

 b
e 

to
ta

lly
 d

et
ac

he
d 

fr
om

 t
he

 c
al

cu
la

tin
g 

po
rti

on
 o

f 
th

e 
en

gi
ne

, a
n 

im
pr

ov
em

en
t 

w
hi

ch
 i

t 
w

as
 im

po
ss

ib
le
 t

o 
m

ak
e 

un
til

 th
at

 p
oi

nt
 o

f t
he

 e
nq

ui
ry

 w
as

 a
tta

in
ed

.
Th

e 
ca

rd
s 

on
 w

hi
ch

 th
e 

re
su

lts
 a

re
 p

un
ch

ed
 m

ay
 th

em
se

lv
es

 b
e 

pl
ac

ed
 

in
 a
 d

is
tin

ct
 m

ac
hi

ne
 a

nd
 f

ro
m
 t

he
 h

ol
es
 f

or
m

ed
 i

n 
th

em
 t

he
 n

ew
 

m
ac

hi
ne

 m
ay

 e
ith

er
 e

ng
ra

ve
 o

r p
rin

t t
he

m
 a

s i
t m

ay
 h

av
e 

be
en

 p
re

pa
re

d 
to

 o
pe

ra
te

.

7. 
C

ur
ve

 d
ra

wi
ng

 a
pp

ar
at

us

Th
e 

di
sc

ov
er

y 
of

 la
w

s 
fr

om
 th

e 
ex

am
in

at
io

n 
of

 a 
m

ul
tit

ud
e 

of
 ta

bu
la

te
d 

an
d 

re
du

ce
d 

ob
se

rv
at

io
ns

 i
s 

gr
ea

tly
 a

ss
is

te
d 

by
 t

he
 r

ep
re

se
nt

at
io

n 
of

 
su

ch
 ta

bl
es

 in
 th

e 
fo

rm
 o

f c
ur

ve
s.

A
s o

ne
 o

f t
he

 e
m

pl
oy

m
en

ts
 o

f a
 c

al
cu

la
tin

g 
en

gi
ne

 w
ou

ld
 b

e 
to

 re
du

ce
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co
lle

ct
io

ns
 o

f f
ac

ts 
by

 s
om

e 
co

m
m

on
 fo

rm
ul

a,
 I 

th
ou

gh
t t

ha
t a

t t
he

 ti
m

e 
it 

im
pr

es
se

d 
th

e 
co

m
pu

te
d 

re
su

lts
 it

 w
ou

ld
 b

e 
de

si
ra

bl
e 

th
at

 it
 s

ho
ul

d 
m

ar
k 

th
e 

po
in

t 
of

 a
 c

or
re

sp
on

di
ng

 c
ur

ve
 u

po
n 

pa
pe

r 
or
 c

op
pe

r 
if 

pr
ef

er
re

d.
 T

he
 t

hr
ee

 o
r 

fo
ur

 f
irs

t f
ig

ur
es

 o
f t

he
 ta

bl
e 

w
ill

 b
e 

ex
pr

es
se

d 
by

 t
he

 c
ur

ve
. 

Th
e 

co
nt

riv
an

ce
s 

fo
r 

th
is
 p

ur
po

se
 a

re
 n

ot
 d

iff
ic

ul
t 

an
d 

th
ei

r 
em

pl
oy

m
en

t d
oe

s 
no

t l
en

gt
he

n 
th

e 
tim

e 
of

 th
e 

ca
lc

ul
at

io
n.

8. 
Va

ria
bl

e 
ca

rd
s

Th
e 

va
ria

bl
e 

ca
rd

s 
ar

e 
ap

po
in

te
d 

fo
r 

th
e 

go
ve

rn
m

en
t 

of
 th

e 
va

rio
us

 
pa

rts
 w

hi
ch

 c
on

st
itu

te
 t

he
 s

to
re

. 
Li

ke
 a

ll 
th

e 
ot

he
r 

ca
rd

s 
th

ey
 a

ct
 b

y 
pu

sh
in

g 
fo

rw
ar

d 
ce

rta
in
 l

ev
er

s 
pl

ac
ed

 i
n 

fr
on

t 
of

 th
em

. 
Th

es
e 

le
ve

rs
 

ca
us

e 
th

e 
m

ot
io

ns
 o

f 
th

e 
se

ve
ra

l 
pa

rts
 o

f 
th

e 
st

or
e 

w
hi

ch
 h

av
e 

be
en

 
de

sc
rib

ed
.

It 
is 

ne
ce

ss
ar

y 
in

 th
e 

pr
es

en
t w

or
k 

to
 c

on
si

de
r 

on
ly

: t
he

 f
ig

ur
e 

ax
es

; 
th

e 
nu

m
be

r, 
va

ria
bl

e,
 c

om
bi

na
to

ria
l, 

an
d 

op
er

at
io

n 
ca

rd
s;

 a
nd

 th
e 

ca
rd

 
pu

nc
hi

ng
 a

pp
ar

at
us

.’
W

ith
 re

sp
ec

t t
o 

th
es

e,
 th

e 
pr

in
ci

pl
e 

fu
nc

tio
ns

 o
f t

he
 v

ar
ia

bl
e 

ca
rd

s w
ill

 
be

 t
o 

di
re

ct
:

1. 
A 

nu
m

be
r 

an
d 

its
 s

ig
n 

to
 b

e 
gi

ve
n 

of
f f

ro
m

 a
ny

 s
to

re
 a

xi
s 

to
 t

he
 

in
gr

es
s 

ax
is.

2. 
A 

nu
m

be
r 

an
d 

its
 s

ig
n 

to
 b

e 
re

ce
iv

ed
 u

po
n 

an
y 

st
or

e 
ax

is.
3. 

A
ny

 n
um

be
r a

nd
 it

s 
si

gn
 to

 b
e 

gi
ve

n 
of

f f
ro

m
 th

e 
nu

m
be

r c
ar

ds
 to

 
th

e 
w

he
el

s 
on

 th
e 

nu
m

be
r 

ax
is.

4.
 A

ny
 n

um
be

r 
an

d 
its
 s

ig
n 

to
 b

e 
gi

ve
n 

of
f 

to
 t

he
 c

ar
d 

pu
nc

hi
ng

 
ap

pa
ra

tu
s 

an
d 

a 
co

rr
es

po
nd

in
g 

ca
rd

 to
 b

e 
pu

nc
he

d.
Th

e 
nu

m
be

r 
of

 le
ve

rs
 n

ec
es

sa
ry

 fo
r 

th
es

e 
pu

rp
os

es
 is

 n
ot

 s
o 

la
rg

e 
as

 
m

ig
ht
 a

t 
fir

st 
ap

pe
ar

, 
co

ns
eq

ue
nt

ly
 t

he
 c

ar
ds
 n

ee
d 

no
t 

ap
pr

oa
ch

 a
n 

in
co

nv
en

ie
nt

 m
ag

ni
tu

de
. F

or
 e

xa
m

pl
e 

fo
ur

te
en

 le
ve

rs
 a

nd
 th

ei
r e

qu
iv

a­
le

nt
 fo

ur
te

en
 h

ol
es

 w
ill

 b
e 

al
l t

ha
t i

s 
re

qu
ire

d 
in

 th
e 

th
ird

 o
f t

he
 a

bo
ve

 
di

vi
si

on
s 

fo
r 

ei
gh

t t
ho

us
an

d 
va

ria
bl

es
.

If
 t

he
 o

th
er
 a

pp
en

da
ge

s 
to
 t

he
 s

to
re
 w

hi
ch
 h

av
e 

be
en
 a

lre
ad

y 
de

sc
rib

ed
 s

ho
ul

d 
be

 t
ho

ug
ht
 n

ec
es

sa
ry
 a

 s
m

al
l 

nu
m

be
r 

of
 a

dd
iti

on
al

 
le

ve
rs

 m
us

t b
e 

ad
de

d.

“T
hi

s 
pa

ra
gr

ap
h 

ha
s 

be
en

 r
ew

or
de

d 
to

 i
nc

or
po

ra
te

 a
n 

ad
de

nd
um

 to
 t

he
 m

an
us

cr
ip

t.
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3

II
I 

O
F 

O
P

E
R

A
T

IO
N

S

Th
e 

op
er

at
io

ns
 w

hi
ch

 c
an

 b
e 

pe
rf

or
m

ed
 in

 th
e 

m
ill

 a
re

 t
he

 f
ol

lo
w

in
g:

ad
di

tio
n

su
bt

ra
ct

io
n

m
ul

tip
lic

at
io

n
di

vi
si

on
ex

tra
ct

io
n 

of
 ro

ot
s.

Th
es

e 
fiv

e 
pr

oc
es

se
s 

ar
e 

al
l w

hi
ch

 it
 w

ill
 b

e 
ne

ce
ss

ar
y 

to
 c

on
si

de
r 

in
 

th
e 

pr
es

en
t 

vo
lu

m
e.
 

O
th

er
s 

m
ig

ht
 b

e 
ad

de
d 

if 
re

qu
ire

d 
an

d 
th

e 
ad

di
tio

na
l 

m
ec

ha
ni

sm
 w

ou
ld
 b

e 
sm

al
l, 

ne
w
 b

ar
re

ls
 w

ith
 s

tu
ds

 d
iff

er
­

en
tly

 a
rr

an
ge

d 
w

ou
ld

 b
e 

ne
ar

ly
 t

he
 w

ho
le

 c
ha

ng
e.

If
 th

es
e 

op
er

at
io

ns
 a

re
 m

er
el

y 
vi

ew
ed

 i
n 

an
 a

rit
hm

et
ic

al
 l

ig
ht
 t

he
 

en
gi

ne
 w

ou
ld
 g

re
at

ly
 a

ss
is

t 
us

 in
 t

he
 n

um
er

ic
al
 c

al
cu

la
tio

ns
 t

o 
w

hi
ch

 
an

al
ys

is
 l

ea
ds

, 
bu

t 
it 

po
ss

es
se

s 
th

e 
po

w
er
 o

f 
tre

at
in

g 
th

e 
si

gn
s 

of
 th

e 
qu

an
tit

ie
s 

on
 w

hi
ch

 i
t 

op
er

at
es

 a
cc

or
di

ng
 t

o 
th

e 
ru

le
s 

of
 a

lg
eb

ra
 a

nd
 

th
us

 it
s 

us
e 

is 
gr

ea
tly

 e
xt

en
de

d.

1. 
Ad

di
tio

n

Th
er

e 
ar

e 
th

re
e 

pr
in

ci
pl

es
 o

n 
w

hi
ch
 m

ec
ha

ni
ca

l 
m

od
es
 o

f 
ad

di
ng

 
nu

m
be

rs
 to

ge
th

er
 m

ay
 b

e 
co

ns
tru

ct
ed

.
A

n 
ax

is 
pa

ss
in

g 
th

ro
ug

h 
a 

w
he

el
 w

ho
se

 c
irc

um
fe

re
nc

e 
is 

di
vi

de
d 

in
to

 
te

n 
pa

rts
 m

ay
 b

e 
co

nc
ei

ve
d 

at
 c

er
ta

in
 p

er
io

ds
 t

o 
m

ak
e 

a 
re

vo
lu

tio
n 

in
de

pe
nd

en
tly

 o
f t

he
 w

he
el

. T
hi

s 
ax

is
 th

er
ef

or
e 

w
ill

, w
he

ne
ve

r i
t m

ov
es

, 
ha

ve
 a

n 
an

gu
la

r 
m

ot
io

n 
of

 o
ne

 c
irc

um
fe

re
nc

e 
w

hi
ch

 i
s 

eq
ua

l 
to
 t

en
 

di
vi

si
on

s 
on

 th
e 

w
he

el
.

N
ow

 if
 a
 s

tu
d 

pr
oj

ec
ts
 f

ro
m

 t
he

 u
pp

er
 s

ur
fa

ce
 o

f t
he

 w
he

el
 a

nd
 if

 a
 

fix
ed

 a
rm

 p
ro

je
ct
 f

ro
m

 th
e 

ax
is 

in
 t

he
 s

am
e 

pl
an

e,
 t

he
n 

w
he

ne
ve

r 
th

e 
ax

is
 r

ev
ol

ve
s 

its
 a

rm
 w

ill
 a

t 
so

m
e 

pe
rio

d 
in
 i

ts
 r

ev
ol

ut
io

n 
co

m
e 

in
to

 
co

nt
ac

t w
ith

 t
he

 s
tu

d 
on

 t
he

 w
he

el
 a

nd
 w

ill
 c

ar
ry

 it
 f

or
w

ar
d 

un
til

 th
e 

ax
is
 s

to
ps

.
If
 t

he
 w

he
el
 h

ad
 b

ee
n 

so
 p

la
ce

d 
pr

ev
io

us
ly
 t

o 
th

e 
m

ov
em

en
t 

of
 

th
e 

ax
is 

th
at

 th
e 

st
ud

 u
po

n 
th

e 
w

he
el

 st
oo

d 
on

e d
iv

isi
on

 in
 a

dv
an

ce
 o

f t
he

 
ar

m
 t

he
n 

th
e 

w
he

el
 w

ou
ld

 h
av

e 
be

en
 d

riv
en

 o
ve

r 
ni

ne
 d

iv
is

io
ns

; i
f t

he
 

w
he

el
 h

ad
 b

ee
n 

so
 p

la
ce

d 
at

 th
e 

co
m

m
en

ce
m

en
t t

ha
t t

he
 s

tu
d 

ha
d 

be
en

 
si

x 
di

vi
si

on
s i

n 
ad

va
nc

e 
of

 th
e 

ar
m

 th
en

 it
 w

ou
ld

 h
av

e 
be

en
 m

ov
ed

 o
ve

r 
fo

ur
 d

iv
is

io
ns

. I
n 

th
e 

fir
st

 c
as

e 
th

e 
nu

m
be

r n
in

e 
w

ou
ld

 h
av

e 
be

en
 a

dd
ed
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to
 th

e 
w

he
el

 a
nd

 in
 th

e 
la

tte
r c

as
e 

th
e 

nu
m

be
r f

ou
r.

 T
hi

s 
ad

di
tio

n 
m

ig
ht

 
be

 c
om

m
un

ic
at

ed
 b

y 
a 

pi
ni

on
 to

 a
ny

 o
th

er
 w

he
el

.
Th

us
 b

y 
rig

ht
ly

 p
la

ci
ng

 th
e 

fir
st

 w
he

el
, a

ny
 n

um
be

r f
ro

m
 o

ne
 to

 n
in

e 
m

ay
 b

e 
ad

de
d 

to
 a

 s
ec

on
d 

w
he

el
. W

he
n 

su
ch

 m
ec

ha
ni

sm
 is

 e
m

pl
oy

ed
 

th
e 

ax
is 

m
ov

es
 u

ni
fo

rm
ly
 r

ou
nd

 a
nd

 p
ic

ks
 u

p 
th

e 
w

he
el
 a

t 
a 

tim
e 

de
pe

nd
en

t o
n 

th
e 

di
gi

t i
t i

s t
o 

ad
d.

 A
lso

 th
e 

m
ot

io
ns

 o
f t

he
 w

he
el

 a
nd

 o
f 

th
e 

ax
is 

te
rm

in
at

e 
to

ge
th

er
.

