(4) Determination of the smallest prime factor of
any integer less than 4,000,000. This involves up to
1,000 divisions, each of which occupies 6 millisec. for
a dividend of 22 binary digits. 31 instructions; time
less than 7 sec. With 27 further instructions, pre-
liminary decimal-binary and final binary-decimal
conversion can be carried out, the whole taking an
insignificantly longer time.

(5) Calculation of the position of a set of light rays
after passage through any compound lens having
prescribed refractive indices and a given number of
spherical surfaces. The surfaces were dealt with in
separate runs, all rays being computed at each run.
128 instructions ; computing time 1 sec. per ray per
surface, which is reduced to 0-2 sec. when the auto-
matic multiplier is used.
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AUTOMATIC COMPUTING ENGINE
OF THE NATIONAL PHYSICAL
LABORATORY

engine (A.C.E.),
National Physical Laboratory, is a general-purpose
automatic electronic digital computer employing
mercury-tube ultrasonic delay-lines for the storage of
numerical data and instruction sequences, and using
a modified Hollerith reproducing-punch for the'input
and output of these data on punched cards. Calcula-
tion proceeds in the binary scale.

The delay-line storage units are of two lengths, the
shorter containing 32 binary digits, referred to as
comprising one ‘word’, and the longer containing
1,024 digits, that is, 32 words. The digit interval is
1 psec.; the recirculation periods of the long and
short delay-lines, namely, and \1,024) usec., are
called ‘major’ and ‘minor’ cycles, respé€tively. There
are eight long and eight short delay-lines, giving &
total capacity of 264 words, equivalént to 264 numbers
of nine decimal digits and a sign. Although only &
pilot model, the machine is able to deal with many
problems of worthwhile complexity in which the
numbers of instructions involved and intermediate
results to be stored are not too great. For a typical
problem of this kind, three or four of the long. delay-
lines are in use for instructions.

The arithmetic units comprise an adder and a
multiplier. The adder is connécted in the recircu-
lation path of one of the short delay-lines, known as
the ‘accumulator’, so that any number transferred to

the input of the adder is added to the number in the -

line. It is also provided with a second input through
which a number may be subtracted from that in the
line. Addition and subtraction thus take 32 usec.,
the time occupied by the transfer. The multiplier is
connected with- three short delay-lines, one to hold

the first factor and two connected in series to store-

the second factor, which is, afterwards displaced by
the product as multiplication proceeds. The latter
two lines are available as an accumulator of two
words capacity when not in use for multiplieation.
Multiplication takes 2 msec.; but is automatic as soon
as it is started, so that other operations can be
carried out during the formation of the product.

In addition to the arithmetical operations, the
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machine is capable of performing certain logical
operations. Two of the short delay-lines are con-
nected with (a) a circuit the output of which is the
digit 1 when the digits from the lines are both 1, but
is. 0 otherwise ; and. (b) a circuit the output of which
is 1 when the digits from the lines are either (I, 0)
or (0, 1), but is 0 when, they are either (1, 1) or (0, 0).
Qne gf these short lines is also connected with (c) a
circuit producing Q0 wher the line produces 1 and
conversely, and (d) a circuit producing the same
output as the line but. delayed by one digit: interval.
The ‘logical operations’ (a) to (d) are the only
manipulative facilities available internally to the
machine besides addition, subtraction, multiplication,
delaying the output of a long delay-line by one minor
- eycle, and selection of the last digit of certain of the
short lines. The latter is used chiefly for sign-sensing
when negative-numbers are represented by comple-
ments with respect to 232

All computation and manipulation of data are
expressed as an equivalent sequence of simple
transfers, of words, dne or more at a time, from one
of 32 possible ‘sources’ to. onme of 32 ‘destinations’.
Thus, addition of two numbers is achieved by trans-
ferring one of them, from its current store-position to
the accumulator, thereby displacing the previous

word. in the accumulator, and then transferring the

other number to the additive input of the accumu-
lator. Multiplication is initiated by use of a special
destination, the factors having first heen transferred
to the appropriate short lines. Logical operations are
performed by first transferring the operands to the
associated short lines, amd then transferring the
result from the output of the appropriate circuit to
the destination at which it is required. These circuits
operate continually, whether they are in use as
sources, or. not. The transfers are carried out serially,
each being specified by an ‘instruction’ of one word,
five of the digits of which determine the source and
five the destination. The assimilation of each
instruetion by the. control circuits occupies one minor
cyele (32 usec.), so that transfers can take place at
the. maximum rate of 16,000 per sec.

An instruction may be drawn from any of seven
long lines and one short line, as specified by three
digits of the instruction previously obeyed, and it in
turn will determine where the next instruction is to
come from. Each instrubtion also specifies s waiting
period of an integral number: of minor cycles before
the transfer is to begin, and a transfer peried for
which it is to take place. These numbers lie in the
ranges 0-63 and 1-64. respectively, and each is
determined by six digits of the instruction word.
The instructions are fed continuously to the control

cirecuits from the delay line currently selected; but
only the one running in during the last minor cyele
of each transfer is accepted and carried out as the
next instruetion ; it will depend upon the wait and
transfer numbers of the curremt instruction. This
dependence is modified by the use of a special (and
eggential) destination called the ‘diseriminator’, when
the subsequent course of the computation is to
depend upon a result already obtained. When a
ward composed entirely of zeros is transferred to the
discriminator, the next instruction is taken from the
normal position in the delay line currently used. for
ingtruetions ; but when a word having some digit I
is: so transferred, the next instruetion. is taken from
the position following the normal one, leading to a’
different sequence of instructions. All discrimination
criteria are capable of expression as the presence or

- absence of a digit 1 in some word, specially con-

structed if necessary, so that the above procedure is
always adequate.

In addition to the sources and destinations associ-
ated with the delay lines and those already men-
tioned, there are the following: sources of a few
useful constant words such as 000...0,100...0,
111 . . . 1; destinations which initiate a read cycle
or a punch cycle in the Hollerith equipment; a
source indicating (by emitting the word 111 ... 1)
that the input or output cards are in position for
reading or punching a row; and a destination pro-
viding an external signal to the operator of the
machine (a buzzer). :

Reading-in and punching of cards are each carried
out at the rate of a hundred cards a minute. Each
card has 12 rows, and each row can be punched with
one word occupying any 32 columns out of an avail-
able 80, as determined by a plugboard. Numbers
can be fead by the machine from cards punched in
standard decimal form, converted to binary form
internally by appropriate instruction sequences, and
the binary results of calculation reconverted to
decimal form and punched, all in the same run.

A number of trial instruction sequences, prepared
and used before the multiplier had been installed,
included the following :

(1) Determination of the square root of any
31-digit binary number, to 81 digits. 14 instructions ;
time 60-90 millisec., depending on the number.

(2) Integration of 1/(1 4 %) from 0 to 1 in 256
equal steps by Simpson’s Rule. 57 instructions ;
time 10 sec., 40 millisec. per step.

(3) Integration of Bessel’s equation for Jy(x) from
0 to % in 4,096 equal steps. 96 instructions; time
52 sec., about 13 millisec. per step. ‘
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