1. Types of Computers



Contents

1 Classes of computers

1.1 ClassesbySize . . . . . . . . . . . . e e
1.1.1  Microcomputers (personal COmputers) . . . . . . . . . v v v v v v v v e
1.1.2  Minicomputers (midrange COMpPULers) . . . . . . . .« o v v v v v v vt
1.1.3  Mainframe computers . . . . . . . . . . oL e e e e
114 Supercomputers . . . . . . . . v v it e e e e e e e e e e
1.2 Classesby function . . . . . . . . . . . . e
12,10 Servers . . . . . . e e
1.2.2 0 Workstations . . . . . . . . .. e e e
1.2.3  Informationappliances . . . . . . . . . . . . .. e
1.24 Embedded computers . . . . . . . ... e
1.3 Seealso . . . . . . e
1.4 References . . . . . . . . . e
1.5 Externallinks . . . . . . ..

2 List of computer size categories

2.1 SUPErcOmMpPULErS . . . . . v o o e e e e e e e e e e e e e e
2.2 Mainframe COMPULEIS . . . . . . . v v vt e e e e e e e e e e e e e e e
2.3 MINICOMPULETS . . . . . v v o ottt e e e e e e e e e e e e e e e
2.4 MICIOCOMPULETS .+ & v v v v v e v e e e e e e e e e e e e e e e e e e e e e e
2.5 Mobile computers . . . . . ... e e e e e e e e e e e
2.6 Others . . . . . . e e e e
277 Distinctive marks . . . .. L L Lo
2.8 Categories . . . . . . . .. e e e e e
29 Seealso . . . . . e e
2.10 References . . . . . . . . . e

3 Torpedo Data Computer

3.1 Background . . . ... L e e e e
311 HIStOry . . . oo e
3.1.2  The problem of aiming a straight-running torpedo . . . . . . . ... ... ... ... ...
3.1.3 TDC functional desCription . . . . . . . . . . . . . i i
32 Notesandreferences . . . . . . . . . . .. e



il

CONTENTS

33 Externallinks . . . . ... e 10
Analog computer 11
41 Setup . .. e e e e 11
4.2 Timeline of analog computers . . . . . . . . . . . o e e e e e e e 11
421 Precursors . . . . . v u i e e e e e e e e e e e e e e 11

4272 Modernera . . . . ... e e e 12

4.3 Electronic analog COMPULErS . . . . . . . . . . o ottt e e e 13
4.4 Analog—digital hybrid computers and hybrid computing devices . . . . . .. ... ... ... ... 14
4.5 Implementations . . . . . . . .. L. e e e 15
4.5.1 Mechanical analog computers . . . . . . . ... e 15

4.5.2 Electronic analog computers . . . . . . . . . . ...t e e 16

4.6 COmMPONENLS . . v v v v ot e e e e e e e e e e e e e e e e e e e e 17
47 Limitations . . . . . . .. e e e e e 17
4.8 Decline . . . . . . e e e 18
49 Practical examples . . . . . ... L e 18
410 Seealso . . . .. 18
411 NOtes . . . o o e e e 18
412 References . . . . . . . . oo e e e e e e e e 19
413 External links . . . . . . .. 19
Deltar 20
History of computing hardware 21
6.1 Earlydevices . . . . . . . . . e 21
6.1.1 Ancientera . . . . . .. ... e 21

6.1.2 Medieval calculating tools . . . . . . . . ... 22

6.1.3 Mechanical calculators . . . . . . ... 22

6.1.4 Punched card data processing . . . . . . . . . . ... 23

6.1.5 Calculators . . . . . . . . 23

6.2 First general-purpose computing device . . . . . . . . . .. ..o e e e e 24
6.3  Analog COMPULETS . . . . . . . o i it e e e e e e e e e e e e e e e 25
6.4 Advent of the digital computer . . . . . . . ... o 26
6.4.1 Electromechanical computers . . . . . . . . . . . . ... 26

6.4.2 Digital computation . . . . . . ... e 27

6.4.3 Electronic data processing . . . . . . . . ot i e e e e e e e e e 27

6.4.4 The electronic programmable computer . . . . . . ... ... oL 28

6.5 The stored-program computer . . . . . . .. ... L. 29
6.5.1 Theory . . . . . . . e 29

6.5.2 Manchester “baby” . . . . . ... e e 30

6.5.3 Manchester Mark 1 . . . . . . . . L 30

6.54 EDSAC . . . . . e 31



CONTENTS il

6.5.5 EDVAC . . . . . e 31

6.5.6 Commercial COMPULETS . . . . . . . . . o v vttt e e e e e e e e e 31

6.5.7  MICIOprogramming . . . . . . . . . ot v i i e e e e e e e e e e e 32

6.5.8 Magnetic Storage . . . . . . .. .o e e e e e e e e e e e e e e e 32

6.6 Early computer characteristics . . . . . . . . . . ... ... 32
6.7  TranSistor COMPULETS . . . . v v v v v v b et e e e e e e e e e e e e e e e e e e e 32
6.7.1 Transistorized peripherals . . . . . . . .. ... oL 33

6.7.2  Supercomputers . . . . . . . . .. e e e e e e e e e 33

6.8 Theintegrated circuit . . . . . . . . . ... e e e 34
6.9 Post-1960 (integrated circuitbased) . . . . . . . . . ... 34
6.10 Future . . . . . . . L e e 35
6.11 Seealso . . . . . . . . L 35
6.12 NOtES . . . . o e e 36
6.13 References . . . . . . . . . L e e 39
6.14 Furtherreading . . . . . . . . . . . L e 42
6.15 External links . . . . . . . oL e e e 42
7 Instructions per second 44
7.1 Thousand instructions persecond . . . . . . . . ... ..o 44
7.2 Millions of instructions per second . . . . . . . . ... e e e e e e 44
7.3 Timeline of instructions persecond . . . . . . . . . . ... 45
74 Historicdata . . . . . . .. e e e 45
7.5 Seealso . . . .. e e 45
7.6 References . . . . . . . . e 45
7.7 Text and image sources, contributors, and licenses . . . . . . . ... ... .. Lo 48
TA1 TeXt . o oo o e e e e 48

T7.2  TMages . . . . o o e e e e e e e e e e 50

7773 Contentlicense . . . . . . . . . .. e e e 51



Chapter 1

Classes of computers

Computers can be classified, or typed, in many ways.
Some common classifications are summarized below. For
others see Category:Classes of computers.

1.1 Classes by size

1.1.1 Microcomputers (personal comput-
€ers)

Microcomputers are the most common kind of comput-
ers in use as of 2014. The term “microcomputer” was in-
troduced with the advent of systems based on single chip
microprocessors. The best-known early system was the
Altair 8800, introduced in 1975. The term “microcom-
puter” has practically become an anachronism.

These computers include:

o Desktop computers — A case and a display, put un-
der and on a desk.

e In-car computers (carputers) — Built into a car,
for entertainment, navigation, etc.

e Game consoles — Fixed computers specialized for
entertainment purposes (video games).

Smaller microcomputers are also called mobile devices:

e Laptops and notebook computers — Portable and
all in one case.

e Tablet computer — Like laptops, but with a touch-
screen, entirely replacing the physical keyboard.

e Smartphones, smartbooks, PDAs and palmtop
computers — Small handheld computers with lim-
ited hardware.

e Programmable calculator— Like small handhelds,
but specialized on mathematical work.

o Handheld game consoles — The same as game con-
soles, but small and portable.

1.1.2 Minicomputers (midrange comput-
€ers)

Minicomputers (colloquially, minis) are a class of
multi-user computers that lie in the middle range
of the computing spectrum, in between the smallest
mainframe computers and the largest single-user sys-
tems (microcomputers or personal computers). The
term superminicomputer or supermini was used to dis-
tinguish more powerful minicomputers that approached
mainframes in capability. Superminis were usually 32-
bit at a time when most minicomputers were 16-bit.
The contemporary term for minicomputer is midrange
computer, such as the higher-end SPARC, POWER and
Itanium-based systems from Oracle Corporation, IBM
and Hewlett-Packard.

1.1.3 Mainframe computers

The term mainframe computer was created to distinguish
the traditional, large, institutional computer intended to
service multiple users from the smaller, single user ma-
chines. These computers are capable of handling and pro-
cessing very large amounts of data quickly. Mainframe
computers are used in large institutions such as govern-
ment, banks and large corporations. They are measured
in MIPS (million instructions per second) and respond to
up to 100s of millions of users at a time.