A
no

th
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WORKS OF BABBAGE: VOLUME 3

This mechanism may be constructed upon three different principles. 
It may be; successive in its operation; it may postpone its operations, it 
may anticipate operations.

Carriage may be successive in its operations. Those of the first class 
are the most simple but the time necessary for the performance is an 
effective impediment to their employment in engines like that we are 
considering. Let us suppose unity to be added to 999999 then

Add together 1
00999999

Time of 1st carriage 00999990
1

Time of 2nd carriage 00999900
1

Time of 3rd carriage 00999000
1

Time of 4th carriage 00990000
1

Time of Sth carriage 00900000
1

Time of 6th carriage 00000000
1

01000000

The time necessary for the mere addition and leaving a notice that the 
first figure in the right has passed a ten (which is indicated by putting 
the unity below the tens figure) must be at least equal to that which is 
required for the figure wheel to pass over nine divisions. Now the time 
for adding the first ten which is carried and giving notice of the second 
will be equal to one division and so on, so that at the end of the sixth 
carriage a time equal to fifteen divisions will have been passed over and 
it is to be observed that another division must be allowed because the 
machine cannot know that there is not another carriage due to the 
seventh figure.

30

CALCULATING ENGINES: II

Thus in an engine having forty figures we should have for every 
addition and its carriage

for addition 9
for 39 possible carriages 39

48

So that in fact the time consumed in making the carriage of the tens 
would be more than four times as much as that required for addition. 
Modes have been contrived for shortening this time but it is evident 
there is a limit beyond which it cannot be reduced.

Carriage may postpone its operations. When many additions are to be 
made to the same quantity, as in multiplication, time might be saved by 
reserving the notices of carriage and executing them altogether.

Carriage may anticipate its operations. If the mechanism which 
carries could be made to foresee* that its own carriage of a ten to the 
digit above when that digit happens to be a nine would at the next step 
give notice of a new carriage then a contrivance might be made by 
which, acting on that knowledge, it should effect both carriages at once. 
Thus, after the addition of the numbers below

Time of addition 123456
346601

Time of 1st carriage 469057
1

Time of 2nd carriage 460057
1

470057

* In substituting mechanism for the performance of operations hitherto executed by 
intellectual labour it is continually necessary to speak of contrivances by which certain 
alterations in parts of the machine enable it to execute or refrain from executing particular 
functions. The analogy between these acts and the operations of mind almost forced upon 
me the figurative employment of the same terms. They were found at once convenient and 
expressive and I prefer continuing their use rather than substituting lengthened 
circumlocutions.

For instance, the expression ‘the engine knows, etc.’ means that one out of many 
possible results of its calculations has happened and that a certain change in its 
arrangement has taken place by which it is compelled to carry on the next computation in 
a certain appointed way.

31



W
O

R
K

S
 

O
F

 
B

A
B

B
A

G
E

: 
V

O
L

U
M

E
 

3
 

If
 a

t 
th

e 
ti

m
e 

o
f 

th
e 

fi
rs

t 
ca

rr
ia

g
e 

th
e 

en
g
in

e 
k

n
ew

 t
h

e 
n

ex
t 

n
u

m
b

er
 t

o
 

w
h

ic
h

 i
t 

w
a
s 

a
b

o
u

t 
to

 c
a
rr

y
 w

a
s 

a
 n

in
e 

a
n

d
 t

h
a
t 

co
n

se
q

u
en

tl
y
 i

t 
w

o
u

ld
 

af
te

rw
ar

ds
 b

ec
o

m
e 

n
ec

es
sa

ry
 t

o
 g

iv
e 

n
o

ti
ce

 o
f 

a
n

d
 t

o
 c

a
rr

y
 a

n
o

th
er

 t
en

 

th
en

 i
t 

m
ig

h
t 

b
e 

ta
u

g
h

t 
to

 e
x

ec
u

te
 b

o
th

 t
h

es
e 

ca
rr

ia
g
es

 a
t 

th
e 

sa
m

e 
ti

m
e 

a
n

d
 c

o
n

se
q

u
en

tl
y

 t
o

 a
n

ti
ci

p
a
te

 t
h

e 
ti

m
e 

o
f 

th
e 

se
co

n
d

 c
a

rr
ia

g
e.

 

T
h

is
 o

b
je

ct
 i

s 
o

f 
su

ch
 i

m
p

o
rt

a
n

ce
 t

h
a

t 
it

 i
s 

w
o

rt
h

y
 o

f 
a

n
y

 l
a

b
o

u
r 

to
 

o
b

ta
in

 a
 p

la
n

 a
t 

o
n

ce
 s

im
p

le
 a

n
d

 e
ff

ec
ti

v
e.

 I
 h

a
v
e 

co
n

tr
iv

ed
 s

ev
er

a
l; 

th
a

t 

w
h

ic
h

 
is

 
a
d

o
p

te
d

 
in

 
th

e 
p

re
se

n
t 

en
g
in

e 
is

 
p

er
fe

ct
ly

 
se

cu
re

 
a

n
d

 

co
n

si
d

er
in

g
 t

h
e 

v
er

y
 c

o
m

p
li

ca
te

d
 n

a
tu

re
 o

f 
th

e 
co

n
d

it
io

n
s 

it
 i

s 
n

o
t 

v
er

y
 

d
efi

ci
en

t 
in

 s
im

p
li

ci
ty

. 
T

h
is

 e
x

tr
em

e 
co

m
p

li
ca

ti
o

n
 o

f 
th

e 
co

n
d

it
io

n
s 

w
il

l 

p
er

h
a

p
s 

b
e 

m
o

re
 f

el
t 

b
y

 c
o

n
si

d
er

in
g

 t
h

e 
fo

ll
o

w
in

g
 c

a
se

s•
 

T
im

e 
o

f 
a
d

d
it

io
n

 

T
im

e 
o

f 
ca

rr
ia

g
e 

T
im

e 
o

f 
a
d

d
it

io
n

 

0
0
6
0
1
2
3
4
5
6
7
8
 

0
0
1
9
8
7
6
5
5
0
2
2
 

0
0
7
9
9
9
9
9
0
6
9
0
 

1
 

0
0
8
0
0
0
0
0
0
7
0
0
 

0
0
0
4
3
6
5
7
8
0
0
6
4
1
2
8
9
7
6
4
3
8
0
5
2
 

0
0
0
5
6
3
4
2
3
8
9
9
0
7
7
1
0
2
3
5
6
2
0
4
8
 

0
0
0
9
9
9
9
9
1
8
9
5
4
8
9
9
9
9
9
9
9
0
0
9
0
 

1 
I 

0
0
1
0
0
0
0
0
!
9
0
5
4
9
0
0
0
0
0
0
0
0
1
0
0
 

T
h

e 
co

m
p

le
x

it
y
 a

ri
se

s 
fr

o
m

 t
h

e 
ci

rc
u

m
st

a
n

ce
 t

h
a
t 

th
e 

re
su

lt
 o

f 
a

n
y

 

ca
rr

ia
g

e 
m

a
y 

eff
ec

t 
th

e 
v
a
lu

e 
o

f 
ev

er
y 

fi
g
u

re
 o

n
 i

ts
 l

ef
t 

h
a
n

d
 a

n
d

 t
h

a
t 

th
e 

eff
ec

t 
o

f 
an

y 
ca

rr
ia

g
e 

m
a

y
 t

er
m

in
a

te
 a

t 
a

n
y

 d
ig

it
 a

n
d

 a
 n

ew
 c

a
rr

ia
g
e 

m
a

y
 

co
m

m
en

ce
 i

ts
 e

ff
ec

t 
a

t 
th

e 
su

cc
ee

d
in

g
 o

n
e;

 a
n

d
 t

h
is

 l
ik

e 
it

s 
p

re
d

ec
es

so
r 

m
a

y
 o

r 
m

a
y
 n

o
t 

b
e 

th
e 

p
re

cu
rs

o
r 

o
f 

m
a

n
y

 o
th

er
s.

 

2
.

O
f

 th
e 

a
lg

eb
ra

ic
 s

ig
n

s 
as

 u
se

d 
in

 a
dd

it
io

n

It
 h

a
s 

b
ee

n
 a

lr
ea

d
y
 s

ta
te

d
 t

h
a
t 

a
b

o
v

e 
ev

er
y
 s

et
 o

f 
fo

rt
y

 fi
g
u

re
 w

h
ee

ls
 

th
er

e 
is

 i
n

 t
h

e 
4

1s
t 

ca
g
e 

a
 s

ig
n

 w
h

ee
l 

a
n

d
 a

ls
o

 t
h

a
t 

th
is

 s
ig

n
 w

h
ee

l 
is

 

d
iv

id
ed

 l
ik

e 
th

e 
fi

g
u

re
 w

h
ee

ls
 i

n
to

 a
 n

u
m

b
er

 o
f 

p
a
rt

s 
w

h
ic

h
 i

s 
eq

u
a
l 

to
 

• 
T

h
e 

d
ia

g
ra

m
 h

a
s 

b
ee

n
 c

o
rr

ec
te

d
.

3
2
 

C
A

L
C

U
L

A
T

I
N

G
 

E
N

G
I
N

E
S

: 
I

I
 

so
m

e 
m

u
lt

ip
le

 o
ft

en
, t

h
e 

si
g

n
 m

in
u

s 
b

ei
n

g
 e

n
g
ra

v
ed

 o
n

 t
h

e 
o

d
d

, t
h

e 
si

g
n

 

p
lu

s 
o

n
 t

h
e 

ev
en

 d
iv

is
io

n
s.

 

N
o

w
 w

h
en

 t
h

es
e 

w
h

ee
ls

 a
ll

 s
ta

n
d

 a
t 

ze
ro

 t
h

e 
si

g
n

 w
h

ee
l 

b
ei

n
g

 a
ls

o
 

ze
ro

 w
il

l 
p

re
se

n
t 

th
e 

p
o

si
ti

v
e 

si
g
n

. 

W
h

en
 a

 p
o

si
ti

v
e 

n
u

m
b

er
 i

s 
a

d
d

ed
 i

ts
 s

ig
n

 b
ei

n
g

 fi
x

ed
 o

n
 s

o
m

e 
ev

en
 

n
u

m
b

er
 
th

e 
si

g
n

 w
h

ee
l 

o
f 

th
e 

in
g
re

ss
 

a
x
is

 
w

il
l 

b
e 

a
d

v
a

n
ce

d
 
b

y
 
a
n

 

ev
en

 n
u

m
b

er
 o

f 
d

ig
it

s 
a

n
d

 m
u

st
 c

o
n

se
q

u
en

tl
y
 p

re
se

n
t 

so
m

e 
o

th
er

 e
v

en
 

n
u

m
b

er
 o

n
 w

h
ic

h
 w

il
l 

a
p

p
ea

r 
th

e 
si

g
n

 p
lu

s.
 

T
h

e 
in

g
re

ss
 w

h
ee

ls
 o

f 
th

e 
m

il
l 

w
h

ic
h

 r
ec

ei
v

e 
a
n

y
 n

u
m

b
er

 r
ec

ei
v

e 
a

ls
o

 

it
s 

si
g
n

, 
b

u
t 

a
s 

th
e 

n
u

m
b

er
 o

n
 t

h
e 

in
g
re

ss
 w

h
ee

ls
 w

a
s 

ze
ro

 a
n

d
 t

h
e 

si
g

n
 

p
lu

s,
 
th

e 
a
d

d
it

io
n

 m
er

el
y

 c
a
u

se
s 

th
e 

in
g
re

ss
 w

h
ee

ls
 t

o
 s

ta
n

d
 
a

t 
th

e 

n
u

m
b

er
 e

n
te

ri
n

g
 a

n
d

 t
h

e 
si

g
n

 t
o

 r
em

a
in

 a
s 

it
 w

a
s 

b
ef

o
re

, n
a
m

el
y
 a

t 
p

lu
s.

 

F
o

r 
th

e 
4

1s
t 

w
h

ee
l 

st
o

o
d

 a
t+

 o
r 

a
t 

a
n

 e
v
en

 n
u

m
b

er
, t

h
e 

a
d

d
it

io
n

 o
f+

 

o
r 

a
n

y
 o

th
er

 e
v
en

 n
u

m
b

er
 w

il
l 

p
ro

d
u

ce
 a

n
 e

v
en

 n
u

m
b

er
 o

n
 t

h
is

 w
h

ee
l 

a
n

d
 c

o
n

se
q

u
en

tl
y
 i

t 
w

il
l 

st
il

l 
p

re
se

n
t 

th
e 

si
g
n

 p
lu

s.
 I

f 
o

n
 t

h
e 

o
th

er
 h

a
n

d
 

th
e 

n
u

m
b

er
 e

n
te

ri
n

g
 h

a
s 

th
e 

n
eg

a
ti

v
e 

si
g

n
 t

h
en

 i
ts

 s
ig

n
 w

h
ee

l 
st

a
n

d
s 

a
t 

a
n

 o
d

d
 d

iv
is

io
n

 a
n

d
 a

s 
a

n
 o

d
d

 n
u

m
b

er
 a

d
d

ed
 t

o
 a

n
 e

v
en

 o
n

e 
p

ro
d

u
ce

s 

a
n

 o
d

d
 n

u
m

b
er

 t
h

e 
si

g
n

 o
f 

th
e 

n
u

m
b

er
 i

n
 t

h
e 

in
g
re

ss
 w

h
ee

ls
 w

il
l 

b
e 

n
eg

a
ti

v
e.

 

If
 t

h
er

ef
o

re
 w

h
en

 t
h

e 
fi

rs
t 

o
f 

tw
o

 q
u

a
n

ti
ti

es
, 

w
h

ic
h

 i
t 

is
 p

ro
p

o
se

d
 t

o
 

a
d

d
 t

o
g

et
h

er
, i

s 
p

la
ce

d
 u

p
o

n
 t

h
e 

in
g

re
ss

 w
h

ee
ls

 t
h

e 
si

g
n

 w
h

ee
l 

st
a

n
d

s 
a

t 

a
n

 e
v

en
 n

u
m

b
er

, 
no

 c
ha

ng
e 

is
 m

a
d

e 
o

n
 t

h
e 

b
a
rr

el
s;

 b
u

t 
if

, w
h

en
 t

h
e 

si
g
n

 

o
f t

h
a
t 

q
u

a
n

ti
ty

 i
s 

n
eg

a
ti

v
e 

o
r 

th
e 

si
g
n

 w
h

ee
l 
o

f t
h

e 
in

g
re

ss
 a

x
is

 s
ta

n
d

s 
a
t 

a
n

 o
d

d
 d

iv
is

io
n

, 
a
 c

er
ta

in
 c

ha
ng

e 
is

 m
a

d
e,

 t
h

en
 t

h
e 

m
il

l 
m

a
y

 b
e 

sa
id

 t
o

 

kn
ow

 t
h

a
t 

a
 n

eg
a
ti

v
e 

q
u

a
n

ti
ty

 h
a

s 
en

te
re

d
 a

n
d

 t
h

e 
b

a
rr

el
s 

m
a

y
 g

iv
e 

th
e 

o
rd

er
s 

n
ec

es
sa

ry
 i

n
 c

o
n

se
q

u
en

ce
. 

