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The history of mechanical analog computers is described from ear/y devel-
opments to their peak in World War Il and tfo their obsolescence in the 1950s.
The chief importance of most of these computers was their contribution to the
superb gunnery of the US Navy. The work of Hannibal Ford, William Newell,
and the Ford Instrument Co. is the framework around which this account is

based.

For over 40 years mechanical analog computers provided
the US Navy with the world's most advanced and capa-
ble fire-control systems for aiming large naval guns and
setting fuze times on the shells for destroying either surface
or air targets. A large part of this preeminence can be
attributed to the work of Hanniba Ford and William New-
el. However, the credit has usualy been withheld. first
because of security classifications and later by the resulting
widespread ignorance of even the main facts of their stories.

The history of the evolution of fire-control equipment
can be divided into three crudely defined periods of prog-
ress. early. middle. and late, being respectively the eigh-
teenth, nineteenth, and twentieth centuries. In the early
period, the eighteenth century. there was no perception of
fire control as a hierarchical system. so there were no inven-
tions on the svsiem level. Lack of concern for improvement
caused continuation of the status quo. In the middle period,
the nineteenth century. there began a trend toward automa-
tion in many practical pursuits (e.g., the cotton gin. railroads.
steamboats. and glass-forming machines) which extended to
naval gunnery. Handwheels provided a mechanica advan-
tage in training and elevating guns. The man-machine sys-
tem was being made easier and better for the men by
delegating more to machines.

In the late period, the twentieth century. people have
seen the system as a whole, and they have been conscious
of missing subsystems. Inventions then took place on the top
echelon, and system engineering began to deal with the
entire hierarchical system. In the late period there was
concern for errors of system performance. In the case of a
fire-control system, the contributions of al causes to the
ultimate miss data were studied to identify the most critical
remaining sources of error.

Early analog computing mechanisms

To understand the types of mechanisms invented by
Ford and Newell, it is necessary to briefly examine a few of
the smple components from which they arose. The history
of mechanical analog devices goes back at least to Vitruvius
(SO BC), who described the use of a wheel for measuring arc

length along a curve. the most simple integra in space. Many
other elementary anadlog devices were described before the
modern period: Differentia gears (Figure 1). used for add-
ing or subtracting two variables. arc usualy ascribed to
Leonardo da Vinci: and Leibniz is credited for the idea late
in the seventeenth century of a similar-triangles device for
equation solving or root solving.’

The first device to form the integral under a curve, or the
area within a closed curve, was the integrator of B.H. Her-
mann in 1814. Hermann's integrator was essentialy a wheel
pressed against a disk. as shown in Figure 2. There was a
second disk over the first. which squeezed the whed be-
tween them. The rate of rotation of the wheel is proportional
to the product of the disk rotation rate and the radial
location of the point of contact of the wheel on the disk. That
is, the rate of change of angular position of the whed z is
given by

dz dy
ar =Ry
where z is the time integrd of v times a constant. x is the
angular position of the disk, and K is a scae constant. Note
that the variables in this device are angular and linear
positions.

An early application of such integrators was the integra-
tion of force over distance to measure work. Another appli-
cation was a planimeter to measure the area within a closed
curve. In fact. the chief impetus behind the early integrator
inventions of the nineteenth century was to get an improved
planimeter.

James Clerk Maxwell’ described a ball type of integrat-
ing device while he was an undergraduate: it was incorpo-
rated in a planimeter design. In about 1863. James Thom-
son’ conceived an equivalent integrator in which a ball
rotates between the disk and a cylinder (see Figure 3). The
angular position of the cylinder is the output variable z. and
the ball replaces the wheel of the Hermann integrator. The
ball is held in a housing that is transdated along the radius of
the disk with displacement y. This integrator became the
heart of numerous harmonic andyzers and time anayzers.
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Mechanical Analog Computers

A two-dimensiona cam (Figure
5) was used to generate a virtualy
arbitrary function of one variable:
The input is the rotation angle of
the cam, and the output is the radius
of the cam at the point of contact of
a roller. A three-dimensionad cam
(Figure 6) was similarly used to
generate a function of two vari-
ables. such as time of flight as a
function of range angle and eeva
tion angle to the target.

William Thomson. Lord Kelvin,
had the powerful idea of using ana-
log computing mechanisms tied to-

Figure 1. The Ford 3/8-inch spur differential gears. (Photograph by Laurie Minor, 9€ther to solve a differential equa-

Smithsonian  Institution.)
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tion. Ten years later, Abdank-
Abakanowicz built an “integraph.”
which had the purpose of solving
one particular differential equa-
tion. Thomson's idea was the con-
ception of differential analyzers.
which. however. did not become a

practical redity until the 1930s with

the work of V. Bush.’ Lord Kelvin
aso invented a pulley device for

y solving simultaneous equations.?
Larger versons were built by MIT

\ professor Bohn Wilbur in 1934 and

|
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Figure 2. The Hermann integrator.