1.1.4 Supercomputers

A Supercomputer is focused on performing tasks involv-
ing intense numerical calculations such as weather fore-
casting, fluid dynamics, nuclear simulations, theoretical
astrophysics, and complex scientific computations. A su-
percomputer is a computer that is at the front-line of cur-
rent processing capacity, particularly speed of calcula-
tion. The term supercomputer itself is rather fluid, and
the speed of today’s supercomputers tends to become typ-
ical of tomorrow’s ordinary computer. Supercomputer
processing speeds are measured in floating point opera-
tions per second, or FLOPS. An example of a floating
point operation is the calculation of mathematical equa-
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tions in real numbers. In terms of computational capabil-
ity, memory size and speed, I/O technology, and topolog-
ical issues such as bandwidth and latency, supercomput-
ers are the most powerful, are very expensive, and not
cost-effective just to perform batch or transaction pro-
cessing. Transaction processing is handled by less pow-
erful computers such as server computers or mainframes.

1.2 Classes by function

1.2.1 Servers

Server usually refers to a computer that is dedicated
to provide a service. For example, a computer dedi-
cated to a database may be called a "database server".
"file servers" manage a large collection of computer files.
"Web servers" process web pages and web applications.
Many smaller servers are actually personal computers that
have been dedicated to provide services for other comput-
ers.

1.2.2 Workstations

Workstations are computers that are intended to serve one
user and may contain special hardware enhancements not
found on a personal computer. By the mid 1990s per-
sonal computers reached the processing capabilities of
Mini computers and Workstations. Also, with the release
of multi-tasking systems such as OS/2, Windows NT and
Linux, the operating systems of personal computers could
do the job of this class of machines.

1.2.3 Information appliances

Information appliances are computers specially designed
to perform a specific "user-friendly" function—such as
playing music, photography, or editing text. The term is
most commonly applied to mobile devices, though there
are also portable and desktop devices of this class.

1.2.4 Embedded computers

Embedded computers are computers that are a part of a
machine or device. Embedded computers generally ex-
ecute a program that is stored in non-volatile memory
and is only intended to operate a specific machine or de-
vice. Embedded computers are very common. Embed-
ded computers are typically required to operate continu-
ously without being reset or rebooted, and once employed
in their task the software usually cannot be modified. An
automobile may contain a number of embedded comput-
ers; however, a washing machine and a DVD player would
contain only one. The central processing units (CPUs)
used in embedded computers are often sufficient only for
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the computational requirements of the specific applica-
tion and may be slower and cheaper than CPUs found in
a personal computer.

1.3 See also

e List of computer size categories

1.4 References

1.5 External links

Four types of Computers
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Chapter 2

List of computer size categories

This list of computer size categories attempts to list
commonly used categories of computer by size, in de-
scending order of size. Of course, one generation’s “su-
percomputer” is the next generation’s “mainframe”, and a
“PDA” does not have the same set of functions as a “lap-
top”, but the list should have some recognition value. It

also ranks some more obscure computer sizes.

2.1 Supercomputers

e Minisupercomputer

2.2 Mainframe computers

Mainframe computers are large and expensive but pow-
erful, so they can handle hundreds and thousands of con-
nected users at the same time.

2.3 Minicomputers

e Superminicomputer

Minicluster (SFF / ITX)!!

e Server

Workstation

2.4 Microcomputers

Tower PC

Mid-Tower PC

Mini-Tower PC
e Server

Workstation

Personal computer (PC)

e Desktop computer—see computer form factor
for some standardized sizes of desktop com-
puters

e Home computer

2.5 Mobile computers

e Desktop replacement computer or desknote
e Laptop computer

e Notebook computer

e Subnotebook computer, also known as
a Kneetop computer; clamshell varieties
may also be known as minilaptop or ul-
traportable laptop computers

Tablet personal computer

Slabtop computers including “word-processing key-
boards” and the TRS-80 Model 100

Handheld computers, which include the classes:

e o Ultra-mobile personal

UMPC
e Personal digital assistant or enterprise
digital assistant, which include:

computer, or

e HandheldPC or Palmtop computer
e Pocket personal computer
e Electronic organizer
e Pocket computer
e Calculator, which includes the class:
e Graphing calculator
e Scientific calculator
e Programmable calculator
o Accounting / Financial Calculator
e Handheld game console
e Portable media player
e Portable data terminal
e Information appliance
e Smartphone, a class of mobile phone
e Feature phone
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e Wearable computer

e Single board computer

e Wireless sensor network components
e Plug computer

e Microcontroller

e Smartdust

e Nanocomputer

2.6 Others

e Deskside computer - often strd. rack width but
less than half of the typical rack height, esp.
for mid-range servers (e.g. RS/6000 7025-F80),
visualisation (e.g. Onyx Deskside) or vector pro-
cessing (e.g. SX-61).

e Cart computer
e Microsoft Sphere
e Rackmount/Framemount computer

e Multimedia server
e Blade server
e Blade PC

e Small form factor personal computer (SFF, ITX,
DTX.etc.)

2.7 Distinctive marks

The classes above are not rigid; there are “edge devices”
in most of them. For instance, the “subnotebook” cate-
gory can usually be distinguished from the “PDA” cate-
gory because a subnotebook has a keyboard and a PDA
has not; however, tablet PCs may be larger than subnote-
books (making it seemingly correct to classify them as
laptops) and also lack a keyboard, while devices such as
the Handspring Treo 600 have something that might char-
itably be called a keyboard, but are still definitely in the
“smartphone” category.

In the higher end of the spectrum, this informal rule might
help:

e You can throw a laptop

You can lift a workstation

You can tilt a minicomputer

e You cannot move a mainframe
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2.8 Categories

e Category:Supercomputers

e Category:Mainframe computers
e (Category:Minicomputers

e Category:Desktop computers

o Category:Cart computers

e (Category:Portable computers

e (Category:Mobile computers

e Category:Desktop replacement computers
o Category:Laptops
e Category:Notebooks
e Category:Tablet computers
e Category:Subnotebooks
e Category:Handheld computers
e Category:Pocket computers
e Category:Personal digital assistants
e Category:Enterprise Digital Assistants
o Category:Handheld PCs
e Category:Palmtops
e Category:Calculators
e Category:Handheld game consoles
e Category:Pocket PCs
e Category:Portable data terminals
e Category:Electronic organizers
e Category:Information appliances

e Category:Wearable computers

Category:Embedded systems

Category:Wireless sensor network

Category:Smartdust

Category:Nanocomputer

2.9 See also

e Classes of computers

e Computer form factor

2.10 References

[1] “minicluster”. Archived from the original on 2012-09-
06.)
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Chapter 3

Torpedo Data Computer

TR
e

U.S. Navy Mk Il Torpedo Data Computer, the standard US Navy
torpedo fire control computer during World War II. Later in
World War II (1943), the TDC Mk IIl was replaced by the TDC
Mk 1V, which was an improved and larger version of the Mk III.

The Torpedo Data Computer (TDC) was an early
electromechanical analog computer used for torpedo fire-
control on American submarines during World War II.
Britain, Germany, and Japan also developed automated
torpedo fire control equipment, but none were as ad-
vanced as the US Navy's TDC,[! as it was able to au-
tomatically track the target rather than simply offering
an instantaneous firing solution. This unique capability
of the TDC set the standard for submarine torpedo fire
control during World War IL[2!3]

Replacing the previously standard hand-held slide rule-
type devices (known as the “banjo” & “is/was”),[*! the
TDC was designed to provide fire-control solutions for
submarine torpedo firing against ships running on the sur-
face (surface warships used a different computer).l! It

had an array of handcranks, dials, and switches for data
input and display.'® To generate a fire control solution, it
required inputs on

e submarine course and speed, which were read au-
tomatically from the submarine’s gyrocompass and
pitometer log

e estimated target course, speed, and range infor-
mation (obtained using data from the submarine’s
periscope, Target Bearing Transmitter (TBT),!”!
radar, and sonar)

e torpedo type and speed (type was needed to deal
with the different torpedo ballistics)

The TDC performed the trigonometric calculations re-
quired to compute a target intercept course for the tor-
pedo. It also had an electromechanical interface to the
torpedoes, allowing it to automatically set courses while
torpedoes were still in their tubes, ready to be fired.