If
 t

w
o

 n
u

m
b

er
s 

P
 a

n
d

 Q
 a

re
 t

o
 b

e 
a
d

d
ed

 t
o

g
et

h
er

 t
h

e 
re

su
lt

 w
il

l 
b

e 

+
P

+
 Q

w
h

er
e 

th
e 

tw
o

 s
ig

n
s +

 +
 m

a
y

 b
e 

ca
ll

ed
 t

h
e 

a
lg

eb
ra

ic
 s

ig
n

s;
 b

u
t 

if
 b

o
th

 
P

 a
n

d
 Q

 a
re

 t
h

e 
re

su
lt

 o
f 

ce
rt

a
in

 p
re

li
m

in
a

ry
 c

o
m

p
u

ta
ti

o
n

s 
m

a
d

e 
in

 t
h

e 

en
g
in

e 
it

 m
a

y
 n

o
t 

b
e 

k
n

o
w

n
 w

h
et

h
er

 t
h

e 
n

u
m

b
er

s 
th

em
se

lv
es

 d
en

o
te

d
 

b
y
 P

 a
n

d
 Q

 a
re

 p
o

si
ti

v
e 

o
r 

n
eg

a
ti

v
e.

 I
n

 t
h

is
 c

a
se

 w
e 

m
u

st
 d

is
ti

n
g
u

is
h

 

b
et

w
ee

n
 t

h
e 

k
n

o
w

n
 a

lg
eb

ra
ic

 s
ig

n
s 

a
n

d
 t

h
e 

p
o

ss
ib

le
 o

r 
co

n
ti

n
g
en

t 
si

g
n

s 

re
su

lt
in

g
 

fr
o

m
 

th
e 

co
m

p
u

ta
ti

o
n

 
-

th
es

e 
la

tt
er

 
m

a
y

 
b

e 
ca

ll
ed

 
th

e 

a
cc

id
en

ta
l 

si
gn

s.
 T

h
e 

a
b

o
v

e 
fo

rm
u

la
e 

m
a

y
 t

h
er

ef
o

re
 b

e 
w

ri
tt

en
 t

h
u

s 

+
(±

P
) 

+
 
(±

Q
) 

T
h

e 
p

ro
ce

ss
 o

f 
a
d

d
it

io
n

 o
r 

su
b

tr
a

ct
io

n
 i

s 
th

u
s 

ex
ec

u
te

d
: 

A
n

 o
p

er
a

ti
o

n
 c

a
rd

 a
d

v
a

n
ce

s 
a

n
d

 o
rd

er
s 

th
e 

v
a

ri
a

b
le

 c
a

rd
s 

to
 a

d
v

a
n

ce
; 

3
3
 



W
O

R
K

S 
O

F 
B

A
B

B
A

G
E

: 
V

O
L

U
M

E
 

3

in
 th

e 
ne

xt
 tu

rn
 a

 v
ar

ia
bl

e 
ca

rd
 c

on
ta

in
in

g 
th

e 
or

de
r f

or
 th

e 
sig

n 
pl

us
 o

r 
m

in
us

 a
dv

an
ce

s 
an

d 
pl

ac
es

 t
he

 s
ig

n 
on

 t
he

 s
ig

n 
w

he
el

s 
of

 "
F 

w
hi

lst
 a

t 
th

e 
sa

m
e 

tim
e 

it 
ha

d 
or

de
re

d 
th

e 
nu

m
be

r P
 to

 b
e g

iv
en

 o
ff 

fr
om

 th
e 

st
or

e 
to

 I
. T

he
 s

ig
n 

on
 th

e 
ca

rd
 m

ay
 b

e 
ca

lle
d 

th
e 

al
ge

br
ai

c 
sig

n.
 W

he
n 

th
e 

nu
m

be
r c

om
es

 in
 fr

om
 th

e 
st

or
e 

it 
w

ill
 b

rin
g 

w
ith

 it
 it

s 
ow

n 
pr

op
er

 si
gn

 
w

hi
ch
 w

ill
 d

ep
en

d 
on

 t
he

 p
re

vi
ou

s 
op

er
at

io
ns

 b
y 

w
hi

ch
 i

t 
ha

d 
be

en
 

fo
rm

ed
, a

nd
 it

 w
ill
 b

e 
co

nv
en

ie
nt

 t
o 

ca
ll 

th
is
 la

tte
r 

its
 a

cc
id

en
ta

l 
sig

n.
Th

is 
ac

ci
de

nt
al

 s
ig

n 
w

ill
 b

e 
ad

de
d 

to
 th

e 
al

ge
br

ai
c 

sig
n 

up
on

 "
F 

an
d 

th
us

 t
he

 t
w

o 
sig

ns
 w

ill
 b

e 
un

ite
d 

an
d 

w
e 

sh
al

l 
ha

ve
 ±

 (
± 

P)
 r

ed
uc

ed
 

to
 +

 P
, a

ny
 c

om
bi

na
tio

n 
of

 th
e 

ab
ov

e 
sig

ns
 b

ei
ng

 u
se

d.
If

 a
lg

eb
ra

ic
 a

nd
 a

cc
id

en
ta

l s
ig

ns
 a

re
 o

f t
he

 s
am

e 
ki

nd
 P

 is
 a

dd
ed

 to
 

th
e 

fig
ur

e 
w

he
el

s 
on
 A

 w
hi

ch
 h

av
e 

a 
po

si
tiv

e 
sig

n 
on
 t

he
m

. 
If
 t

he
 

al
ge

br
ai

c 
an

d 
ac

ci
de

nt
al
 s

ig
ns
 a

re
 d

iff
er

en
t 

P 
is 

su
bt

ra
ct

ed
 f

ro
m
 t

he
 

w
he

el
 o

n 
A 

an
d 

in
 c

on
se

qu
en

ce
 o

f a
 ru

nn
in

g 
up

 th
e 

ne
ga

tiv
e 

si
gn

 is
 p

ut
 

up
on

 t
he

 s
ig

n 
w

he
el
 o

f A
.

Th
e 

sa
m

e 
pr

oc
es

s 
ta

ke
s 

pl
ac

e 
w

ith
 re

sp
ec

t t
o 

± 
(±

 Q
) w

hi
ch

 a
fte

r t
he

 
co

m
bi

na
tio

n 
of
 i

ts 
tw

o 
sig

ns
 

is 
tra

ns
fe

rr
ed
 

ei
th

er
 

ad
di

tiv
el

y 
or

 
su

bt
ra

ct
iv

el
y 

to
 th

e 
sa

m
e 

w
he

el
s 

of
 A

. I
n 

th
is

 s
ec

on
d 

ca
se

 a
 ru

nn
in

g 
up

 
m

ay
 o

r 
m

ay
 n

ot
 t

ak
e 

pl
ac

e;
 if

 it
 d

oe
s 

th
e 

pr
ev

io
us

 s
ig

n 
is 

re
ve

rs
ed

.
Th

e 
su

m
 o

f t
w

o 
nu

m
be

rs
 P

 a
nd

 Q
 a

s 
m

od
ifi

ed
 b

y 
th

ei
r 

re
sp

ec
tiv

e 
sig

ns
 w

ill
 n

ow
 b

e 
fo

un
d 

on
 th

e 
fig

ur
e 

w
he

el
s o

f A
 e

ith
er

 in
 th

e 
fo

rm
 o

f a
 

nu
m

be
r 

or
 it

s 
co

m
pl

em
en

t.
If

 it
 is

 n
um

be
r 

it 
an

d 
its

 s
ig

n 
w

ill
 b

e 
tra

ns
fe

rr
ed

 t
o 

"A
.

If
 it

 i
s 

co
m

pl
em

en
t 

by
 b

ei
ng

 s
ub

tra
ct

ed
 f

ro
m
 "

A 
it 

w
ill
 a

pp
ea

r 
as

 
nu

m
be

r 
an

d 
a 

ne
ga

tiv
e 

sig
n 

w
ill

 a
pp

ea
r 

on
 t

he
 s

ig
n 

w
he

el
.

Th
is 

be
in

g 
pr

em
ise

d 
th

e 
pr

oc
es

s 
of

 a
dd

iti
on

 m
ay

 b
e 

th
us

 s
ta

te
d:

A
t t

he
 fi

rs
t t

ur
n 

of
 th

e 
ha

nd
le

 a
n 

op
er

at
io

n 
ca

rd
 is

 tu
rn

ed
; i

t a
dv

an
ce

s 
an

d 
ac

tin
g 

on
 th

e 
ba

rr
el

s 
th

ro
ug

h 
th

e 
re

du
ci

ng
 a

pp
ar

at
us

 o
rd

er
s 

th
em

 
to
 m

ov
e 

to
 t

ha
t 

ve
rti

ca
l 

w
hi

ch
 c

om
m

en
ce

s 
ad

di
tio

n.
 I

t 
al

so
 o

rd
er

s 
a 

va
ria

bl
e 

ca
rd
 t

o 
ad

va
nc

e.
 A

t 
th

e 
ne

xt
 t

ur
n 

of
 th

e 
ha

nd
le
 t

he
 b

ar
re

ls
 

ad
va

nc
e 

an
d 

di
re

ct
 t

he
 in

gr
es

s 
fig

ur
e 

w
he

el
s 

to
 r

ec
ei

ve
 f

ro
m
 t

he
 s

to
re

 
an

y 
nu

m
be

r a
nd

 it
s 

sig
n 

w
hi

ch
 th

e 
va

ria
bl

e 
ca

rd
s 

m
ay

 h
av

e 
or

de
re

d 
to

 
be
 g

iv
en
 o

ff.
 

Th
e 

ba
rr

el
s 

in
 

ad
va

nc
in

g 
or

de
r 

th
em

se
lv

es
 t

o 
tu

rn
 

ci
rc

ul
ar

ly
 a

fte
r t

he
ir 

ad
va

nc
e 

so
 a

s t
o 

pr
es

en
t t

he
 n

ex
t v

er
tic

al
 n

ec
es

sa
ry

 
fo

r 
pe

rf
or

m
in

g 
ad

di
tio

n.
 I

f 
th

e 
ac

ci
de

nt
al
 s

ig
n 

of
 th

e 
nu

m
be

r 
on

 t
he

 
in

gr
es

s 
w

he
el

s 
is 

po
si

tiv
e 

th
is

 a
rr

an
ge

m
en

t c
on

tin
ue

s,
 b

ut
 if

 th
at

 s
ig

n 
is 

ne
ga

tiv
e 

it 
ef

fe
ct

s 
a 

ch
an

ge
 i

n 
th

e 
re

du
ci

ng
 a

pp
ar

at
us

 a
nd

 b
ef

or
e 

th
e 

ne
xt

 tu
rn

 th
e 

ba
rr

el
s 

ha
ve

 b
ee

n 
m

ov
ed

 to
 a

 d
iff

er
en

t v
er

tic
al

 w
hi

ch
 g

iv
es

 
th

e 
or

de
rs

 n
ec

es
sa

ry
 fr

om
 th

e 
fa

ct
 o

f t
he

 a
cc

id
en

ta
l s

ig
n 

of
 th

e 
nu

m
be

r 
br

ou
gh

t 
in
 b

ei
ng

 n
eg

at
iv

e.

34

C
A

L
C

U
L

A
T

IN
G
 

E
N

G
IN

E
S:
 

II

A
t t

he
 th

ird
 tu

rn
 th

e 
ba

rr
el

s 
ad

va
nc

e 
an

d 
or

de
r t

he
 fi

gu
re

 w
he

el
s 

on
 

A 
an

d 
on

 th
e 

tw
o 

ca
rr

ia
ge

s F
, '

F 
to

 re
ce

iv
e 

th
e 

nu
m

be
r a

nd
 it

s s
ig

n,
 b

ot
h 

du
ly

 m
od

ifi
ed

, f
ro

m
 th

e 
in

gr
es

s f
ig

ur
e 

w
he

el
s w

hi
lst

 a
t t

he
 sa

m
e 

tim
e 

th
e 

va
ria

bl
e 

ca
rd

 w
hi

ch
 w

as
 tu

rn
ed

 in
 th

e 
la

st
 tu

rn
 o

f t
he

 h
an

dl
e 

or
de

rs
 a

 
ne

w
 q

ua
nt

ity
 Q

 a
nd

 it
s 

ac
ci

de
nt

al
 s

ig
n 

ou
t o

f t
he

 s
to

re
 o

nt
o 

th
e 

ot
he

r 
fig

ur
e 

w
he

el
s 

of
 th

e 
in

gr
es

s 
ax

is.
 B

ut
 th

is
 s

ec
on

d 
ad

va
nc

e 
of

 th
e 

ba
rr

el
s 

ha
s 

or
de

re
d 

a 
ci

rc
ul

ar
 m

ot
io

n 
fo

r t
he

m
se

lv
es

 b
y 

w
hi

ch
 th

ey
 w

ou
ld

 tu
rn

 
to

 th
e 

ne
xt

 v
er

tic
al

 fo
r a

dd
iti

on
 w

hi
ls

t t
he

 a
cc

id
en

ta
l s

ig
n 

of
 th

e 
qu

an
tit

y 
Q 

in
tro

du
ce

d 
on
 t

he
 i

ng
re

ss
 w

he
el

s 
ag

ai
n 

m
od

ifi
es
 t

hi
s 

or
de

r 
if 

it 
ha

pp
en

s 
to

 b
e 

ne
ga

tiv
e.

3. 
Su

bt
ra

ct
io

n

A
fte

r t
he

 e
xp

la
na

tio
n 

of
 th

e 
pr

oc
es

s 
of

 ad
di

tio
n 

w
ith

 th
e 

ac
ci

de
nt

al
 s

ig
n 

of
 th

e 
qu

an
tit

ie
s 

ad
de

d 
to

ge
th

er
 i

t 
w

ill
 n

ot
 b

e 
di

ffi
cu

lt 
to
 u

nd
er

st
an

d 
th

at
 th

e 
op

er
at

io
n 

of
 su

bt
ra

ct
io

n 
is 

ca
rr

ie
d 

on
 in

 a
 si

m
ila

r m
an

ne
r. 

A
s i

n 
ad

di
tio

n 
th

e 
su

bt
ra

ct
io

n 
of

 a
 g

re
at

er
 n

um
be

r 
fro

m
 a

 le
ss
 (

in
 t

ha
t 

ca
se

 
ar

is
in

g 
fr

om
 t

he
 a

cc
id

en
ta

l 
si

gn
s)
 c

au
se

s 
a 

ru
nn

in
g 

up
 w

hi
ch
 g

iv
es

 
no

tic
e 

th
at
 t

he
 r

es
ul

tin
g 

qu
an

tit
y 

is 
th

e 
co

m
pl

em
en

t 
of

 a
 n

eg
at

iv
e 

nu
m

be
r; 

so
 in

 s
ub

tra
ct

io
n 

w
he

re
 th

e 
al

ge
br

ai
c 

sig
n 

pr
od

uc
es

 th
e 

sa
m

e 
re

su
lt 

a 
si

m
ila

r e
ffe

ct
 f

ol
lo

w
s. 