In 1881 a different type of integrator was developed in
Madrid by V. Ventosa.* It consisted of a tiltable drive roller.
a ball, and four output rollers. If wind velocity is put into the
drive roller (marked “A” in Figure 4) as angular velocity.
and if wind direction is put in as tilt angle. then the four
output rollers turn with speeds proportional to the compass
components of wind velocity. As a computing device this
ball constitutes a “component integrator” -it produces the
time integra of the sine and cosine components of a given
varying magnitude. Later forms of trigonometric integrators
were developed by Hele-Shaw, Smith. Newell (see Appen-
dix), and others.

Harmonic analyzers were developed to determine the
coefficients of a Fourier series to fit a given record. such as
tide data. Lord Kelvin built two. the second in 1879. A
refined version by Michelson and Stratton built in 1897
could sum 80 Fourier terms. According to Vannevar Bush’
a three-dimensiona cam for multiplying was developed by
Bollée.

1935. An “isograph” was devel-
oped at Bell Telephone Labora-
tories. following a concept due to
Thornton Fry in 1937. It could find
the roots of polynomias of up to
10th degree, even if the roots were
complex numbers. It was based on
a Scotch yoke mechanism to trans-
form from polar to rectilinear coor-
dinates.” The state of the art of
these and other computing mecha
nisms has been summarized as of the end of World War 1l
by Macon Fry” and Clymer.""

These analog mechanisms. together with a “multiplier”
(using dides and based on the mathematics of similar trian-
gles) and a “resolver” (which produced R sin ¢ and R cos ¢
from R and ¢ by means of a Scotch yoke mechanism). were
among the building blocks for the practical computing sys
tems to be described.

Naval surface fire-control computers of
1910 to 1930

It is necessary to describe a little of the technology of
naval gunnery and fire control to present a snapshot of the
state of affairs just before the entry of Hannibal Ford into
the picture. What he accomplished was in direct response to
the needs of the US Navy. He was responsible for the
development of mechanica anadog computers of unprece-
dented size. complexity, dependability. ruggedness, and ac-
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curacy. The mechanical analog
computers of 1915 were, however.
quite smple, smal, and uncompli-
cated compared with their descen-
dants in the next three decades.

The fire-control problem. In the
nineteenth century the fire-control
problem greatly increased in diffi-
culty. Ranges had been 20 to 50
yards in 1800." ' Mogt of the engage-

+
Ball

ment between the Monitor and the L

Disk |

Merrimac had been fought at 100
yards. which was virtually point-
blank range, and the ships were
dow in maneuvers, affording gun-
ners plenty of time to take am.” By
the end of the century, naval guns
could fire at ranges far in excess of
10,000 yards. Ships could move
much faster, and still rolled and
pitched to large angles in heavy
seas, causing both sights and guns
to move off target.

With the increased ranges avail- from the disk center.)

able to guns the problem of “spot- o .

ting” the errors in the locations of
splashes of shells became more dif-
ficult even in the clearest weather.
Likewise. the task of determining
target range became more chal-
lenging. With the increased target
range went a more than linear in-

crease in the time of flight of a shell. o 4}
so the target had more time in

which to maneuver. Moreover. the

greater time spent by a shell in flight
enabled wind to have very impor-
tant effects upon the impact point.
Another complication was that ri- a)

fling the gun barrels. while reducing
random scatter. caused a systematic
lateral “drift” of the projectile.
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Figure 3. The Thomson integrator. (The displacement is perpendicular to the paper away

Top View

which had to be compensated for in  Figure 4. The Ventosa integrator.

aming the guns.

The greater need for angular ac-
curacy at grester ranges increased
the importance of some relatively
minor effects, such as variationsin atmospheric temperature
and pressure. barrel erosion resulting from previous firing
(which reduced the initial velocity and hence the range of
the shell). propellant weight and temperature variations.
projectile weight. and so on.!” The largest disturbances to
accurate nava gunnery were the rates of change of range
and target bearing due to relative motions of “own ship”
(the firing ship) and the target.

Clearly the crisis in naval gunnery crested pressure to
improve nava fire-control equipment.

Fire-control equipment of 1910 to 1915. During World
Wear 1 fire-control equipment included three classes of de-
vices. !

Devices aloft. Spotters' scopes were used for viewing
splashes in order to phone gun angle corrections (“spots’)
relative to the line of sight. Optical range finders of succes-
sively improved types determined range to the target.
(American models had a base of 18 to 20 feet. but the British
had only 9 feet. giving double the error. German range
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