The TDC’s target tracking capability was used by the fire
control party to continuously update the fire control so-
lution even while the submarine was maneuvering. The
TDC'’s target tracking ability also allowed the submarine
to accurately fire torpedoes even when the target was tem-
porarily obscured by smoke or fog.

The TDC was a rather bulky addition to the sub’s conning
tower and required two extra crewmen: one as an expert
in its maintenance, the other as its actual operator. De-
spite these drawbacks, the use of the TDC was an impor-
tant factor in the successful commerce raiding program
conducted by American submarines during the Pacific
campaign of World War II. Accounts of the American
submarine campaign in the Pacific often cite the use
of TDC.®®I Some officers became highly skilled in its
use,!'% and the navy set up a training school for its use.[!!!

Two upgraded World War Il-era U.S. Navy fleet sub-
marines (USS Tusk and Cutlass) with their TDCs con-
tinue to serve with Taiwan’s navy and U.S. Nautical
Museum staff are assisting them with maintaining their
equipment.!'?! The museum also has a fully restored and
functioning TDC from USS Pampanito, docked in San
Francisco.
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3.1 Background

3.1.1 History

The problem of aiming a torpedo has occupied military
engineers since Robert Whitehead developed the mod-
ern torpedo in the 1860s. These early torpedoes ran at a
preset depth on a straight course (consequently they are
frequently referred to as “straight runners”). This was the
state of the art in torpedo guidance until the development
of the homing torpedo during the latter part of World War
ILI3) The vast majority of submarine torpedoes during
World War II were straight running and these continued
in use for many years after World War IL['*! In fact, two
World War Il-era straight running torpedoes — fired by
the British nuclear-powered submarine HMS Congqueror
— sank the ARA General Belgrano in 1982.

During World War I, computing a target intercept course
for a torpedo was a manual process where the fire
control party was aided by various slide rules!'! (the
U.S. examples were colloquially called “banjo”, for
its shape, and “Is/Was”, for predicting where a tar-
get will be based on where it is and was)!'® or me-
chanical calculator/sights.!!”! These were often “woefully
inaccurate”,'81 which helps explain why torpedo spreads
were advised.

During World War II, Germany,“g] Japan,[zO] and the
United States each developed analog computers to au-
tomate the process of computing the required torpedo
course.?!!

In 1932, the Bureau of Ordnance (BuOrd) initiated de-
velopment of the TDC with Arma Corporation and Ford
Instruments./*?! This culminated in the “very compli-
cated” Mark 1 in 1938.122) This was retrofitted into older
boats, beginning with Dolphin and up through the newest
Salmons.1?)

The first submarine designed to use the TDC was
Tambor,! launched in 1940 with the Mark III, lo-
cated in the conning tower.[??! (This differed from earlier
outfits.)!>* It proved to be the best torpedo fire control
system of World War IL[23

In 1943, the Torpedo Data Computer Mark IV was de-
veloped to support the Mark 18 torpedo.26/27]

Both the Mk III and Mk IV TDC were developed by
Arma Corporation (now American Bosch Arma).

3.1.2 The problem of aiming a straight-
running torpedo

A straight-running torpedo has a gyroscope-based control
system that ensures that the torpedo will run a straight
course. The torpedo can run on a course different from
that of the submarine by adjusting a parameter called the
gyro angle, which sets the course of the torpedo relative to
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Figure 2: Hllustration of general torpedo fire-control problem

the course of the submarine (see Figure 2). The primary
role of the TDC is to determine the gyro angle setting
required to ensure that the torpedo will strike the target.

Determining the gyro angle required the real-time solu-
tion of a complex trigonometric equation (see Equation
1 for a simplified example). The TDC provided a con-
tinuous solution to this equation using data updates from
the submarine’s navigation sensors and the TDC’s target
tracker. The TDC was also able to automatically up-
date all torpedo gyro angle settings simultaneously with
a fire control solution, which improved the accuracy over
systems that required manual updating of the torpedo’s
course.!?8

The TDC enables the submarine to launch the torpedo
on a course different from that of the submarine, which
is important tactically. Otherwise the submarine would
need to be pointed at the projected intercept point in or-
der to launch a torpedo.!*”! Requiring the entire vessel
to be pointed in order to launch a torpedo would be time
consuming, require precise submarine course control, and
would needlessly complicate the torpedo firing process.
The TDC with target tracking gives the submarine the
ability to maneuver independently of the required target
intercept course for the torpedo.

As is shown in Figure 2, in general, the torpedo does not
actually move in a straight path immediately after launch
and it does not instantly accelerate to full speed, which are
referred to as torpedo ballistic characteristics. The bal-
listic characteristics are described by three parameters:
reach, turning radius, and corrected torpedo speed. Also,
the target bearing angle is different from the point of view
of the periscope versus the point of view of the torpedo,
which is referred to as torpedo tube parallax.*"! These
factors are a significant complication in the calculation
of the gyro angle and the TDC must compensate for their
effects.

Straight running torpedoes were usually launched in salvo
(i.e. multiple launches in a short period of time)!*!! or a
spread (i.e. multiple launches with slight angle offsets)!!!
to increase the probability of striking the target given the
inaccuracies present in the measurement of angles, tar-
get range, target speed, torpedo track angle, and torpedo
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speed.

Salvos and spreads were also launched to strike tough tar-
gets multiple times to ensure their destruction.!®?! The
TDC supported the firing of torpedo salvos by allowing
short time offsets between firings and torpedo spreads
by adding small angle offsets to each torpedo’s gyro an-
gle. Before the sinking of South Korea's ROKS Cheo-
nan by North Korea in 2010, the last warship sunk by a
submarine torpedo attack, the ARA General Belgrano in
1982, was struck by two torpedoes from a three torpedo
spread.3!

A look inside the TDC

To accurately compute the gyro angle for a torpedo in
a general engagement scenario, the target course, range,
and bearing must be accurately known. During World
War 11, target course, range, and bearing estimates often
had to be generated using periscope observations, which
were highly subjective and error prone. The TDC was
used to refine the estimates of the target’s course, range,
and bearing through a process of

e cstimating the target’s course, speed, and range
based on observations.

e using the TDC to predict the target’s position at a
future time based on the estimates of the target’s
course, speed, and range.

e comparing the predicted position against the actual
position and correcting the estimated parameters as
required to achieve agreement between the predic-
tions and observation. Agreement between predic-
tion and observation means that the target course,
speed, and range estimates are accurate.

Estimating the target’s course was generally considered
the most difficult of the observation tasks. The accuracy
of the result was highly dependent on the experience of
the skipper. During combat, the actual course of the tar-
get was not usually determined but instead the skippers
determined a related quantity called "angle on the bow.”

Angle on the bow is the angle formed by the target course
and the line of sight to the submarine. Some skippers, like
the legendary Richard O'Kane, practiced determining the
angle on the bow by looking at IJN ship models mounted
on a calibrated lazy Susan through an inverted binocular
barrel.34!

To generate target position data versus time, the TDC
needed to solve the equations of motion for the target
relative to the submarine. The equations of motion are
differential equations and the TDC used mechanical in-
tegrators to generate its solution.*!

The TDC needed to be positioned near other fire control
equipment to minimize the amount of electromechanical
interconnect. Because submarine space within the pres-
sure hull was limited, the TDC needed to be as small as
possible. On World War II submarines, the TDC and
other fire control equipment was mounted in the conning
tower, which was a very small space.l*®! The packaging
problem was severe and the performance of some early
torpedo fire control equipment was hampered by the need
to make it small.[*”!

3.1.3 TDC functional description

Since the TDC actually performed two separate func-
tions, generating target position estimates and computing
torpedo firing angles, the TDC actually consisted of two
types of analog computers:

e Angle solver: This computer calculates the required
gyro angle. The TDC had separate angle solvers for
the forward and aft torpedo tubes.

e Position keeper: This computer generates a contin-
uously updated estimate of the target position based
on earlier target position measurements. 8!

Angle solver

The equations implemented in the angle solver can be
found in the Torpedo Data Computer manual.*®! The
Submarine Torpedo Fire Control Manual“®! discusses
the calculations in a general sense and a greatly abbre-
viated form of that discussion is presented here.