Th
e 

no
ta

tio
ns

 w
hi

ch
 f

ol
lo

w
 w

ill
 e

xp
la

in
 

m
or

e 
cl

ea
rly

 t
he

 s
ev

er
al
 s

ta
ge

s 
of

 th
e 

op
er

at
io

n 
as
 w

el
l 

as
 t

he
 p

ar
ts

 
ta

ke
n 

in
 it

 b
y 

th
e 

se
ve

ra
l 

po
rti

on
s 

of
 th

e 
m

ill
.

4.
 O

f t
he

 ti
m

e 
re

qu
ire

d f
or

 th
e 

op
er

at
io

ns
 o

f a
dd

iti
on

 a
nd

 s
ub

tr
ac

tio
n

A
ny

 tw
o 

nu
m

be
rs

 P
 a

nd
 Q

 w
ho

se
 s

um
 d

oe
s 

no
t e

xc
ee

d 
fo

rty
 p

la
ce

s 
of

 
fig

ur
es

 m
ay

 b
e 

pl
ac

ed
 in

 th
e 

en
gi

ne
 a

nd
 w

ha
te

ve
r b

e 
th

e 
na

tu
re

 o
f t

he
ir 

ac
ci

de
nt

al
 s

ig
ns

 th
ey

 m
ay

 b
e 

br
ou

gh
t o

ut
 o

f t
he

 s
to

re
 p

la
ce

d 
in

 th
e 

m
ill

 
an

d 
th

e 
op

er
at

io
n 

of
 ad

di
tio

n 
or

 s
ub

tra
ct

io
n 

pe
rf

or
m

ed
 a

s 
in

di
ca

te
d 

by
 

th
e 

fo
rm

ul
a

±
(±

P
)±

(±
<

2)
an

d 
th

e 
re

su
lt 

m
ay

 b
e 

re
tu

rn
ed

 in
to

 th
e 

st
or

e 
in

 si
x 

tu
rn

s 
of

 th
e 

ha
nd

le
. 

Th
e 

fir
st

 o
f t

he
se

 tu
rn

s 
m

ig
ht

 ta
ke

 p
la

ce
 a

s 
th

e 
fin

al
 tu

rn
 o

f a
ny

 p
re

vi
ou

s 
op

er
at

io
n 

so
 th

at
 th

e 
tim

e 
re

al
ly

 r
eq

ui
re

d 
is 

six
 tu

rn
s 

of
 th

e 
ha

nd
le

. I
f 

an
ot

he
r 

qu
an

tit
y 

(±
R

) 
is 

to
 b

e 
ad

de
d 

or
 s

ub
tra

ct
ed
 i

t 
w

ill
 r

eq
ui

re

35



WORKS OF BABBAGE: VOLUME 3

another turn and generally if n quantities with their accidental signs are 
to be added and subtracted the time required for the operations will be 
n + 4 turns of the first mover.

The time which the edge of the figure wheel occupies to pass from one 
figure to the next figure is considered as the unit of time and the space 
between two adjacent figures is the unit of space. The cases in which 
that velocity is exceeded are very rare in any part of the machine and 
only occur when the moving part is carried on to a fixed stop. Wishing 
to under- rather than overrate the speed of its calculations I have 
assumed that the velocity of the circumference of the figure wheel when 
moving will be ten feet or one hundred and twenty inches per minute. A 
single turn of the first mover will according to circumstances be 
performed either in fifteen or in twenty of such units. In the process of 
addition cycles of twenty units only are employed and as each unit 
requires T5708 seconds the addition of two numbers only will require 
_ seconds and the addition of n quantities will cost 21-99 or nearly 22 
seconds.

5. Multiplication

The process of multiplication is thus performed by the engine:
The two factors P and Q with their respective accidental signs being 

placed on the two sets of figure wheels No. 1 and No. 2 of the ingress 
axis, an operation card is turned. This directs the barrels through the 
reducing apparatus to move circularly to the vertical which commences 
multiplication.

At the next turn the barrels advance and order the reception of one of 
the factors Q. They also direct themselves to move on their axes to the 
second vertical belonging to multiplication.

At the third turn the barrels advance and order the reception of the 
other factor P from the second set of ingress wheels. At this turn the 
factor P is subtracted from the factor Q which had at the proceeding 
turn been placed upon the figure wheels of 'F. The result of this 
subtraction determines which of the two factors is largest and 
consequently which factor is to be tabulated.

Much time is saved by this decision for supposing one factor to 
contain only four places of figures and the other to contain thirty five 
figures. Then if a table of the first nine multiples of the first factor were 
made its multiplication by the other factor would require thirty-five- 
additions whilst if the larger factor had been tabulated only four
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additions would have been necessary. The mechanical mode by which 
this knowledge is conveyed to the barrels is thus. The barrels, after 
ordering the subtraction of P from Q in the axis 'F, direct themselves to 
move on to another vertical; if P is less than Q no running up takes place 
and the order thus given by the barrels is obeyed; but if P is larger than 
Q then a running up takes place and the order given by the barrels to 
move to a certain vertical is enlarged and they are directed by the 
running up lever to move on to a different vertical. This new vertical 
directs the tabulation of the second factor whilst the former vertical 
appointed that of the first factor.

At the next turn the number which the mill has decided on tabulating 
is added to each of the nine table axes and to the carriage F.

At the next turn the same number is added to eight of the table axes 
and the carriage axis, then to seven, and so on until the nine multiples 
have all been formed in the nine table axes.

During these turns the number of the digits in the multiplier has been 
ascertained and placed in the counting apparatus No. 1.

The multiplier having been prepared is now stepped down and acts 
upon the selecting apparatus. Whatever digit exists in the lowest figure 
of the multiplier, by means of the selecting apparatus the corresponding 
multiple is added over to the product axis 'A. During this addition each 
multiple is stepped up one cage higher in its own figure wheels; also 
the multiplier being stepped down its next figure is conveyed to the 
selecting apparatus preparatory to the next addition to the product.

The product is thus formed beginning with its lowest figure on the 
figure wheels of the axis A, but in the progress of stepping up the highest 
figure on the table axes may at length reach the top or 40th cage of their 
axes. At the next stepping the highest figure would of course be stepped 
off the machine and lost but this is prevented by a communication with 
the lowest figure wheel on the same axis to which the number stepped 
off from the highest is transferred. These figures which are so transferred 
to the lower cages are not added to the same axis but are by a particular 
mechanism added over to a set of figure wheels on the axis A and the 
carriage F on which the head of the products is formed.

If a number of twenty figures only is multiplied by another factor 
containing an equal number of digits, as the product will not exceed 
forty digits it will be contained on the first axis. But if both factors 
contain forty digits then the head or first forty digits of the product will 
be formed on the axis A and the tail or second forty digits of the 
products will be formed upon 'A.
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attempt with the case of some simple number as 2,3, or 5 for the divisor, 
but went at once to the case of large numbers both for divisor and 
dividend.

The first rough outline of a system by which it could be accomplished 
offered an instance of the most complicated mechanism I had ever 
imagined. But before it was submitted to that simplifying process which 
invariably succeeds the original conception, another principle occurred 
apparently so simple in its means, that little could be expected beyond it 
as to principle, and my whole efforts then became directed to the 
combinations of mechanism, a great part of which already existed in the 
engine for other purposes.

It has already been stated, that when any number which happens to 
be greater than another is subtracted from that other number, an event 
which has been termed a running up takes place, and that in 
consequence of this event, any order which may be desired can be given 
to any part of the engine. Bearing this fact in mind, the division of one 
number by another may be conceived to take place in the following 
manner:

Let the number 00432101234 be divided by 2018.

* Several corrections have been made to the diagram. An arithmetic error in turn 26, 
which should give the result 0050560 instead of 0049560, has not been corrected.

In turn’
1. Barrel orders divisor to be

Register 
00432101234

2.

subtracted from highest figure 
of dividend and to register 
that it has subtracted once

00201800000
00230301234 + 1

00201800000

3.
00028501234 4- 1
00201800000

4. Addition of divisor
99826701234 + 1 
00201800000

A running up 
happens which

Unregister one 00028501234 - 1 directs the addition
5. Step up dividend 0028501234 of the divisor and
6. Barrel orders divisor to be 0020180000 then the stepping

subtracted as before 0008321234 + 1 up of dividend
7. »» »» 0020180000

8. Addition of divisor
9988141234 + 1
0020180000

A second running 
up and the same

Unregister one 0008321234 - 1 orders as above
9. Step up dividend 008321234
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10. Subtract divisor 002018000
006303234 + 1

11. 002018000
004285234 + 1

12. 002018000
002267234 + 1

13. 002018000
000249234 + 1

14. 002018000
998231234 + 1 Running up

15. Add divisor 002018000 and the same
000249234 -1 orders as above

16. Step up dividend 00249234
17. Subtract divisor 00201800

00047434 + 1
18. 00201800

99845634 + 1
19. Add divisor 00201800

00047434 - 1
20. Step up dividend 0047434
21. Subtract divisor 0020180

0027254 4- 1
22. 0020180

0007074 + 1
23. 0020180

9986894 + 1 Running up
24. Add divisor 0020180 and the same

0007074 - 1 orders as above
25. Step up dividend 0070740
26. Subtract divisor 0020180

0049560 + 1
Tl. 0020180

0029380 + 1
28. 0020180

0009200 + 1
29. 0020180

9989020 + 1
30. Add divisor 0020180

0009200 - 1
etc. 009200

In the above view the first direction given by the barrels is to subtract 
the divisor from the dividend. This order is repeated until at the end of 
the third subtraction, it is found that a running up has taken place, a fact
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minus, the same number of operation cards is required, and the same 
number increased by one expresses that of the variable cards.

In the processes of multiplication and division, one operation card is 
required to order the barrels to commence the process. If it should be 
necessary, under any circumstances, to have two different modes of 
performing these operations as is at present proposed, for the purpose 
of saving time in approximations, then another card may be attached, 
which is to be a blank card, and therefore ineffective in the most 
frequent case, but which is capable of bringing in the less usual case 
when it is required.

Besides these operation cards, two variable cards will be required to 
order in the two factors, and three others to order the three parts of the 
product into their respective places on the store.

In division three variable cards will be required to order the dividend 
out of the store into the mill, and one more to direct the quotient to its 
right place in the store.

The following table exhibits the number of cards necessary for each 
operation.

Operation Variable 
cards cards

To add two quantities 2 3
To subtract one quantity from another 2 3
To multiply two quantities and retain 80 figures
of product 1 5
To divide one quantity of 80 figures by
another quantity 1 5

In any operation it is only necessary that the operation card ordering 
its commencement should be advanced. This sets the barrels in action 
and provides, through the variable cards if necessary, the first quantity 
to be operated upon; the barrels then call in the other quantities 
required at the proper times, until the operation is completed, the mill 
cleared of all numbers, and the computed result placed in its intended 
situation in the store. The last vertical on the barrels belonging to each 
operation directs them to move to its zero point.

Such being the arrangement, the calculation of the numerical 
quantities resulting from two or more successive operations may be 
readily performed by placing the operation cards strung together in 
their proper order on their revolving prism, and the variable cards 
marking the numbers in the store, on which are to be the subject of
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those operations, and also in the order in which they are required, on 
their own revolving prism, and then putting on the final verticals of one 
of the barrels a stud which orders the operation cards to advance.

This arrangement being made, after the first advance of the operation 
cards, the barrels will direct the progress of the operation, calling into 
the mill by the advance of the variable cards the numbers to be operated 
upon, and replacing in the store the computed result by the same 
means. The barrel, by the return to the final verticals of this operation, 
orders another operation card to advance, which, giving a new order to 
the barrels, these latter again conduct that operation, demanding at 
proper times the fit numbers from the store, and conveying back to it 
their new result, and finally, by returning to their final verticals, they 
again demand a fresh order from the operation cards.

1. Verification of the numbers placed in the store

The numerical quantities intended to be operated upon may be placed 
by hand on a particular set of figure wheels in the store. Or they may be 
punched previously by a separate machine on number cards, and thus 
conveyed into the store.

In either case the possibility of error exists, and although it might 
reasonably be required that no care should be spared in inserting in the 
engine correct data for the question whose solution is demanded, yet it 
is important that the fulfilment of this condition should not depend 
solely on the superintendent of the engine, but that any mistake he 
might make should be open to detection when the calculated results are 
returned to those who supplied the formula and constants with which 
they were to be computed.

Fortunately this condition, which really becomes of great importance 
when the number of the given constants amount to hundreds or 
thousands, can be easily fulfilled.

It is merely necessary to order by means of cards that each constant, 
as it enters the engine, shall pass through the printing apparatus 
previously to its taking its intended place in the store. By this means the 
numbers really put into the engine by the attendants will be printed and 
they may be returned with the computed results printed also by the 
engine upon the same paper. If the calculation consist of the reduction 
of a multitude of observations it may be convenient to print, in an 
adjacent column, each observation entered into the engine and its 
corrected result.
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at

te
nd

an
ts

 fo
r t

he
 in

se
rti

on
 o

f n
um

be
rs

 w
hi

ch
 a

re
 c

ha
ng

ed
 a

t e
ve

ry
 n

ew
 

ca
lc

ul
at

io
n 

of
 a 

fo
rm

ul
a,

 a
ny

 n
eg

le
ct

 w
ou

ld
 b

e 
ab

so
lu

te
ly

 u
np

ar
do

na
bl

e 
in
 c

om
bi

ni
ng

 t
he
 p

ro
pe

r 
ca

rd
s 

in
 p

ro
pe

r 
or

de
r, 

fo
r 

th
e 

m
uc

h 
m

or
e 

im
po

rta
nt

 p
ur

po
se

 o
f c

on
st

ru
ct

in
g 

th
e 

fo
rm

ul
a 

its
elf

, t
he

 a
rr

an
ge

m
en

t 
of

 w
ho

se
 c

ar
ds

 i
s 

ne
ve

r 
ch

an
ge

d 
at
 a

ny
 a

fte
r 

tim
e. 

Th
is
 v

er
ifi

ca
tio

n 
m

ig
ht

 th
er

ef
or

e 
be

 re
as

on
ab

ly
 le

ft 
to

 th
e 

di
lig

en
ce

 o
f t

he
 s

up
er

in
te

nd
en

t.
Th

er
e 

ar
e 

ho
w

ev
er

 se
ve

ra
l s

ub
si

di
ar

y 
m

od
es

 b
y 

w
hi

ch
 h

e 
m

ay
 h

im
se

lf 
ch

ec
k 

hi
s 

ow
n 

pr
oc

ee
di

ng
s.

Th
e 

op
er

at
io

n 
ca

rd
s, 

fo
r 

ex
am

pl
e,
 m

ay
 b

e 
m

ad
e 

of
 f

ou
r 

di
ff

er
en

t 
co

lo
ur

s 
co

rr
es

po
nd

in
g 

to
 t

he
 f

ou
r 

op
er

at
io

ns
 o

f a
rit

hm
et

ic
:

a 
w

hi
te

 c
ar

d 
in

di
ca

tin
g 

ad
di

tio
n

a 
ye

llo
w
 c

ar
d 

in
di

ca
tin

g 
su

bt
ra

ct
io

n
a 

bl
ue

 c
ar

d 
in

di
ca

tin
g 

m
ul

tip
lic

at
io

n
a 

gr
ee

n 
ca

rd
 i

nd
ic

at
in

g 
di

vi
sio

n.