The general torpedo fire control problem is illustrated in
Figure 2. The problem is made more tractable if we as-
sume:

e The periscope is on the line formed by the torpedo
running along its course

e The target moves on a fixed course and speed

e The torpedo moves on a fixed course and speed

As can be seen in Figure 2, these assumptions are not true
in general because of the torpedo ballistic characteristics
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Figure 3: The torpedo fire control triangle

and torpedo tube parallax. Providing the details as to how
to correct the torpedo gyro angle calculation for ballistics
and parallax is complicated and beyond the scope of this
article. Most discussions of gyro angle determination take
the simpler approach of using Figure 3, which is called
the torpedo fire control triangle.®®! Figure 3 provides
an accurate model for computing the gyro angle when the
gyro angle is small, usually less than 30°.[4]

The effects of parallax and ballistics are minimal for
small gyro angle launches because the course deviations
they cause are usually small enough to be ignorable. U.S.
submarines during World War II preferred to fire their
torpedoes at small gyro angles because the TDC’s fire
control solutions were most accurate for small angles.*?!

The problem of computing the gyro angle setting is a
trigonometry problem that is simplified by first consider-
ing the calculation of the deflection angle, which ignores
torpedo ballistics and parallax.*3! For small gyro angles,
60Gyro ~ OBearing - ODeflection. A direct application of
the law of sines to Figure 3 produces Equation 1.
(Equation 1)

”UTaTget H
sin(0pefiection)

_ ”'UTorpedo ”
sin(0Bow)

where

vTarget is the velocity of the target.
vTorpedo is the velocity of the torpedo.

OBow is the angle of the target ship bow relative
to the periscope line of sight.

ODeflection is the angle of the torpedo course
relative to the periscope line of sight.
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Range plays no role in Equation 1, which is true as long
as the three assumptions are met. In fact, Equation 1
is the same equation solved by the mechanical sights
of steerable torpedo tubes used on surface ships during
World War I and World War II. Torpedo launches from
steerable torpedo tubes meet the three stated assumptions
well. However, an accurate torpedo launch from a sub-
marine requires parallax and torpedo ballistic corrections
when gyro angles are large. These corrections require
knowing range accurately. When the target range was
not known, torpedo launches requiring large gyro angles
were not recommended.*#!

Equation 1 is frequently modified to substitute track an-
gle for deflection angle (track angle is defined in Figure
2, 0Track=0Bow+0Deflection). This modification is il-
lustrated with Equation 2.

(Equation 2)

H’UTaTget” — HvTorpedoH
sin(0pefiection) Sin(07rack —0De flection)
where

OTrack is the angle between the target ship’s
course and the torpedo’s course.

Deflection Angle Versus Track Angle and Target Speed
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Figure 4: Deflection angle versus track angle and target speed
(6Gyy = 0°).

A number of publications!*31[4¢! state the optimum tor-
pedo track angle as 110° for a Mk 14 (46 knot weapon).
Figure 4 shows a plot of the deflection angle versus
track angle when the gyro angle is 0° (i.e., ODeflec-
tion=0Bearing)."*”) Optimum track angle is defined as the
point of minimum deflection angle sensitivity to track an-
gle errors for a given target speed. This minimum occurs
at the points of zero slope on the curves in Figure 4 (these
points are marked by small triangles).

The curves show the solutions of Equation 2 for deflection
angle as a function of target speed and track angle. Figure
4 confirms that 110° is the optimum track angle for a 16-
knot (30 km/h) target, which would be a common ship
speed.*8]
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3.2. NOTES AND REFERENCES

There is fairly complete documentation available for a
Japanese torpedo fire control computer that goes through
the details of correcting for the ballistic and parallax fac-
tors. While the TDC may not have used exactly the same
approach, it was likely very similar.

Position keeper

As with the angle solver the equations implemented in
the angle solver can be found in the Torpedo Data Com-
puter manual.® Similar functions were implemented in
the rangekeepers for surface ship-based fire control sys-
tems. For a general discussion of the principles behind
the position keeper, see Rangekeeper.
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tional use of the Mk 14, Mk 18, and Mk 23
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Discussion of the torpedo ballistic and parallax cor-
rections used by the Imperial Japanese Navy
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Analog computer

MARCH, 1045 BIF 611
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14, TACHOMETER ADAPTER
15, RELEASE LEVER

16, CROSSHAIR RHEOSTAT
17. DRIFT SCALE

18. PDI BRUSH AND COIL
19. AUTOPILOT CLUTCH ENGAGING KNOB
20, AUTOFILOT CLUTCH

21, BOMBSIGHT CLUTCH ENGAGING LEVER
22, BOMBSIGHT CLUTCH

23. BOMBSIGHT CONNECTING ROD

24. AUTOPILOT CONNECTING ROD

1. LEVELING KNOBS
2. CAGING KNOE

3. EYEPIECE

4. INDEX WINDOW

5. TRAIL ARM AND TRAIL PLATE

6. EXTENDED VISION KNOB

7. RATE MOTOR SWITCH

8. DISC SPEED GEAR SHIFT

9. RATE AND DISPLACEMENT KNOBS
10, MIRROR DRIVE CLUTCH

11, SEARCH KNOB

12. DISC SPEED DRUM

13. TURN AND DRIFT KNOBS

RrsTRICTED

A page from the Bombardier’s Information File (BIF) that
describes the components and controls of the Norden bomb-
sight. The Norden bombsight was a highly sophisticated opti-
cal/mechanical analog computer used by the United States Army
Air Force during World War 11, the Korean War, and the Vietnam
War to aid the pilot of a bomber aircraft in dropping bombs ac-
curately.

An analog computer is a form of computer that uses the
continuously changeable aspects of physical phenomena
such as electrical, mechanical, or hydraulic quantities to
model the problem being solved. In contrast, digital com-
puters represent varying quantities symbolically, as their
numerical values change. As an analog computer does
not use discrete values, but rather continuous values, pro-
cesses cannot be reliably repeated with exact equivalence,
as they can with Turing machines. Analog computers do
not suffer from the quantization noise inherent in digital
computers, but are limited instead by analog noise.
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Analog computers were widely used in scientific and in-
dustrial applications where digital computers of the time
lacked sufficient performance. Analog computers can
have a very wide range of complexity. Slide rules and
nomographs are the simplest, while naval gunfire con-
trol computers and large hybrid digital/analog computers
were among the most complicated.[!! Systems for process
control and protective relays used analog computation to
perform control and protective functions.

The advent of digital computing and its success made
analog computers largely obsolete in 1950s and 1960s,
though they remain in use in some specific applications,
like the flight computer in aircraft, and for teaching
control systems in universities.

4.1 Setup

Setting up an analog computer required scale factors to
be chosen, along with initial conditions—that is, starting
values. Another essential was creating the required net-
work of interconnections between computing elements.
Sometimes it was necessary to re-think the structure of
the problem so that the computer would function satis-
factorily. No variables could be allowed to exceed the
computer’s limits, and differentiation was to be avoided,
typically by rearranging the “network™ of interconnects,
using integrators in a different sense.

Running an electronic analog computer, assuming a sat-
isfactory setup, started with the computer held with some
variables fixed at their initial values. Moving a switch
released the holds and permitted the problem to run.
In some instances, the computer could, after a certain
running time interval, repeatedly return to the initial-
conditions state to reset the problem, and run it again.

4.2 Timeline of analog computers

4.2.1 Precursors

This is a list of examples of early computation devices
which are considered to be precursors of the modern
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computers. Some of them may even have been dubbed
as 'computers’ by the press, although they may fail to fit
the modern definitions.

The ancient Greek-designed Antikythera mechanism, dating be-
tween 150 to 100 BC, is the world’s oldest known analog com-
puter.

The Antikythera mechanism is believed to be the earli-
est mechanical analog “computer”, according to Derek
J. de Solla Price.”! It was designed to calculate astro-
nomical positions. It was discovered in 1901 in the
Antikythera wreck off the Greek island of Antikythera,
between Kythera and Crete, and has been dated to circa
100 BC. Devices of a level of complexity comparable to
that of the Antikythera mechanism would not reappear
until a thousand years later.