W
he

n 
th

er
ef

or
e 

th
e 

ch
ai

n 
of

 o
pe

ra
tio

n 
ca

rd
s 

is 
fin

ish
ed

, 
th

ei
r 

to
ta

l 
nu

m
be

r o
ug

ht
 to

 b
e 

eq
ua

l t
o 

th
at

 o
f t

he
 o

pe
ra

tio
ns

 in
 th

e 
fo

rm
ul

a.
 T

he
 

nu
m

be
r o

f w
hi

te
 c

ar
ds

 o
ug

ht
 to

 a
gr

ee
 w

ith
 th

e 
nu

m
be

r o
f a

dd
iti

on
s,

 th
e 

nu
m

be
r o

f y
el

lo
w

 c
ar

ds
 w

ith
 th

at
 o

f t
he

 s
ub

tra
ct

io
ns

, w
hi

lst
 th

e 
nu

m
be

r 
of

 b
lu

e 
ca

rd
s 

m
ar

ks
 t

he
 n

um
be

r 
of

 m
ul

tip
lic

at
io

ns
, a

nd
 t

ha
t 

of
 g

re
en

 
ca

rd
s 

th
e 

nu
m

be
r 

of
 d

iv
isi

on
s.

Si
nc

e 
th

e 
nu

m
be

r 
of

 q
ua

nt
iti

es
 w

hi
ch

 e
nt

er
 t

he
 m

ill
 t

o 
be

 o
pe

ra
te

d 
up

on
, a

s 
w

el
l a

s 
th

at
 o

f t
he

 re
su

lts
 to

 b
e 

re
tu

rn
ed

 to
 th

e 
st

or
e,

 is
 k

no
w

n,
 

th
e 

nu
m

be
r o

f t
he

 v
ar

ia
bl

e 
ca

rd
s i

s k
no

w
n.

 T
he

se
 m

ig
ht

 b
e 

co
lo

ur
ed

 li
ke

 
th

e 
op

er
at

io
n 

ca
rd

s, 
an

d 
th

os
e 

ca
rd

s 
w

hi
ch

 o
rd

er
ed

 n
um

be
rs

 o
ut

 o
f t

he
 

m
ill

 in
to

 th
e 

st
or

e 
m

ig
ht

 b
e 

co
lo

ur
ed

 b
al

ck
. I

f t
hi

s 
w

er
e 

th
e 

ca
se

, b
ef

or
e 

an
y 

tw
o 

se
ts 

of
 fo

rm
ul

a 
ca

rd
s 

w
er

e 
us

ed
 th

ey
 m

ig
ht

 b
e 

co
m

pa
re

d 
as

 to
 

th
e 

su
cc

es
si

on
 o

f t
he

ir 
co

lo
ur

s, 
w

he
n,
 i

f c
or

re
ct

ly
 p

la
ce

d,
 i

t 
w

ou
ld
 b

e 
fo

un
d 

th
at

 th
e 

sa
m

e 
su

cc
es

si
on

 o
f c

ol
ou

rs
 w

ou
ld

 o
cc

ur
 in

 e
ac

h,
 b

ut
 th

at
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II

in
 t

he
 

va
ria

bl
e 

ca
rd

s 
ea

ch
 

co
lo

ur
 w

ou
ld
 

be
 s

ep
ar

at
ed
 f

ro
m
 

th
e 

pr
ec

ed
in

g 
by

 o
ne

 o
r 

m
or

e 
bl

ac
k 

ca
rd

s.
A

no
th

er
 m

od
e 

of
 p

ar
tia

lly
 v

er
ify

in
g 

a 
fo

rm
ul

a 
co

ns
is

ts 
in

 a
ss

ig
ni

ng
 

su
ch

 n
um

er
ic

al
 v

al
ue

s t
o 

th
e 

co
ns

ta
nt

 q
ua

nt
iti

es
 a

s s
ha

ll 
re

nd
er

 it
s v

al
ue

 
ea

sil
y 

co
m

pu
te

d 
by

 th
e 

pe
n.

 If
 ei

th
er

 th
e 

op
er

at
io

n 
or

 th
e 

va
ria

bl
e 

ca
rd

s 
ha

ve
 b

ee
n 

w
ro

ng
ly

 p
ut

 to
ge

th
er

, t
he

 fo
rm

ul
a 

gi
ve

n 
to

 th
e 

en
gi

ne
 w

ill
 b

e 
di

ff
er

en
t f

ro
m

 th
at

 w
hi

ch
 w

as
 in

te
nd

ed
, a

nd
 th

e 
nu

m
er

ic
al

 re
su

lts
 w

ill
 in

 
al

l 
pr

ob
ab

ili
ty
 b

e 
to

ta
lly

 d
iff

er
en

t f
ro

m
 t

ha
t 

co
m

pu
te

d 
by

 t
he

 p
en

. 
If 

tri
al

s 
of

 th
re

e 
or

 f
ou

r 
si

m
pl

e 
ca

se
s 

ha
ve

 b
ee

n 
m

ad
e,
 a

nd
 a

re
 f

ou
nd

 t
o 

ag
re

e 
w

ith
 t

he
 r

es
ul

ts
 g

iv
en

 b
y 

th
e 

en
gi

ne
, i

t i
s 

sc
ar

ce
ly

 p
os

si
bl

e 
th

at
 

th
er

e 
ca

n 
be

 a
ny

 e
rr

or
 a

m
on

gs
t 

th
e 

ca
rd

s.
W

he
n 

th
e 

fo
rm

ul
a 

to
 b

e 
co

m
pu

te
d 

is 
ve

ry
 c

om
pl

ic
at

ed
, 

it 
m

ay
 b

e 
al

ge
br

ai
ca

lly
 a

rr
an

ge
d 

fo
r c

om
pu

ta
tio

n 
in

 tw
o 

or
 m

or
e 

to
ta

lly
 d

is
tin

ct
 

w
ay

s, 
an

d 
tw

o 
or

 m
or

e 
se

ts 
of

 ca
rd

s 
m

ay
 b

e 
m

ad
e.

 If
 th

e 
sa

m
e 

co
ns

ta
nt

s 
ar

e 
no

w
 e

m
pl

oy
ed

 w
ith

 e
ac

h 
se

t, 
an

d 
if 

un
de

r 
th

es
e 

ci
rc

um
st

an
ce

s 
th

e 
re

su
lts

 a
gr

ee
, w

e 
m

ay
 t

he
n 

be
 q

ui
te

 s
ec

ur
e 

of
 th

e 
ac

cu
ra

cy
 o

f t
he

m
 a

ll.
It 

sh
ou

ld
, h

ow
ev

er
, n

ev
er

 b
e 

fo
rg

ot
te

n,
 th

at
 w

ha
te

ve
r a

tte
nt

io
n 

m
ay

 
ha

ve
 b

ee
n 

be
st

ow
ed

 o
n 

se
cu

rin
g 

th
e 

ac
cu

ra
cy

 o
f t

he
 c

ar
ds

, t
ha

t o
bj

ec
t, 

w
he

n 
on

ce
 a

tta
in

ed
 c

an
 n

ev
er

 a
ga

in
 b

ec
om

e 
do

ub
tfu

l.
If,
 n

ot
w

ith
st

an
di

ng
 t

he
se
 m

et
ho

ds
 o

f 
ve

rif
ic

at
io

n,
 i

t 
sh

ou
ld
 s

til
l 

be
 

co
ns

id
er

ed
 d

es
ira

bl
e 

to
 h

av
e 

gr
ea

te
r s

ec
ur

ity
, i

t i
s 

ce
rta

in
ly

 p
os

si
bl

e 
to

 
at

ta
in

 it
 b

y 
m

ak
in

g 
th

e 
en

gi
ne

 it
se

lf 
pr

in
t t

he
 fo

rm
ul

a 
in

se
rte

d 
in

 it
, a

s 
w

el
l a

s 
th

e 
co

ns
ta

nt
s 

to
 b

e 
em

pl
oy

ed
 i

n 
th

at
 f

or
m

ul
a.

A
t 

tw
o 

di
ff

er
en

t 
st

ag
es
 i

n 
th

e 
pr

og
re

ss
 o

f 
th

e 
in

ve
nt

io
n,
 I
 h

ad
 

co
nt

riv
ed

 m
ec

ha
ni

sm
 b

y 
w

hi
ch

 t
hi

s 
m

ig
ht
 b

e 
ac

co
m

pl
is

he
d,
 b

ut
 a

s 
it 

re
la

te
d 

to
 a

 m
uc

h 
m

or
e 

ad
va

nc
ed

 s
ta

ge
, I

 d
id

 n
ot

 m
ak

e 
an

y 
dr

aw
in

gs
 o

f 
it.
 S

in
ce
 t

he
 i

nt
ro

du
ct

io
n 

of
 f

or
m

ul
a 

ca
rd

s, 
th

es
e 

co
nt

riv
an

ce
s 

ha
ve

 
be

co
m

e 
su

sc
ep

tib
le
 o

f 
gr

ea
t 

im
pr

ov
em

en
t. 

Fo
r 

it 
is 

no
w
 n

o 
lo

ng
er

 
ne

ce
ss

ar
y 

to
 a

dd
 m

ec
ha

ni
sm

 f
or
 t

ha
t 

pu
rp

os
e 

to
 a

n 
en

gi
ne
 a

lre
ad

y 
su

ffi
ci

en
tly

 c
om

pl
ex

; b
ut

 a
 s

ep
ar

at
e 

m
ac

hi
ne

 s
ho

ul
d 

be
 c

on
st

ru
ct

ed
, b

y 
pl

ac
in

g 
th

e 
fo

rm
ul

a 
ca

rd
s 

in
 w

hi
ch

 th
e 

fo
rm

ul
a 

m
ig

ht
 it

se
lf 

be
 p

rin
te

d 
fr

om
 t

he
m

.
Su

ch
 a

 m
ac

hi
ne

 d
oe

s 
no

t a
pp

ea
r t

o 
m

e 
to

 p
re

se
nt

 m
uc

h 
di

ffi
cu

lty
, a

s 
fa

r a
s r

eg
ar

ds
 s

el
ec

tin
g 

th
e 

sig
ns

 a
nd

 v
ar

ia
bl

es
. T

he
 c

hi
ef

 in
co

nv
en

ie
nc

e 
w

ou
ld
 a

ris
e 

fr
om

 t
he
 u

nc
er

ta
in
 e

xt
en

t 
of
 t

he
 c

om
po

un
d 

qu
an

tit
ie

s 
op

er
at

ed
 u

po
n.
 T

hi
s 

m
ig

ht
 i

n 
a 

gr
ea

t 
m

ea
su

re
 b

e 
ob

vi
at

ed
 b

y 
on

ly
 

re
qu

iri
ng

 it
 to

 p
rin

t t
he

 se
rie

s o
f s

uc
ce

ss
iv

e 
su

bs
tit

ut
io

ns
 w

hi
ch

 a
re

 to
 b

e 
m

ad
e 

in
 t

he
 e

ng
in

e.
 T

he
 r

ea
de

r 
w

ill
 u

nd
er

st
an

d 
th

e 
fo

rc
e 

of
 t

he
se

 
re

m
ar

ks
 b

et
te

r 
w

he
n 

he
 h

as
 p

er
us

ed
 t

he
 m

at
he

m
at

ic
al
 p

ar
t 

of
 t

hi
s 

vo
lu

m
e.
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Bu
t e

ve
n 

th
is

 a
ss

is
ta

nc
e 

m
ig

ht
 fa

il 
in

 s
om

e 
of

 th
e 

m
or

e 
co

m
pl

ic
at

ed
 

ca
se

s, 
fo

r 
a 

ce
rta

in
 d

eg
re

e 
of

 d
ou

bt
 a

lw
ay

s 
re

m
ai

ns
 w

he
th

er
 w

e 
ha

ve
 

ou
rs

el
ve

s 
w

or
ke

d 
ou

t 
rig

ht
ly
 t

he
 d

ev
el

op
ed

 r
es

ul
ts
 w

hi
ch

 w
e 

w
ish

 t
o 

co
nv

er
t 

in
to
 n

um
be

r. 
Th

is 
do

ub
t 

m
ay

 b
e 

al
m

os
t 

al
to

ge
th

er
 r

em
ov

ed
 

w
he

n 
w

e 
av

ai
l 

ou
rs

el
ve

s 
of

 th
e 

co
m

bi
na

to
ria

l 
ca

rd
s, 

be
ca

us
e 

in
 s

uc
h 

in
st

an
ce

s, 
al

th
ou

gh
 th

e 
ul

tim
at

e 
re

su
lts

 a
re

 e
xt

re
m

el
y 

co
m

pl
ic

at
ed

, y
et

 
th

e 
in

st
ru

ct
io

ns
 c

om
m

un
ic

at
ed

 to
 th

e 
en

gi
ne

 b
y 

ca
rd

s a
re

 v
er

y 
fe

w,
 a

nd
 

ex
ce

ed
in

gl
y 

sim
pl

e,
 a

nd
 m

ay
 th

er
ef

or
e 

be
 r

ep
ea

te
dl

y 
ve

rif
ie

d 
in
 a

 v
er

y 
sh

or
t t

im
e.

 It
 a

pp
ea

rs
 h

ow
ev

er
 to

 m
e 

th
at

 th
e 

fo
rm

ul
a 

pr
in

tin
g-

m
ac

hi
ne

 
m

ig
ht

 b
y 

so
m

e 
im

pr
ov

em
en

ts
 it

se
lf 

ul
tim

at
el

y 
w

or
k 

ou
t m

an
y 

of
 su

ch
 

al
ge

br
ai

c 
de

ve
lo

pm
en

ts.

3. 
Ex

te
nt

 o
f t

he
 n

um
er

ic
al

 p
ow

er
 o

f t
he

 e
ng

in
e

In
 d

ec
id

in
g 

on
 th

e 
ex

te
nt

 o
f t

he
 n

um
be

rs
 w

ith
 w

hi
ch

 th
e 

en
gi

ne
 s

ho
ul

d 
co

m
pu

te
, t

he
 f

irs
t c

on
si

de
ra

tio
n 

w
as

 t
o 

lo
ok

 a
t 

th
e 

nu
m

be
r 

of
 fi

gu
re

s 
w

hi
ch

 in
 th

e 
pr

es
en

t s
ta

te
 o

f m
at

he
m

at
ic

al
 e

nq
ui

ry
 a

re
 r

eq
ui

re
d 

in
 th

e 
m

os
t e

xt
en

siv
e 

ca
lc

ul
at

io
ns

. I
t t

he
n 

be
ca

m
e 

de
si

ra
bl

e 
to

 lo
ok

 fo
rw

ar
d 

to
 

th
e 

pr
ob

ab
le
 i

nc
re

as
e 

w
hi

ch
 i

m
pr

ov
ed
 o

bs
er

va
tio

ns
 m

ig
ht
 r

eq
ui

re
. 

Fi
na

lly
, 

th
e 

m
ec

ha
ni

ca
l 

st
ru

ct
ur

e 
of
 t

he
 e

ng
in

e,
 o

r 
its
 

ne
ce

ss
ar

y 
ar

ra
ng

em
en

t, 
m

ig
ht
 p

ut
 l

im
its
 t

o 
th

is
 e

xt
en

t, 
or
 r

en
de

r 
th

e 
tim

e 
em

pl
oy

ed
 in

 g
iv

en
 c

al
cu

la
tio

ns
 lo

ng
er

, a
t c

er
ta

in
 d

ef
in

ite
 in

te
rv

al
s.

B
ut

 e
ve

n 
if 

it 
w

er
e 

th
us

 p
os

si
bl

e 
to

 s
at

isf
y 

al
l 

pr
ac

tic
al
 w

an
ts
 t

he
re

 
w

ou
ld

 s
til

l r
em

ai
n 

a 
de

si
de

ra
tu

m
 to

 r
en

de
r t

he
 m

ec
ha

ni
sm

 p
hi

lo
so

ph
i­

ca
lly

 p
er

fe
ct
 a

s 
to
 i

ts 
po

w
er
 o

f 
co

nv
er

tin
g 

al
ge

br
ai

c 
ex

pr
es

si
on

s 
in

to
 

nu
m

be
rs

, w
ith

ou
t a

ny
 li

m
it 

as
 t

o 
th

ei
r 

m
ag

ni
tu

de
 o

r 
ex

te
nt

.
Th

e 
re

su
lt 

of
 m

y 
re

fle
ct

io
ns

 h
as

 b
ee

n 
th

at
 n

um
be

rs
 c

on
ta

in
in

g 
m

or
e 

th
an

 th
irt

y 
pl

ac
es

 o
f f

ig
ur

es
 w

ill
 n

ot
 b

e 
re

qu
ire

d 
fo

r a
 lo

ng
 ti

m
e 

to
 c

om
e.

 
I 

ha
ve

, 
ho

w
ev

er
, m

ad
e 

th
e 

dr
aw

in
gs

 o
f 

th
e 

en
gi

ne
 f

or
 f

or
ty
 p

la
ce

s 
of

 
fig

ur
es

. A
ll 

ad
di

tio
ns

 a
nd

 s
ub

tra
ct

io
ns

 m
ay

 b
e 

m
ad

e 
w

ith
 s

uc
h 

nu
m

be
rs

 
an

d 
th

e 
pr

od
uc

ts
, a

m
ou

nt
in

g 
to

 e
ig

ht
y 

pl
ac

es
, m

ay
 b

e 
pr

es
er

ve
d 

in
 th

e 
st

or
e 

an
d 

br
ou

gh
t b

ac
k 

in
to

 th
e 

m
ill

 to
 b

e 
di

vi
de

d 
by

 n
um

be
rs

 o
f f

or
ty

 
pl

ac
es

 o
f f

ig
ur

es
, t

hu
s 

re
ta

in
in

g 
fo

rty
 p

la
ce

s 
in
 t

he
 q

uo
tie

nt
.

I 
ha

ve
 h

ow
ev

er
 c

on
si

de
re

d 
th

irt
y 

pl
ac

es
 o

f f
ig

ur
es

 a
s 

th
e 

st
an

da
rd

, 
an

d 
up

on
 th

at
 b

as
is 

ha
ve

 m
ad

e 
al

l t
he

 e
st

im
at

es
 o

f t
he

 ti
m

e 
re

qu
ire

d 
fo

r 
th

e 
co

m
pu

ta
tio

n 
of

 f
or

m
ul

ae
. 

In
 o

rd
er
 t

o 
fu

lfi
l 

th
e 

co
nd

iti
on

 o
f 

th
e 

co
nv

er
si

on
 o

f a
lg

eb
ra

ic
 fo

rm
ul

ae
 in

to
 n

um
be

r 
w

ith
ou

t r
ef

er
en

ce
 to

 th
e 

nu
m

be
r 

of
 d

ig
its

 i
n 

th
e 

qu
an

tit
ie

s 
em

pl
oy

ed
, 

I 
ha

ve
 a

va
ile

d 
m

ys
el

f o
f 

ce
rta

in
 a

rit
hm

et
ic

al
 p

rin
ci

pl
es

, b
y 

th
e 

ai
d 

of
 w

hi
ch

, w
ith

ou
t a

dd
in

g 
to
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II

th
e 

m
ec

ha
ni

sm
, c

al
cu

la
tio

ns
, 

if 
re

qu
iri

ng
 a

ny
 e

xt
en

t 
of

 d
ig

its
, m

ay
 b

e 
pe

rf
or

m
ed

; t
he

se
 p

rin
ci

pl
es

 w
ill

 b
e 

ex
pl

ai
ne

d 
in

 a
 fu

tu
re

 p
ag

e.
 A

t p
re

se
nt

 
it 

m
ay

 b
e 

su
ffi

ci
en

t t
o 

ob
se

rv
e 

th
at

 if
 it

 is
 re

qu
ire

d 
to

 c
om

pu
te

 fo
rm

ul
ae

 
ha

vi
ng

 in
 e

ac
h 

qu
an

tit
y 

no
t m

or
e 

th
an

 e
ig

ht
y 

fig
ur

es
, i

t w
ill

 b
e 

su
ffi

ci
en

t 
to

 e
m

pl
oy

 a
bo

ut
 fo

ur
 ti

m
es

 th
e 

tim
e 

re
qu

is
ite

 fo
r t

he
 c

al
cu

la
tio

n 
of

 th
e 

sa
m

e 
fo

rm
ul

ae
, h

av
in

g 
on

ly
 h

al
f t

ha
t n

um
be

r o
f d

ig
its

 in
 e

ac
h 

qu
an

tit
y.

 
If

 th
re

e 
tim

es
 t

he
 n

um
be

r 
of

 d
ig

its
 (

or
 1

20
 d

ig
its

) 
be

 r
eq

ui
re

d 
in
 e

ac
h 

nu
m

be
r, 

th
en

 a
bo

ut
 n

in
e 

tim
es

 th
e 

tim
e 

w
ill

 b
e 

re
qu

is
ite

 a
nd

 in
 g

en
er

al
, 

if 
th

e 
nu

m
be

r 
of

 fi
gu

re
s 

re
qu

ire
d 

to
 b

e 
us

ed
 in

 th
e 

gi
ve

n 
qu

an
tit

ie
s 

be
 

ex
pr

es
se

d 
as

 n
 t

im
es

 t
he

 n
um

be
r 

fo
rty

, t
he

n 
th

e 
tim

e 
re

qu
ire

d 
by

 t
he

 
en

gi
ne

 w
ill

 b
e: 

40
 x
 n

^.
It 

w
as

 im
po

rta
nt

, a
t l

ea
st 

fo
r t

he
 th

eo
re

tic
al

 p
er

fe
ct

io
n 

of
 th

e 
en

gi
ne

, 
th

at
 n

o 
ad

di
tio

na
l 

m
ec

ha
ni

sm
 s

ho
ul

d 
be
 r

eq
ui

re
d 

fo
r 

an
y 

ex
te

nt
 o

f 
nu

m
er

ic
al
 c

al
cu

la
tio

n,
 b

ey
on

d 
th

at
 w

hi
ch

 w
as

 c
on

si
de

re
d 

to
 b

e 
sa

fe
ly

 
pr

ac
tic

ab
le

 in
 t

he
 p

re
se

nt
 s

ta
te
 o

f t
he

 m
ec

ha
ni

ca
l a

rts
.

Th
is
 p

oi
nt
 h

as
 b

ee
n 

ac
co

m
pl

is
he

d 
w

ith
 r

es
pe

ct
 t

o 
nu

m
be

rs
, 

by
 

in
cr

ea
si

ng
 th

e 
tim

e 
ne

ar
ly

 in
 p

ro
po

rti
on

 to
 th

e 
sq

ua
re

 o
f t

he
 n

um
be

r o
f 

tim
es

 th
e 

su
m
 o

f t
he

 d
ig

its
 is

 a
 m

ul
tip

le
 o

f f
or

ty
.

A
s 

to
 th

e 
ex

te
nt

 in
 p

oi
nt

 o
f s

uc
ce

ss
io

ns
 o

f t
he

 a
lg

eb
ra

ic
al

 o
pe

ra
tio

ns
, 

no
 p

ra
ct

ic
al
 li

m
it 

se
em

s 
to

 e
xi

st.
 T

he
 n

um
be

r 
of

 c
ar

ds
 w

hi
ch

 i
nd

ic
at

e 
th

e 
op

er
at

io
ns

, a
nd

 th
os

e 
th

at
 g

ov
er

n 
th

e 
qu

an
tit

ie
s, 

m
ay

 b
e 

in
cr

ea
se

d 
to

 a
ny

 e
xt

en
t w

ith
ou

t l
oa

di
ng

 th
e 

en
gi

ne
, a

nd
 in

 th
e 

m
or

e 
co

m
pl

ic
at

ed
 

de
ve

lo
pm

en
ts
 t

he
 c

om
bi

na
to

ria
l 

ca
rd

s 
m

ay
 b

e 
m

ad
e 

us
e 

of
, 

an
d 

ex
pa

ns
io

ns
, 

w
hi

ch
 b

y 
th

e 
us

ua
l 

m
ea

ns
 w

ou
ld
 r

eq
ui

re
 a

bo
ve
 t

w
en

ty
 

th
ou

sa
nd

 c
ar

ds
, m

ay
 b

e 
pe

rf
or

m
ed

 w
ith

 li
ttl

e 
m

or
e 

th
an

 tw
o 

hu
nd

re
d.

4. 
Ti

m
e 

re
qu

ire
d 

in
 c

om
pu

tin
g f

or
m

ul
ae

Th
e 

m
os

t c
on

st
an

t d
iff

ic
ul

ty
 in

 c
on

tri
vi

ng
 th

e 
en

gi
ne

 h
as

 a
ris

en
 fr

om
 th

e 
de

sir
e 

to
 re

du
ce

 th
e 

tim
e 

in
 w

hi
ch

 th
e 

ca
lc

ul
at

io
ns

 w
er

e 
ex

ec
ut

ed
 to

 th
e 

sh
or

te
st
 w

hi
ch

 is
 p

os
sib

le
.

It 
is 

no
t 

to
 b

e 
pr

es
um

ed
 t

ha
t 

su
ch

 a
n 

at
te

m
pt

 h
as

 s
uc

ce
ed

ed
. 

H
ow

 
ne

ar
 t

he
 a

pp
ro

ac
h 

ha
s 

be
en
 m

ad
e 

m
us

t 
re

m
ai

n 
fo

r 
af

te
rti

m
es
 t

o 
de

te
rm

in
e.

 I
t i

s, 
ho

w
ev

er
, d

es
ira

bl
e 

to
 s

ta
te

 th
e 

m
od

e 
in

 w
hi

ch
 th

e 
tim

e 
ha

s 
be

en
 e

st
im

at
ed

 a
nd

 t
o 

po
in

t 
ou

t 
so

ur
ce

s 
of

 m
is

ta
ke

 w
hi

ch
 m

ig
ht

 
pe

rh
ap

s 
be
 o

ve
rlo

ok
ed
 b

y 
th

os
e 

w
ho
 h

av
e 

no
t 

de
ep

ly
 s

tu
di

ed
 t

he
 

su
bj

ec
t.

Th
e 

fir
st 

st
ep

 is
 t

o 
as

su
m

e 
as

 a
 d

ef
in

iti
on

, t
he

 u
ni

t 
of

 sp
ac

e 
an

d 
th

e 
un

it 
of

 ti
m

e.
 I
 h

av
e 

as
su

m
ed

 f
or

 th
e 

fir
st

 o
f t

he
se

, t
he

 s
pa

ce
 (

m
ea

su
re

d
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3

on
 a

 c
irc

le
), 

be
tw

ee
n 

th
e 

fig
ur

es
 o

n 
th

e 
fig

ur
e 

w
he

el
. T

hi
s 

is
. T

he
 

un
it 

of
 ti

m
e 

is 
as

su
m

ed
 to

 b
e 

th
at

 p
or

tio
n 

of
 a

 s
ec

on
d 

re
qu

ire
d 

fo
r t

he
 

pa
ss

ag
e 

of
 o

ne
 f

ig
ur

e 
to

 a
no

th
er

 o
n 

th
e 

sa
m

e 
w

he
el

s.
Th

e 
tim

e 
oc

cu
pi

ed
 b

y 
on

e 
tu

rn
 o

f t
he

 h
an

dl
e 

of
 th

e 
en

gi
ne

, w
hi

ch
 is

 
ca

lle
d 

a 
cy

cl
e, 

co
ns

is
ts

 o
f t

he
 ti

m
e 

ne
ce

ss
ar

y 
fo

r t
he

 d
ire

ct
iv

e 
ac

tio
n,

 th
e 

tim
e 

re
qu

is
ite

 f
or
 e

xe
cu

tin
g 

th
os

e 
di

re
ct

io
ns

, 
th

e 
tim

e 
ne

ce
ss

ar
y 

fo
r 

ad
di

tio
n,
 t

he
 t

im
e 

ne
ce

ss
ar

y 
fo

r 
lo

ck
in

g 
th

e 
w

he
el

s 
m

ov
ed

, 
th

e 
tim

e 
ne

ce
ss

ar
y 

fo
r c

ar
ria

ge
, a

nd
 th

e 
tim

e 
re

qu
ire

d 
fo

r l
oc

ki
ng

 th
e 

w
he

el
s a

fte
r 

ca
rri

ag
e.

It 
so

m
et

im
es

 o
cc

ur
s t

ha
t c

ar
ria

ge
 is

 n
ot

 re
qu

ire
d,

 in
 th

is
 c

as
e 

th
e 

cy
cl

e 
co

ns
is

ts
 o

f f
ift

ee
n 

un
its

 o
f t

im
e.

 W
he

n 
ca

rr
ia

ge
 a

ls
o 

is 
to

 b
e 

us
ed

, t
w

en
ty

 
un

its
 o

f t
im

e 
ar

e 
ne

ce
ss

ar
y.

Th
e 

fir
st
 m

od
e 

of
 r

ed
uc

in
g 

th
e 

tim
e 

w
hi

ch
 p

re
se

nt
s 

its
el

f 
is 

by
 

di
m

in
is

hi
ng

 th
e 

un
it 

of
 sp

ac
e,
 o

r 
th

e 
di

st
an

ce
 b

et
w

ee
n 

th
e 

fig
ur

es
. T

he
 

fir
st 

in
co

nv
en

ie
nc

e 
w

hi
ch

 p
re

se
nt

s 
its

el
f i

s 
th

at
 th

e 
m

ac
hi

ne
ry

 b
ec

om
es

 
m

or
e 

de
lic

at
e 

an
d 

re
qu

ire
s 

be
tte

r 
w

or
km

an
sh

ip
. 

Th
e 

ge
ne

ra
l s

ca
le
 o

n 
w

hi
ch
 i

t 
is 

co
ns

tru
ct

ed
 b

ec
om

es
 t

ha
t 

of
 c

lo
ck

w
or

k,
 a

nd
 f

in
al

ly
 i

s 
re

du
ce

d 
to
 w

at
ch

w
or

k.
 T

hi
s 

ev
il 

w
ill
 o

f c
ou

rs
e 

be
 d

im
in

is
he

d 
as
 t

he
 

m
ec

ha
ni

ca
l 

ar
ts
 a

dv
an

ce
 in

 p
er

fe
ct

io
n.