Many mechanical aids to calculation and measurement
were constructed for astronomical and navigation use.
The planisphere was a star chart invented by Abu Ray-
han al-BiriinT in the early 11th century.”®* The astrolabe
was invented in the Hellenistic world in either the Ist or
2nd centuries BC and is often attributed to Hipparchus.
A combination of the planisphere and dioptra, the astro-
labe was effectively an analog computer capable of work-
ing out several different kinds of problems in spherical
astronomy. An astrolabe incorporating a mechanical
calendar computer'®/! and gear-wheels was invented by
Abi Bakr of Isfahan, Persia in 1235.11 Abta Rayhan al-
BirlinT invented the first mechanical geared lunisolar cal-
endar astrolabe,’! an early fixed-wired knowledge pro-
cessing machine!® with a gear train and gear-wheels,"”’
circa 1000 AD.

The sector, a calculating instrument used for solving
problems in proportion, trigonometry, multiplication and
division, and for various functions, such as squares and
cube roots, was developed in the late 16th century and
found application in gunnery, surveying and navigation.

The planimeter was a manual instrument to calculate the
area of a closed figure by tracing over it with a mechanical
linkage.

CHAPTER 4. ANALOG COMPUTER

:::::

A slide rule

The slide rule was invented around 1620-1630, shortly
after the publication of the concept of the logarithm. It
is a hand-operated analog computer for doing multiplica-
tion and division. As slide rule development progressed,
added scales provided reciprocals, squares and square
roots, cubes and cube roots, as well as transcendental
functions such as logarithms and exponentials, circular
and hyperbolic trigonometry and other functions. Avi-
ation is one of the few fields where slide rules are still
in widespread use, particularly for solving time—distance
problems in light aircraft.

The tide-predicting machine invented by Sir William
Thomson in 1872 was of great utility to navigation in shal-
low waters. It used a system of pulleys and wires to au-
tomatically calculate predicted tide levels for a set period
at a particular location.

The differential analyser, a mechanical analog computer
designed to solve differential equations by integration,
used wheel-and-disc mechanisms to perform the integra-
tion. In 1876 Lord Kelvin had already discussed the pos-
sible construction of such calculators, but he had been
stymied by the limited output torque of the ball-and-
disk integrators.'""! In a differential analyzer, the output
of one integrator drove the input of the next integrator,
or a graphing output. The torque amplifier was the ad-
vance that allowed these machines to work. Starting in
the 1920s, Vannevar Bush and others developed mechan-
ical differential analyzers.

4.2.2 Modern era

The Dumaresq was a mechanical calculating device in-
vented around 1902 by Lieutenant John Dumaresq of the
Royal Navy. It was an analog computer which related vi-
tal variables of the fire control problem to the movement
of one’s own ship and that of a target ship. It was often
used with other devices, such as a Vickers range clock to
generate range and deflection data so the gun sights of the
ship could be continuously set. A number of versions of
the Dumaresq were produced of increasing complexity as
development proceeded.

By 1912 Arthur Pollen had developed an electrically
driven mechanical analog computer for fire-control sys-
tems, based on the differential analyser. It was used by
the Imperial Russian Navy in World War 1.

Starting in 1929, AC network analyzers were constructed
to solve calculation problems related to electrical power


https://en.wikipedia.org/wiki/Antikythera_mechanism
https://en.wikipedia.org/wiki/Antikythera_mechanism
https://en.wikipedia.org/wiki/Derek_J._de_Solla_Price
https://en.wikipedia.org/wiki/Derek_J._de_Solla_Price
https://en.wikipedia.org/wiki/Antikythera_wreck
https://en.wikipedia.org/wiki/Antikythera
https://en.wikipedia.org/wiki/Kythera
https://en.wikipedia.org/wiki/Crete
https://en.wikipedia.org/wiki/Planisphere
https://en.wikipedia.org/wiki/Star_chart
https://en.wikipedia.org/wiki/Astrolabe
https://en.wikipedia.org/wiki/Hellenistic_civilization
https://en.wikipedia.org/wiki/Hipparchus
https://en.wikipedia.org/wiki/Dioptra
https://en.wikipedia.org/wiki/Spherical_astronomy
https://en.wikipedia.org/wiki/Spherical_astronomy
https://en.wikipedia.org/wiki/Calendar
https://en.wikipedia.org/wiki/Gear
https://en.wikipedia.org/wiki/Isfahan
https://en.wikipedia.org/wiki/Persia
https://en.wikipedia.org/wiki/Ab%C5%AB_Rayh%C4%81n_al-B%C4%ABr%C5%ABn%C4%AB
https://en.wikipedia.org/wiki/Ab%C5%AB_Rayh%C4%81n_al-B%C4%ABr%C5%ABn%C4%AB
https://en.wikipedia.org/wiki/Lunisolar_calendar
https://en.wikipedia.org/wiki/Lunisolar_calendar
https://en.wikipedia.org/wiki/Wire
https://en.wikipedia.org/wiki/Machine
https://en.wikipedia.org/wiki/Gear_train
https://en.wikipedia.org/wiki/Sector_(instrument)
https://en.wikipedia.org/wiki/Planimeter
https://en.wikipedia.org/wiki/Slide_rule
https://en.wikipedia.org/wiki/Logarithm
https://en.wikipedia.org/wiki/Transcendental_function
https://en.wikipedia.org/wiki/Transcendental_function
https://en.wikipedia.org/wiki/Function_(mathematics)
https://en.wikipedia.org/wiki/Tide-predicting_machine
https://en.wikipedia.org/wiki/William_Thomson,_1st_Baron_Kelvin
https://en.wikipedia.org/wiki/William_Thomson,_1st_Baron_Kelvin
https://en.wikipedia.org/wiki/Differential_analyser
https://en.wikipedia.org/wiki/Differential_equations
https://en.wikipedia.org/wiki/Integral
https://en.wikipedia.org/wiki/James_Thomson_(engineer)
https://en.wikipedia.org/wiki/Ball-and-disk_integrator
https://en.wikipedia.org/wiki/Ball-and-disk_integrator
https://en.wikipedia.org/wiki/Torque_amplifier
https://en.wikipedia.org/wiki/Vannevar_Bush
https://en.wikipedia.org/wiki/Dumaresq
https://en.wikipedia.org/wiki/John_Saumarez_Dumaresq
https://en.wikipedia.org/wiki/Royal_Navy
https://en.wikipedia.org/wiki/Vickers_range_clock
https://en.wikipedia.org/wiki/Arthur_Pollen
https://en.wikipedia.org/wiki/Fire-control_system
https://en.wikipedia.org/wiki/Fire-control_system
https://en.wikipedia.org/wiki/Imperial_Russian_Navy
https://en.wikipedia.org/wiki/World_War_I
https://en.wikipedia.org/wiki/Network_analyzer_(AC_power)

4.3. ELECTRONIC ANALOG COMPUTERS

Analog computing machine at the Lewis Flight Propulsion Lab-
oratory in 1949.

Heathkit EC-1 educational analog computer

systems that were too large to solve with numerical meth-
ods at the time.['!! These were essentially scale models
of the electrical properties of the full-size system. Since
network analyzers could handle problems too large for an-
alytic methods or hand computation, they were also used
to solve problems in nuclear physics and in the design of
structures. More than 50 large network analyzers were
built by the end of the 1950s.

World War II era gun directors, gun data computers, and
bomb sights used mechanical analog computers. Me-
chanical analog computers were very important in gun
fire control in World War II, The Korean War and well
past the Vietnam War; they were made in significant
numbers.

The FERMIAC was an analog computer invented by
physicist Enrico Fermi in 1947 to aid in his studies of
neutron transport.!'?! Project Cyclone was an analog com-
puter developed by Reeves in 1950 for the analysis and
design of dynamic systems.!'3! Project Typhoon was an
analog computer developed by RCA in 1952. It consisted
of over 4000 electron tubes and used 100 dials and 6000
plug-in connectors to program."'* The MONIAC Com-
puter was a hydraulic model of a national economy first
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unveiled in 1949.

Computer Engineering Associates was spun out of
Caltech in 1950 to provide commercial services using
the “Direct Analogy Electric Analog Computer” (“the
largest and most impressive general-purpose analyzer fa-
cility for the solution of field problems”) developed there
by Gilbert D. McCann, Charles H. Wilts, and Bart Lo-
canthi.[11116]

Educational analog computers illustrated the principles
of analog calculation. The Heathkit EC-1, a $199 edu-
cational analog computer was made by the Heath Com-
pany, USA c. 1960.['7! It was programmed using patch
cords that connected nine operational amplifiers and other
components.!'8! General Electric also marketed an “edu-
cational” analog computer kit of a simple design in the
early 1960s consisting of a two transistor tone generator
and three potentiometers wired such that the frequency
of the oscillator was nulled when the potentiometer dials
were positioned by hand to satisfy an equation. The rela-
tive resistance of the potentiometer was then equivalent to
the formula of the equation being solved. Multiplication
or division could be performed depending on which dials
were considered inputs and which was the output. Ac-
curacy and resolution was limited and a simple slide rule
was more accurate, however, the unit did demonstrate the
basic principle.

In industrial process control, thousands of analog loop
controllers were used to automatically regulate temper-
ature, flow, pressure, or other process conditions. The
technology of these controllers ranged from purely me-
chanical integrators, through vacuum-tube and solid-state
devices, to emulation of analog controllers by micropro-
Cessors.

4.3 Electronic analog computers

The similarity between linear mechanical components,
such as springs and dashpots (viscous-fluid dampers), and
electrical components, such as capacitors, inductors, and
resistors is striking in terms of mathematics. They can be
modeled using equations of the same form.

However, the difference between these systems is what
makes analog computing useful. If one considers a sim-
ple mass—spring system, constructing the physical sys-
tem would require making or modifying the springs and
masses. This would be followed by attaching them to each
other and an appropriate anchor, collecting test equip-
ment with the appropriate input range, and finally, taking
measurements. In more complicated cases, such as sus-
pensions for racing cars, experimental construction, mod-
ification, and testing is not so simple nor inexpensive.

The electrical equivalent can be constructed with a few
operational amplifiers (op amps) and some passive linear
components; all measurements can be taken directly with
an oscilloscope. In the circuit, the (simulated) 'stiffness
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Polish analog computer AKAT-1

of the spring', for instance, can be changed by adjusting
the parameters of a capacitor. The electrical system is an
analogy to the physical system, hence the name, but it is
less expensive to construct, generally safer, and typically
much easier to modify.

As well, an electronic circuit can typically operate at
higher frequencies than the system being simulated. This
allows the simulation to run faster than real time (which
could, in some instances, be hours, weeks, or longer). Ex-
perienced users of electronic analog computers said that
they offered a comparatively intimate control and under-
standing of the problem, relative to digital simulations.

The drawback of the mechanical-electrical analogy is that
electronics are limited by the range over which the vari-
ables may vary. This is called dynamic range. They are
also limited by noise levels. Floating-point digital calcu-
lations have comparatively huge dynamic range.

These electric circuits can also easily perform a wide va-
riety of simulations. For example, voltage can simulate
water pressure and electric current can simulate rate of
flow in terms of cubic metres per second. An integrator
can provide the total accumulated volume of liquid, us-
ing an input current proportional to the (possibly varying)
flow rate.

Analog computers are especially well-suited to represent-
ing situations described by differential equations. Oc-
casionally, they were used when a differential equation
proved very difficult to solve by traditional means.

CHAPTER 4. ANALOG COMPUTER

The accuracy of an analog computer is limited by its com-
puting elements as well as quality of the internal power
and electrical interconnections. The precision of the ana-
log computer readout was limited chiefly by the preci-
sion of the readout equipment used, generally three or
four significant figures. The precision of a digital com-
puter is limited by the word size; arbitrary-precision arith-
metic, while relatively slow, provides any practical degree
of precision that might be needed.

Many small computers dedicated to specific computa-
tions are still part of industrial equipment’s for regula-
tion, but from years 1950 to 1980, general purpose ana-
log computers were the only systems fast enough for real
time simulation of dynamic systems, especially in the air-
craft, military and aerospace field. In years 1970 every
big company or administration highly concerned by dy-
namics problems had a big analog computing center :

USA: NASA (Huntsville, Houston), Martin Marietta
(Orlando), Looked, Westinghouse, Hughes Aircraft,
etc...

Europe: CEA (French Atomic Energy Commission),
MATRA, Aerospatiale, BAC (British Aircraft Com-

pany),...

The major manufacturer was Electronic Associates
(Long Branch USA). In years 1960 with its 231R Ana-
log Computer (vacuum tubes, 20 Integrators) then with
its 8800 Analog Computer (solid state op. amplifiers, 64
integrators). Its US challenger was Applied Dynamics
(Ann Arbor, USA)

The basic technology for analog computers is “opera-
tional amplifiers” (also called “continuous current ampli-
fiers” because they have no low frequency limitation) but
in years 1960 an attempt was done to use alternative tech-
nology : medium frequency carrier and non dissipative
reversible circuits( computer ANALAC France).

4.4 Analog—digital hybrid comput-
ers and hybrid computing de-
vices

Analog computing devices are fast, digital computing de-
vices are more versatile and accurate, so the idea is to
combine the two processes for the best efficiency. An
example of such hybrid elementary device is the hybrid
multiplier where one input is an analog signal, the other
input is a digital signal and the output is analog. It acts as
an analog potentiometer upgradable digitally. Presently
this kind of hybrid technique is mainly used for very fast
dedicated real time computation when computing time is
very critical as signal processing for radars and generally
for controllers in embedded systems.

In the early 1970s analog computer manufacturers tried
to tie together their analog computer with a digital com-
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4.5. IMPLEMENTATIONS

puter to get the advantages of the two techniques . In such
system, the digital computer will control the analog com-
puter, providing initial set-up, initiating multiple analog
runs, and automatically feeding and collecting data. The
digital computer may also participate to the calculation
itself using analog to digital and digital to analog convert-
ers.

The largest manufacturer of hybrid computers was Elec-
tronics Associates Inc.(EAI). Their hybrid computer
model 8900 was made of a digital computer and one or
more analog consoles. These systems were mainly ded-
icated to large projects such as the Apollo program and
Space Shuttle at NASA ,or Ariane in Europe. , especially
during the integration step where at the beginning every-
thing is simulated, and progressively real components re-
place their simulated part.

Only one company was known as offering general com-
mercial computing services on its hybrid computers( CISI
France ~1970 to 1980). The best reference in this field
is the 100 000 simulations runs for each certification the
automatic landing system of Airbus and Concord planes.

After 1980, purely digital computers progressed more
and more rapidly and were fast enough to compete with
analog computers. One key of the speed of analog com-
puters was its full parallel computation, but this was also
a limitation. The more equations required for a prob-
lem, the more analog physical operators are needed, even
when the problem isn't time critical. “Programming” a
problem consists of interconnecting the analog operators;
even with a removable wiring panel it’s not versatile at all.
So presently there are no more big hybrid computers, but
only hybrid components, AD and DA converters to tie
digital computers with the analog world.

4.5 Implementations

4.5.1 Mechanical analog computers

While a wide variety of mechanisms have been developed
throughout history, some stand out because of their the-
oretical importance, or because they were manufactured
in significant quantities.

Most practical mechanical analog computers of any sig-
nificant complexity used rotating shafts to carry vari-
ables from one mechanism to another. Cables and pulleys
were used in a Fourier synthesizer, a tide-predicting ma-
chine, which summed the individual harmonic compo-
nents. Another category, not nearly as well known, used
rotating shafts only for input and output, with precision
racks and pinions. The racks were connected to linkages
that performed the computation. At least one US Naval
sonar fire control computer of the later 1950s, made by
Librascope, was of this type, as was the principal com-
puter in the Mk. 56 Gun Fire Control System.
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Online, there is a remarkably clear illustrated refer-
ence (OP 1140) that describes!'”! the fire control com-
puter mechanisms. For adding and subtracting, preci-
sion miter-gear differentials were in common use in some
computers; the Ford Instrument Mark I Fire Control
Computer contained about 160 of them.

Integration with respect to another variable was done by
a rotating disc driven by one variable. Output came from
a pickoft device (such as a wheel) positioned at a radius
on the disc proportional to the second variable. (A car-
rier with a pair of steel balls supported by small rollers
worked especially well. A roller, its axis parallel to the
disc’s surface, provided the output. It was held against
the pair of balls by a spring.)

Arbitrary functions of one variable were provided by
cams, with gearing to convert follower movement to shaft
rotation.

Functions of two variables were provided by three-
dimensional cams. In one good design, one of the vari-
ables rotated the cam. A hemispherical follower moved
its carrier on a pivot axis parallel to that of the cam’s ro-
tating axis. Pivoting motion was the output. The second
variable moved the follower along the axis of the cam.
One practical application was ballistics in gunnery.