A
no

th
er

 c
on

se
qu

en
ce

 o
f t

he
 d

im
in

ut
io

n 
of

 th
e 

un
it 

of
 sp

ac
e 

is,
 th

at
 a

s 
th

e 
tim

e 
lo

st 
at
 e

ac
h 

ge
ar

in
g 

is 
no

t 
pr

op
or

tio
na

lly
 d

im
in

is
he

d,
 i

t 
be

co
m

es
 n

ec
es

sa
ry
 t

o 
m

ak
e 

m
or

e 
fr

eq
ue

nt
 c

or
re

ct
io

ns
 b

y 
m

ea
ns
 o

f 
ad

di
tio

na
l 

lo
ck

in
g 

ap
pa

ra
tu

s.
 T

he
 t

im
e 

re
qu

ire
d 

fo
r 

th
es

e 
lo

ck
in

gs
 

in
cr

ea
se

s 
th

e 
le

ng
th

 o
f t

he
 c

yc
le

 ..
. 

th
e 

un
it 

of
 sp

ac
e 

w
as

 a
ss

um
ed

 to
 b

e 
•6

28
32

 a
nd

 a
 c

or
re

ct
io

n 
w

as
 a

pp
lie

d 
to

 d
es

tro
y 

th
e 

lo
ss

 o
f t

im
e 

at
 e

ve
ry

 
th

ird
 w

he
el

. W
he

n 
th

e 
tw

o 
co

un
te

ra
ct

in
g 

pr
in

ci
pl

es
 o

f a
 s

ho
rt 

un
it 

an
d 

m
an

y 
lo

ck
in

gs
 w

er
e d

is
tin

ct
ly

 p
er

ce
iv

ed
 th

e 
pr

es
en

t u
ni

t w
as

 a
do

pt
ed

 a
s 

th
at

 m
os

t f
itt

ed
 fo

r t
he

 p
re

se
nt

 s
ta

te
 o

f m
ec

ha
ni

ca
l a

rt
 a

nd
 a

 lo
ck

in
g 

w
as

 
pl

ac
ed

 a
t e

ve
ry

 s
ec

on
d 

w
he

el
.

Th
e 

tim
e 

ne
ce

ss
ar

y 
fo

r t
he

 a
ct

io
n 

of
 th

e 
di

re
ct

iv
e 

pa
rt 

co
ns

is
ts

 in
 th

at
 

em
pl

oy
ed

 i
n 

ad
va

nc
in

g 
th

e 
ba

rr
el

s, 
an

d 
in
 t

ur
ni

ng
 a

nd
 a

dv
an

ci
ng

 th
e 

se
ve

ra
l c

la
ss

es
 o

f c
ar

ds
. T

he
 a

dv
an

ce
 o

f t
he

 b
ar

re
ls

 a
nd

 th
at

 o
f t

he
 c

ar
ds

 
ca

n 
be
 m

ad
e 

co
nt

em
po

ra
ne

ou
s,
 a

nd
 t

he
 e

xt
en

t 
of

 t
he

ir 
m

ot
io

n 
w

ill
 

de
pe

nd
 o

n 
th

e 
m

od
e 

by
 w

hi
ch

 t
he

 s
ev

er
al
 p

ar
ts
 a

re
 t

hr
ow

n 
in

to
 g

ea
r, 

an
d 

th
e 

tim
e 

w
ill

 d
ep

en
d 

up
on

 th
e 

sp
ac

e,
 a

nd
 th

e 
m

as
s 

of
 m

at
te

r t
o 

be
 

m
ov

ed
.

Th
e 

tim
e 

ne
ce

ss
ar

y 
fo

r 
th

e 
ci

rc
ul

ar
 m

ot
io

n 
of

 th
e 

ba
rr

el
s 

fr
om

 o
ne

 
ve

rti
ca

l t
o 

an
ot

he
r, 

an
d 

al
so

 th
at

 r
eq

ui
re

d 
fo

r t
he

 tu
rn

in
g 

ov
er

 s
ev

er
al

 
ca

rd
s 

to
 a

rr
iv

e 
at

 th
e 

on
e 

w
an

te
d,

 w
he

n 
it 

is 
at

 s
om

e 
di

st
an

ce
 fr

om
 th

at
 

la
st
 u

se
d,
 m

us
t 

al
so
 b

e 
co

ns
id

er
ed

. 
Th

is
 o

pe
ra

tio
n 

m
ay

 b
e 

ex
ec

ut
ed
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II

du
rin

g 
th

e 
ad

di
tio

n 
pa

rt 
of

 th
e 

cy
cl

e, 
pr

ov
id

ed
 th

e 
di

st
an

ce
 b

et
w

ee
n 

th
e 

ve
rti

ca
l i

n 
th

e 
ba

rr
el

s 
an

d 
th

e 
ca

rd
s 

on
 th

e 
pr

is
m

 is
 n

ot
 to

o 
la

rg
e.

 W
he

n 
th

e 
un

it 
of

 s
pa

ce
 -

62
83

2 
w

as
 e

m
pl

oy
ed

, 
fo

ur
te

en
 v

er
tic

al
s 

co
ul

d 
be

 
pa

ss
ed

 o
ve

r i
n 

a 
cy

cl
e 

an
d

ca
rd

s. 
B

ut
 w

he
n 

th
at

 u
ni

t w
as

 r
ed

uc
ed

 
to

it 
w

as
 fo

un
d 

th
at

 o
nl

y 
5 a

nd
 7 

ve
rti

ca
ls 

w
ou

ld
 b

e p
as

se
d 

an
d

 
ca

rd
s 

in
 t

he
 s

am
e 

po
rti

on
 o

f 
th

e 
cy

cl
e. 

Th
e 

co
ns

eq
ue

nc
e 

of
 t

hi
s 

di
m

in
is

he
d 

tim
e 

w
ill

 b
e 

th
at

 u
nd

er
 c

er
ta

in
 c

irc
um

st
an

ce
s i

t m
ay

 b
ec

om
e 

ne
ce

ss
ar

y 
to

 e
m

pl
oy

 a
n 

ex
tra

 t
ur

n 
of

 th
e 

ha
nd

le
 in

 o
rd

er
 to

 b
rin

g 
th

e 
ba

rr
el

s 
or

 th
e 

ca
rd

s 
to

 th
ei

r p
ro

pe
r 

po
si

tio
ns

. T
hi

s 
th

en
 f

or
m

s 
th

e 
fir

st
 

co
un

te
ra

ct
in

g 
pr

in
ci

pl
e 

to
 b

e 
co

ns
id

er
ed

 w
he

n 
it 

is 
pr

op
os

ed
 to

 s
ho

rte
n 

th
e 

un
it 

of
 sp

ac
e.

Th
e 

co
rr

ec
tio

ns
 f

or
 lo

ss
 o

f t
im

e 
ar

is
in

g 
fr

om
 t

he
 o

rig
in

al
 s

tru
ct

ur
e 

an
d 

su
bs

eq
ue

nt
 w

ea
r 

of
 th

e 
te

et
h 

of
 th

e 
w

he
el

s 
ar

e 
m

ad
e 

by
 m

ea
ns

 o
f 

th
e 

lo
ck

in
g 

ap
pa

ra
tu

s.
 L

ev
er

s 
te

rm
in

at
in

g 
in

 w
ed

ge
s a

re
 fo

rc
ed

 b
et

w
ee

n 
th

e 
in

cl
in

ed
 p

la
ne

s 
of

 th
e 

lo
ck

in
g 

te
et

h,
 a

nd
 t

hu
s 

br
in

g 
th

e 
w

he
el

s 
to

 
w

hi
ch

 t
he

y 
ar

e 
at

ta
ch

ed
 a

cc
ur

at
el

y 
to
 t

he
ir 

pl
ac

es
. 

Th
e 

de
pt

h 
of

 th
e 

lo
ck

in
g 

te
et

h 
de

pe
nd

s 
on

 t
he

 e
xt

en
t 

of
 t

he
 c

or
re

ct
io

n,
 a

nd
 t

he
 t

im
e 

oc
cu

pi
ed

 in
 m

ov
in

g 
th

em
 w

ill
 d

ep
en

d 
pa

rtl
y 

on
 th

at
 d

ep
th

, a
nd

 p
ar

tly
 

on
 th

e 
cl

ea
ra

nc
e 

re
qu

ire
d 

w
he

n 
th

ey
 a

re
 u

nl
oc

ke
d.

 If
 th

er
ef

or
e 

th
e 

sa
m

e 
ex

te
nt

 o
f m

ot
io

n 
is 

ca
rr

ie
d 

th
ro

ug
h 

a 
sh

or
t a

nd
 th

ro
ug

h 
a 

lo
ng

 tr
ai

n 
of

 
w

he
el

s, 
th

e 
tim

e 
oc

cu
pi

ed
 in

 b
rin

gi
ng

 th
e 

la
st

 w
he

el
 to

 it
s 

tru
e 

pl
ac

e 
w

ill
 

in
 th

e 
fir

st
 c

as
e 

ar
ise

 fr
om

 fe
w 

lo
ck

in
gs

 m
ov

in
g 

th
ro

ug
h 

ce
rta

in
 s

pa
ce

s, 
w

hi
lst

 in
 th

e 
lo

ng
 tr

ai
n 

it 
w

ill
 re

su
lt 

fr
om

 m
or

e 
nu

m
er

ou
s 

lo
ck

in
gs

, e
ac

h 
of

 w
hi

ch
 m

ov
es

 t
hr

ou
gh

 a
 s

m
al

le
r 

sp
ac

e.
If

 th
e 

sp
ac

e 
re

qu
ire

d 
fo

r c
le

ar
an

ce
 c

ou
ld

 w
ith

 s
af

et
y 

be
 d

im
in

is
he

d 
in

 
th

e 
sa

m
e 

pr
op

or
tio

n 
as

 th
e 

de
pt

h 
of

 th
e 

lo
ck

in
gs

, t
he

n 
in

 p
oi

nt
 o

f t
im

e 
m

er
el

y,
 it

 w
ou

ld
 b

e 
in

di
ff

er
en

t w
he

th
er

 th
e 

lo
ck

in
gs

 w
er

e 
fe

w 
or

 m
an

y,
 

an
d 

th
ei

r 
nu

m
be

r 
w

ou
ld
 t

he
n 

be
 d

et
er

m
in

ed
 b

y 
th

e 
si

m
pl

ic
ity
 o

f 
m

ec
ha

ni
sm

, 
an

d 
by
 o

th
er
 p

rin
ci

pl
es

. 
Th

e 
un

lo
ck

in
g 

of
 t

he
 s

ev
er

al
 

w
he

el
s 

m
ay

 t
ak

e 
pl

ac
e 

in
 a

 m
uc

h 
sh

or
te

r 
tim

e 
th

an
 t

ha
t 

re
qu

ire
d 

fo
r 

lo
ck

in
g 

th
em

.
Th

e 
tim

e 
re

qu
is

ite
 f

or
 e

xe
cu

tin
g 

th
e 

or
de

rs
 o

f 
th

e 
di

re
ct

iv
e 

pa
rt 

co
ns

is
ts 

in
 t

ha
t 

du
rin

g 
w

hi
ch
 t

he
 o

rig
in

al
 s

ou
rc

e 
of
 m

ov
em

en
t 

is 
co

nn
ec

te
d 

w
ith

 t
he

 s
ev

er
al
 p

ar
ts
 w

hi
ch

 a
re

 o
rd

er
ed

 t
o 

be
 m

ov
ed

. T
he

 
tim

e 
of

 ad
di

tio
n 

co
m

es
 w

ith
in

 th
is

 c
la

ss
, a

nd
 s

o 
al

so
 d

oe
s 

th
at

 in
 w

hi
ch

 
ce

rta
in

 g
ea

rin
gs

 a
re

 m
ad

e 
an

d 
br

ok
en

 b
y 

th
e 

lif
tin

g 
or

 d
es

ce
nt

 o
f c

er
ta

in
 

ax
es

. A
s t

he
se

 g
ea

rin
gs

 c
an

 u
su

al
ly

 b
e 

m
ad

e 
at

 th
e 

sa
m

e 
m

om
en

t, 
/ t

he
ir 

nu
m

be
r d

oe
s 

no
t a

ug
m

en
t t

he
 ti

m
e 

th
ey

 e
m

pl
oy

. B
ut

 if
, i

n 
or

de
r t

o 
sa

ve
 

m
ec

ha
ni

sm
, t

ho
se

 a
xe

s 
m

ov
e 

to
 s

ev
er

al
 p

oi
nt

s 
of

 re
st

 a
nd

 c
on

se
qu

en
tly

 
pa

ss
 o

ve
r 

co
ns

id
er

ab
le
 s

pa
ce

, 
th

en
 m

or
e 

tim
e 

m
us

t 
ne

ce
ss

ar
ily
 b

e
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3

al
lo

w
ed

. W
he

n 
th

e 
nu

m
be

r 
of

 fi
gu

re
 w

he
el

s 
in

 e
ac

h 
ca

ge
 w

as
 r

ed
uc

ed
 

fr
om

 f
ou

r 
to
 t

w
o,
 t

he
 t

im
e 

em
pl

oy
ed

 i
n 

lif
tin

g 
th

es
e 

ax
es
 w

as
 a

ls
o 

re
du

ce
d.

Th
e 

tim
e 

co
ns

um
ed

 i
n 

ca
rr

ia
ge

 v
ar

ie
s 

m
or

e 
th

an
 t

ha
t 

of
 a

ny
 o

th
er

 
po

rti
on

 o
f t

he
 c

yc
le

, a
cc

or
di

ng
 to

 th
e 

di
ff

er
en

t m
ec

ha
ni

sm
 e

m
pl

oy
ed

 fo
r 

th
at

 p
ur

po
se

. T
he

 m
er

e 
tim

e 
of

 ad
di

ng
 th

e 
un

its
 c

au
se

d 
by

 c
ar

ria
ge

 m
ay

 
oc

cu
py

 o
ne
 u

ni
t 

of
 t

im
e 

or
 i

t 
m

ay
 r

eq
ui

re
 f

or
ty

. 
Th

e 
tim

e 
fo

r 
th

e 
pr

ev
io

us
 a

dj
us

tm
en

t w
ill

 a
ls

o 
va

ry
 b

ut
 in

 a
 le

ss
 d

eg
re

e.
 It

 is
 th

er
ef

or
e 

on
 

th
is

 p
oi

nt
 th

at
 b

y 
fa

r t
he

 m
os

t i
m

po
rta

nt
 sa

vi
ng

 c
an

 b
e 

ef
fe

ct
ed

, a
 sa

vi
ng

 
w

hi
ch

 w
ou

ld
 ju

st
ify

 e
ve

n 
ve

ry
 e

xp
en

si
ve

 m
ac

hi
ne

ry
.