Coordinate conversion from polar to rectangular was
done by a mechanical resolver (called a “component
solver” in US Navy fire control computers). Two discs on
a common axis positioned a sliding block with pin (stubby
shaft) on it. One disc was a face cam, and a follower on
the block in the face cam’s groove set the radius. The
other disc, closer to the pin, contained a straight slot in
which the block moved. The input angle rotated the latter
disc (the face cam disc, for an unchanging radius, rotated
with the other (angle) disc; a differential and a few gears
did this correction).

Referring to the mechanism’s frame, the location of the
pin corresponded to the tip of the vector represented by
the angle and magnitude inputs. Mounted on that pin was
a square block.

Rectilinear-coordinate outputs (both sine and cosine, typ-
ically) came from two slotted plates, each slot fitting on
the block just mentioned. The plates moved in straight
lines, the movement of one plate at right angles to that of
the other. The slots were at right angles to the direction of
movement. Each plate, by itself, was like a Scotch yoke,
known to steam engine enthusiasts.

During World War II, a similar mechanism converted
rectilinear to polar coordinates, but it was not particularly
successful and was eliminated in a significant redesign
(USN, Mk. 1 to Mk. 1A).

Multiplication was done by mechanisms based on the ge-
ometry of similar right triangles. Using the trigonmetric
terms for a right triangle, specifically opposite, adjacent,
and hypotenuse, the adjacent side was fixed by construc-
tion. One variable changed the magnitude of the oppo-
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site side. In many cases, this variable changed sign; the
hypotenuse could coincide with the adjacent side (a zero
input), or move beyond the adjacent side, representing a
sign change.

Typically, a pinion-operated rack moving parallel to the
(trig.-defined) opposite side would position a slide with a
slot coincident with the hypotenuse. A pivot on the rack
let the slide’s angle change freely. At the other end of the
slide (the angle, in trig, terms), a block on a pin fixed to
the frame defined the vertex between the hypotenuse and
the adjacent side.

At any distance along the adjacent side, a line perpendic-
ular to it intersects the hypotenuse at a particular point.
The distance between that point and the adjacent side is
some fraction that is the product of / the distance from
the vertex, and 2 the magnitude of the opposite side.

The second input variable in this type of multiplier po-
sitions a slotted plate perpendicular to the adjacent side.
That slot contains a block, and that block’s position in its
slot is determined by another block right next to it. The
latter slides along the hypotenuse, so the two blocks are
positioned at a distance from the (trig.) adjacent side by
an amount proportional to the product.

To provide the product as an output, a third element, an-
other slotted plate, also moves parallel to the (trig.) op-
posite side of the theoretical triangle. As usual, the slot is
perpendicular to the direction of movement. A block in
its slot, pivoted to the hypotenuse block positions it.

A special type of integrator, used at a point where only
moderate accuracy was needed, was based on a steel ball,
instead of a disc. It had two inputs, one to rotate the ball,
and the other to define the angle of the ball’s rotating axis.
That axis was always in a plane that contained the axes of
two movement-pickoft rollers, quite similar to the mech-
anism of a rolling-ball computer mouse (in this mecha-
nism, the pickoff rollers were roughly the same diameter
as the ball). The pickoff roller axes were at right angles.

A pair of rollers “above” and “below” the pickoff plane
were mounted in rotating holders that were geared to-
gether. That gearing was driven by the angle input, and
established the rotating axis of the ball. The other input
rotated the “bottom” roller to make the ball rotate.

Essentially, the whole mechanism, called a component in-
tegrator, was a variable-speed drive with one motion in-
put and two outputs, as well as an angle input. The angle
input varied the ratio (and direction) of coupling between
the “motion” input and the outputs according to the sine
and cosine of the input angle.

Although they did not accomplish any computation, elec-
tromechanical position servos were essential in mechan-
ical analog computers of the “rotating-shaft” type for
providing operating torque to the inputs of subsequent
computing mechanisms, as well as driving output data-
transmission devices such as large torque-transmitter syn-
chros in naval computers.
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Other non-computational mechanisms included internal
odometer-style counters with interpolating drum dials for
indicating internal variables, and mechanical multi-turn
limit stops.

Considering that accurately controlled rotational speed in
analog fire-control computers was a basic element of their
accuracy, there was a motor with its average speed con-
trolled by a balance wheel, hairspring, jeweled-bearing
differential, a twin-lobe cam, and spring-loaded contacts
(ship’s AC power frequency was not necessarily accurate,
nor dependable enough, when these computers were de-
signed).

4.5.2 Electronic analog computers

Electronic analog computers typically have front panels
with numerous jacks (single-contact sockets) that per-
mit patch cords (flexible wires with plugs at both ends)
to create the interconnections which define the problem
setup. In addition, there are precision high-resolution po-
tentiometers (variable resistors) for setting up (and, when
needed, varying) scale factors. In addition, there is likely
to be a zero-center analog pointer-type meter for modest-
accuracy voltage measurement. Stable, accurate voltage
sources provide known magnitudes.

Typical electronic analog computers contain anywhere
from a few to a hundred or more operational amplifiers
(“op amps”), named because they perform mathematical
operations. Op amps are a particular type of feedback
amplifier with very high gain and stable input (low and
stable offset). They are always used with precision feed-
back components that, in operation, all but cancel out the
currents arriving from input components. The majority
of op amps in a representative setup are summing ampli-
fiers, which add and subtract analog voltages, providing
the result at their output jacks. As well, op amps with
capacitor feedback are usually included in a setup; they
integrate the sum of their inputs with respect to time.

Integrating with respect to another variable is the nearly
exclusive province of mechanical analog integrators; it is
almost never done in electronic analog computers. How-
ever, given that a problem solution does not change with
time, time can serve as one of the variables.

Other computing elements include analog multipliers,
nonlinear function generators, and analog comparators.

Electrical elements such as inductors and capacitors used
in electrical analog computers had to be carefully manu-
factured to reduce non-ideal effects. For example, in the
construction of AC power network analyzers, one motive
for using higher frequencies for the calculator (instead
of the actual power frequency) was that higher-quality
inductors could be more easily made. Many general-
purpose analog computers avoided the use of inductors
entirely, re-casting the problem in a form that could be
solved using only resistive and capacitive elements, since
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high-quality capacitors are relatively easy to make.

The use of electrical properties in analog computers
means that calculations are normally performed in real
time (or faster), at a speed determined mostly by the fre-
quency response of the operational amplifiers and other
computing elements. In the history of electronic analog
computers, there were some special high-speed types.

Nonlinear functions and calculations can be constructed
to a limited precision (three or four digits) by designing
function generators — special circuits of various com-
binations of resistors and diodes to provide the nonlin-
earity. Typically, as the input voltage increases, progres-
sively more diodes conduct.

When compensated for temperature, the forward voltage
drop of a transistor’s base-emitter junction can provide a
usably accurate logarithmic or exponential function. Op
amps scale the output voltage so that it is usable with the
rest of the computer.

Any physical process which models some computation
can be interpreted as an analog computer. Some ex-
amples, invented for the purpose of illustrating the con-
cept of analog computation, include using a bundle of
spaghetti as a model of sorting numbers; a board, a set of
nails, and a rubber band as a model of finding the convex
hull of a set of points; and strings tied together as a model
of finding the shortest path in a network. These are all
described in A K. Dewdney (see citation below).

4.6 Components

Analog computers often have a complicated framework,
but they have, at their core, a set of key components which
perform the calculations, which the operator manipulates
through the computer’s framework.

Key hydraulic components might include pipes, valves
and containers.

Key mechanical components might include rotating
shafts for carrying data within the computer, miter gear
differentials, disc/ball/roller integrators, cams (2-D and
3-D), mechanical resolvers and multipliers, and torque
SEervos.

Key electrical/electronic components might include:

Precision resistors and capacitors

operational amplifiers

Multipliers

potentiometers

fixed-function generators

The core mathematical operations used in an electric ana-
log computer are:
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A 1960 Newmark analogue computer, made up of five units.
This computer was used to solve differential equations and is cur-
rently housed at the Cambridge Museum of Technology.

e addition

e integration with respect to time
e inversion

o multiplication

e exponentiation

e logarithm

e division

In some analog computer designs, multiplication is much
preferred to division. Division is carried out with a mul-
tiplier in the feedback path of an Operational Amplifier.