In
 th

e 
ea

rli
er

 s
ta

ge
s o

f t
he

 in
ve

nt
io

n 
of

 th
e 

en
gi

ne
, t

he
 g

re
at

 e
xt

en
t o

f 
th

e 
m

ec
ha

ni
sm

 fo
r c

ar
ria

ge
, w

hi
ch

 it
 w

as
 n

ec
es

sa
ry

 to
 a

tta
ch

 to
 e

ac
h 

se
t 

of
 fi

gu
re

 w
he

el
s, 

be
ca

m
e 

a 
se

rio
us

 o
bs

ta
cl

e 
to

 it
s 

ad
va

nc
em

en
t. 

It
 w

as
 

th
e 

pr
es

su
re
 o

f 
th

is
 d

iff
ic

ul
ty
 w

hi
ch
 l

ed
 m

e 
to
 r

ef
le

ct
 o

n 
th

e 
gr

ea
t 

as
si

st
an

ce
 d

er
iv

ed
 in

 a
na

ly
si

s, 
fr

om
 s

ep
ar

at
in

g 
th

e 
sy

m
bo

ls
 o

f o
pe

ra
tio

n 
fr

om
 t

ho
se
 o

f 
qu

an
tit

y,
 a

nd
 b

y 
a 

di
st

an
t 

an
al

og
y 

to
 a

tte
m

pt
 t

he
 

in
tro

du
ct

io
n 

of
 a
 c

ar
ry

in
g 

ap
pa

ra
tu

s,
 w

hi
ch
 m

ig
ht
 b

e 
at

ta
ch

ed
, 

as
 

oc
ca

si
on

 r
eq

ui
re

d,
 t

o 
an

y 
se

t o
f f

ig
ur

e 
w

he
el

s.
W

he
n 

I 
re

fle
ct

ed
 o

n 
th

e 
fa

ct
 t

ha
t 

th
e 

qu
an

tit
y 

of
 m

ec
ha

ni
sm

 
ne

ce
ss

ar
y 

fo
r 

pe
rf

or
m

in
g 

th
e 

op
er

at
io

n 
of
 m

er
e 

ad
di

tio
n 

w
ith

ou
t 

ca
rr

ia
ge

 w
as

 n
ot

 a
bo

ve
 th

e 
te

nt
h 

pa
rt 

of
 th

at
 re

qu
is

ite
 fo

r c
ar

ria
ge

 it
se

lf,
 

th
e 

im
po

rta
nc

e 
of

 su
ch

 a
 s

ep
ar

at
io

n 
be

ca
m

e 
ev

id
en

t, 
an

d 
th

is
 le

d 
m

e 
to

 
se

pa
ra

te
 th

e 
m

ac
hi

ne
 in

to
 tw

o 
pa

rts
, o

ne
 (t

he
 m

ill
) i

n 
w

hi
ch

 o
pe

ra
tio

ns
 

w
er

e 
pe

rf
or

m
ed

 t
he

 o
th

er
 (

th
e 

st
or

e)
 in

 w
hi

ch
 t

he
 q

ua
nt

iti
es

 u
se

d 
an

d 
pr

od
uc

ed
 w

er
e 

in
se

rte
d.

In
 i

ts 
pr

es
en

t 
st

at
e 

th
e 

tim
e 

by
 w

hi
ch

 t
he

 c
yc

le
 i

s 
in

cr
ea

se
d 

w
he

n 
ca

rr
ia

ge
 i

s 
re

qu
ire

d 
is 

fiv
e 

un
its

, 
on

ly
 o

ne
 o

f 
w

hi
ch

, 
ho

w
ev

er
, 

is 
em

pl
oy

ed
 in

 th
e 

ac
tu

al
 c

ar
ria

ge
. T

he
 r

es
t o

f t
he

 fi
ve

 is
 f

ill
ed

 u
p 

by
 th

e 
ne

ce
ss

ar
y 

m
ot

io
ns
 f

or
 p

re
pa

rin
g 

ca
rr

ia
ge

, 
an

d 
fo

r 
th

e 
ad

di
tio

na
l 

lo
ck

in
gs

 c
on

se
qu

en
t u

po
n 

it.
Th

e 
in

tro
du

ct
io

n 
of

 th
e 

pr
in

ci
pl

e 
of

 h
oa

rd
in

g 
ca

rr
ia

ge
s 

un
til
 t

he
y 

am
ou

nt
 to

 n
in

e,
 h

as
 in

 th
e 

ca
se

 o
f m

ul
tip

lic
at

io
n 

en
ab

le
d 

m
e 

to
 r

ed
uc

e 
th

at
 o

pe
ra

tio
n 

sti
ll 

fu
rth

er
 b

y 
su

bs
tit

ut
in

g 
ni

ne
 sh

or
t a

nd
 o

ne
 lo

ng
 c

yc
le

, 
fo

r e
ve

ry
 te

n 
lo

ng
 c

yc
le

s 
pr

ev
io

us
ly

 e
m

pl
oy

ed
.

Th
e 

tim
e 

ne
ce

ss
ar

y 
fo

r l
oc

ki
ng

 th
e 

w
he

el
s a

fte
r c

ar
ria

ge
 w

ill
 b

e 
ne

ar
ly

 
th

e 
sa

m
e 

as
 t

ha
t 

re
qu

is
ite

 f
or

 l
oc

ki
ng

 t
he

m
 b

ef
or

e. 
A

cc
or

di
ng

 t
o 

th
e 

na
tu

re
 o

f t
he

 m
ec

ha
ni

sm
 a

 g
ea

rin
g 

or
 tw

o 
m

or
e 

or
 le

ss
 w

ill
 m

ak
e 

th
e 

on
ly

 d
iff

er
en

ce
.

Pr
ev

io
us

ly
 t

o 
de

ci
di

ng
 o

n 
th

e 
ab

so
lu

te
 t

im
e 

of
 e

ac
h 

cy
cl

e, 
an

ot
he

r 
qu

es
tio

n 
m

us
t b

e 
en

te
re

d 
up

on
. S

in
ce

 th
e 

m
os

t i
m

po
rta

nt
 c

irc
um

st
an

ce
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11

w
hi

ch
 a

ffe
ct

s 
th

e 
du

ra
tio

n 
of

 a
 c

yc
le
 b

y 
a 

tim
e 

am
ou

nt
in

g,
 e

ve
n 

in
 th

e 
m

os
t 

fa
vo

ur
ab

le
 c

irc
um

st
an

ce
s 

ye
t 

co
nt

riv
ed

, 
to
 o

ne
 t

hi
rd

 o
f 

th
at
 i

n 
w

hi
ch
 a

dd
iti

on
 c

an
 b

e 
pe

rf
or

m
ed

, 
is 

th
e 

tim
e 

w
hi

ch
 i

s 
re

qu
ire

d 
fo

r 
ca

rr
ia

ge
, 

it 
m

ay
 

re
as

on
ab

ly
 b

e 
en

qu
ire

d 
w

he
th

er
, 

by
 a

do
pt

in
g 

a 
di

ff
er

en
t 

ra
di

x 
fo

r 
th

e 
ar

ith
m

et
ic

al
 n

ot
at

io
n,
 w

e 
m

ay
 n

ot
 i

n 
so

m
e 

m
ea

su
re

 a
vo

id
 th

e 
lo

ss
 o

f t
im

e.
 I
 a

cc
or

di
ng

ly
 a

t o
ne

 p
er

io
d 

co
ns

id
er

ed
 

th
e 

ad
va

nt
ag

e 
of

 ad
op

tin
g 

th
e 

ar
ith

m
et

ic
al

 n
ot

at
io

n 
of

 w
hi

ch
 th

e 
ba

se
 is

 
10

0 
in

st
ea

d 
of

 1
0.

Th
e 

im
m

ed
ia

te
 c

on
se

qu
en

ce
 

of
 s

uc
h 

a 
pl

an
 

w
as
 t

ha
t 

ca
rr

ia
ge

 
oc

cu
pi

ed
 o

n 
th

e 
av

er
ag

e 
ab

ou
t 

on
e 

ni
nt

h 
of

 t
he
 u

su
al
 t

im
e.
 S

om
e 

dr
aw

in
gs
 w

er
e 

m
ad

e 
fo

r 
th

is
 v

ie
w
 o

f 
th

e 
su

bj
ec

t 
bu

t 
af

te
r 

m
uc

h 
co

ns
id

er
at

io
n 

th
e 

pl
an

 w
as

 g
iv

en
 u

p 
as

 u
nd

es
ira

bl
e 

ev
en

 in
 a

n 
en

gi
ne

 o
f 

di
ffe

re
nc

es
.

H
av

in
g 

th
us

 e
xa

m
in

ed
 t

he
 e

le
m

en
ts 

of
 th

e 
op

er
at

io
ns

, 
an

d 
po

in
te

d 
ou

t t
he

 c
hi

ef
 in

gr
ed

ie
nt

s 
of

 th
e 

tim
e 

th
ey

 o
cc

up
y,

 th
e 

ne
xt

 c
on

si
de

ra
tio

n 
is 

th
ei

r 
co

m
bi

na
tio

n 
in

to
 o

pe
ra

tio
ns

. 
A

s 
fa

r 
as
 I
 h

av
e 

be
en
 a

bl
e 

to
 

ex
am

in
e 

th
e 

pr
oc

es
se

s 
of

 a
dd

iti
on

 a
nd

 s
ub

tra
ct

io
n,

 it
 d

oe
s 

no
t a

pp
ea

r 
th

at
 m

uc
h 

is 
to

 b
e 

ga
in

ed
, s

in
ce

 t
he

 lo
w

es
t l

im
it 

m
us

t b
e 

on
e 

tu
rn

 f
or

 
ea

ch
 p

ro
ce

ss
 a

nd
 th

e 
lim

it 
is 

at
 p

re
se

nt
 n

 +
 4

 tu
rn

s f
or

 n
 o

pe
ra

tio
ns

. T
he

 
sm

al
l 

sa
vi

ng
 w

hi
ch
 m

ig
ht
 p

os
si

bl
y 

be
 c

on
tri

ve
d 

is 
no

t 
of

 t
he
 s

am
e 

im
po

rta
nc

e 
as
 a

ny
 e

co
no

m
y 

in
 t

he
 t

im
e 

of
 p

er
fo

rm
in

g 
th

e 
la

rg
er

 
op

er
at

io
ns

.
W

ith
 r

es
pe

ct
 to

 m
ul

tip
lic

at
io

n 
tw

o 
m

et
ho

ds
 m

ay
 b

e 
fo

llo
w

ed
, e

ith
er

 
th

e 
pr

oc
es

s 
m

ay
 b

e 
co

m
m

en
ce

d 
by

 ta
ki

ng
 th

at
 m

ul
tip

le
 o

ut
 o

f t
he

 ta
bl

e 
w

hi
ch

 c
or

re
sp

on
ds

 t
o 

th
e 

lo
w

es
t 

or
 u

ni
ts
 f

ig
ur

e 
of

 th
e 

m
ul

tip
lie

r, 
an

d 
th

en
 p

ro
ce

ed
in

g 
to

 th
e 

m
ul

tip
le

 c
or

re
sp

on
di

ng
 to

 th
e 

te
ns

, a
nd

 s
o 

on
; o

r 
w

e 
m

ay
 b

eg
in
 b

y 
se

le
ct

in
g 

th
e 

m
ul

tip
le
 c

or
re

sp
on

di
ng

 t
o 

th
e 

hi
gh

es
t 

fig
ur

e,
 t

he
n 

th
at
 t

o 
th

e 
se

co
nd

 f
ig

ur
e 

an
d 

so
 o

n.
Th

e 
fir

st
 o

f 
th

es
e 

m
od

es
 o

f 
pr

oc
ee

di
ng

 r
eq

ui
re

s 
on

ly
 o

ne
 c

ar
ria

ge
, 

be
ca

us
e 

at
 e

ac
h 

st
ep

pi
ng

 d
ow

n 
of

 th
e 

pr
od

uc
t o

ne
 fi

gu
re

 is
 c

ar
rie

d 
of

f t
o 

an
ot

he
r a

xi
s, 

an
d 

no
 s

ub
se

qu
en

t a
dd

iti
on

 to
 th

e 
pr

od
uc

t c
an

 e
ve

r a
lte

r 
th

e 
fig

ur
es
 s

o 
tra

ns
fe

rr
ed

. 
If,
 h

ow
ev

er
, 

w
e 

co
m

m
en

ce
 a

t 
th

e 
hi

gh
es

t 
fig

ur
e 

of
 th

e 
m

ul
tip

lie
r 

tw
o 

ca
rr

ia
ge

s 
be

co
m

e 
ne

ce
ss

ar
y,
 b

ec
au

se
 a

ny
 

m
ul

tip
le

, 
do

w
n 

ev
en
 t

o 
th

at
 w

hi
ch
 t

he
 u

ni
ts
 f

ig
ur

e 
di

re
ct

s, 
m

ay
 b

y 
po

ss
ib

ili
ty

 c
ha

ng
e 

al
l t

he
 o

th
er

s 
up

 to
 th

e 
hi

gh
es
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LIST OF PLATES

Thirteen plates of the Analytical Engine®

Plate 1. Plan of the figure wheels for one method of
adding numbers 240

Plate 2.’’ Elevation of the wheels and axis for one
method of adding numbers 241

Plate 3. Elevation of framing only for one method of
adding numbers 242

Plate 4. Section of adding wheels and framing together 243 
Plate 5. Section of the adding wheels, sign wheels and

framing complete 244
Plate 6. Impression from the original wooden block 245
Plate 1. Impressions from a stereotype cast of No. 6,

with the letters and signs inserted. Nos 2, 3, 4
and 5 were stereotypes taken from this 246

Plate 8. Plan of adding wheels and of long and short
pinions, by means of which stepping is accomplished 247 

Plate 9. Elevation of long pinions in the position for addition 248 
Plate 10. Elevation of long pinions in the position for stepping 249 
Plate 11. Plan of mechanism for carrying the tens (by

anticipation), connected with long pinions 250
Plate 12. Section of the chain of wires for the

anticipating carriage 251
Plate 13. Sections of the elevation of parts of the

preceding carriage 252-3

The general plan of Mr Babbage’s great calculating engine, 
no. 25, dated 6 August, 1840 at end of volume

“ These plates, reproduced from Babbage’s calculating engines (London, 1889), are 
not dated. Some of the proofs of the plates in the Babbage papers, Waseda University, 
are dated as follows: 3 and 4,10 May, 1837; 8-10, April, 1837; 12,4 December, 1836. See 
‘Sketch of the Analytical Engine’, this volume, pp. 91-2, for a description of the plates.

Plates 2-7 should be considered as a group. The complete plate is given in Plate 6, 
and with lettering in Plate 7. Plates 2-5 show various parts of the complete plate.
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PLATE 1

Plan of the figure wheels for one method of adding numbers 

240

PLATE 2

Elevation of the wheels and axis for one method of adding numbers

241



PLATE 3

Elevation of framing only for one method of adding numbers

242

PLATE 4

Section of adding wheels and framing together

243



PLATE 5

Section of the adding wheels, sign wheels and framing complete

244

PLATE 6

Impression from the original wooden block

245
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Plan of mechanism for carrying the tens (by anticipation), connected with long pinions
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