Differentiation with respect to time is not frequently used,
and in practice is avoided by redefining the problem when
possible. It corresponds in the frequency domain to a
high-pass filter, which means that high-frequency noise
is amplified; differentiation also risks instability.

4.7 Limitations

In general, analog computers are limited by non-ideal
effects. An analog signal is composed of four basic
components: DC and AC magnitudes, frequency, and
phase. The real limits of range on these characteristics
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limit analog computers. Some of these limits include
the operational amplifier offset, finite gain, and frequency
response, noise floor, non-linearities, temperature coef-
ficient, and parasitic effects within semiconductor de-
vices. For commercially available electronic components,
ranges of these aspects of input and output signals are al-
ways figures of merit.

4.8 Decline

In 1950’s to 1970’s, digital computers based on first
vacuum tubes, transistors, integrated circuits and then
micro-processors became more economical and precise.
This led digital computers to largely replace analog com-
puters. Even so, some research in analog computa-
tion is still being done. A few universities still use
analog computers to teach control system theory. The
American company Comdyna manufactures small ana-
log computers.?”! At Indiana University Bloomington,
Jonathan Mills has developed the Extended Analog Com-
puter based on sampling voltages in a foam sheet. At the
Harvard Robotics Laboratory, analog computation is a re-
search topic. Lyric Semiconductor's error correction cir-
cuits use analog probabilistic signals. Slide rules are still
popular among aircraft personnel.

4.9 Practical examples

These are examples of analog computers that have been
constructed or practically used:

e Boeing B-29 Superfortress Central Fire Control
System

e Deltar

e Kerrison Predictor

e Leonardo Torres y Quevedo's Analogue Calculating
Machines based on “fusee sans fin”

e Librascope, aircraft weight and balance computer
e Mechanical computer

e Mechanical integrators, for example, the planimeter
e Nomogram

e Norden bombsight

e Rangekeeper and related fire control computers

e Scanimate

e Torpedo Data Computer

e Torquetum

e Water integrator
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Analog (audio) synthesizers can also be viewed as a form
of analog computer, and their technology was originally
based in part on electronic analog computer technol-
ogy. The ARP 2600's Ring Modulator was actually a
moderate-accuracy analog multiplier.

The Simulation Council (or Simulations Council) was an
association of analog computer users in USA. It is now
known as The Society for Modeling and Simulation Inter-
national. The Simulation Council newsletters from 1952
to 1963 are available online and show the concerns and
technologies at the time, and the common use of analog
computers for missilry.!!

4.10 See also

e Signal (electrical engineering)

e Signal (computing)

e Differential equation

e Dynamical system

e Chaos theory

¢ Analogical models

e Field-programmable analog array

e Voskhod Spacecraft “Globus” IMP navigation in-
strument
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Chapter 5

Deltar

The Deltar (27 January 1972)

Layout of the Deltar. 1. Analog river sections 2. Peripheral
equipment (Punched tape) 3. Operator controls 4. Measuring
controls 5. Analog output (recorders) 6. Digital output (punched
tape) 7. Design table (configuration of river setup) 8. Wind gen-
erator.

The Deltar (Delta Getij Analogon Rekenmachine, Dutch
for Delta Tide Analog Calculator) was an analog com-
puter, used from 1960 until 1984 in the design and im-
plementation of the Delta Works.

The computer was designed and built in order to make the
complicated calculations required to predict the effects of
dams, dikes, and storm surge barriers on the tides in the
estuaries of the rivers Rhine, Meuse and Scheldt.
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The design of the Deltar was based on the analogy that
exists between the properties and behaviour of water and
electricity. Working with analogs of quantities such as
water’s height, rate of flow, and water storage, the design
for the calculator basically used the electrical quantities
charge, potential, inductance and capacitance.
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Chapter 6

History of computing hardware

INFORMATION

OUTPUT

Computing hardware is a platform for information processing.

The history of computing hardware covers the devel-
opments from early simple devices to aid calculation to
modern day computers.

Before the 20th century, most calculations were done by
humans. Early mechanical tools to help humans with dig-
ital calculations were called “calculating machines”, by
proprietary names, or even as they are now, calculators.
The machine operator was called the computer.

The first aids to computation were purely mechanical de-
vices which required the operator to set up the initial val-
ues of an elementary arithmetic operation, then manip-
ulate the device to obtain the result. Later, computers
represented numbers in a continuous form, for instance
distance along a scale, rotation of a shaft, or a voltage.
Numbers could also be represented in the form of dig-
its, automatically manipulated by a mechanical mecha-
nism. Although this approach generally required more
complex mechanisms, it greatly increased the precision
of results. The invention of transistor and then inte-
grated circuits made a breakthrough in computers. As a
result digital computers largely replaced analog comput-
ers. The price of computers gradually became so low that
first the personal computers and later mobile computers
(smartphones and tablets) became ubiquitous.

6.1 Early devices

6.1.1 Ancient era

Devices have been used to aid computation for thou-
sands of years, mostly using one-to-one correspondence
with fingers. The earliest counting device was probably a
form of tally stick. Later record keeping aids through-
out the Fertile Crescent included calculi (clay spheres,
cones, etc.) which represented counts of items, prob-
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The Ishango bone

ably livestock or grains, sealed in hollow unbaked clay
containers.!"'?! The use of counting rods is one example.

The abacus was early used for arithmetic tasks. What we
now call the Roman abacus was used in Babylonia as early
as 2400 BC. Since then, many other forms of reckoning
boards or tables have been invented. In a medieval Euro-
pean counting house, a checkered cloth would be placed
on a table, and markers moved around on it according to
certain rules, as an aid to calculating sums of money.

Several analog computers were constructed in ancient
and medieval times to perform astronomical calcula-
tions. These include the Antikythera mechanism and the
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Suanpan  (the number represented on this abacus is

6,302,715,408)

astrolabe from ancient Greece (c. 150-100 BC), which
are generally regarded as the earliest known mechanical
analog computers.*! Hero of Alexandria (c. 10-70 AD)
made many complex mechanical devices including au-
tomata and a programmable cart.*! Other early versions
of mechanical devices used to perform one or another
type of calculations include the planisphere and other
mechanical computing devices invented by Abu Rayhan
al-Biruni (c. AD 1000); the equatorium and universal
latitude-independent astrolabe by Abu Ishaq Ibrahim al-
Zarqali (c. AD 1015); the astronomical analog comput-
ers of other medieval Muslim astronomers and engineers;
and the astronomical clock tower of Su Song (c. AD
1090) during the Song Dynasty.

6.1.2 Medieval calculating tools

A set of John Napier's calculating tables from around 1680.

Scottish mathematician and physicist John Napier dis-
covered that the multiplication and division of numbers
could be performed by the addition and subtraction, re-
spectively, of the logarithms of those numbers. While
producing the first logarithmic tables, Napier needed to
perform many tedious multiplications. It was at this point
that he designed his Napier’s bones', an abacus-like de-
vice that greatly simplified calculations that involved mul-
tiplication and division.!
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A slide rule

Since real numbers can be represented as distances or in-
tervals on a line, the slide rule was invented in the 1620s,
shortly after Napier’s work, to allow multiplication and
division operations to be carried out significantly faster
than was previously possible.’ Edmund Gunter built a
calculating device with a single logarithmic scale at the
University of Oxford. His device greatly simplified arith-
metic calculations, including multiplication and division.
William Oughtred greatly improved this in 1630 with his
circular slide rule. He followed this up with the mod-
ern slide rule in 1632, essentially a combination of two
Gunter rules, held together with the hands. Slide rules
were used by generations of engineers and other mathe-
matically involved professional workers, until the inven-
tion of the pocket calculator.!”!

6.1.3 Mechanical calculators

Wilhelm Schickard, a German polymath, designed a cal-
culating machine in 1623 which combined a mechanised
form of Napier’s rods with the world’s first mechanical
adding machine built into the base. Because it made
use of a single-tooth gear there were circumstances in
which its carry mechanism would jam.!®! A fire destroyed
at least one of the machines in 1624 and it is believed
Schickard was too disheartened to build another.

View through the back of Pascal’s calculator. Pascal invented
his machine in 1642.

In 1642, while still a teenager, Blaise Pascal started
some pioneering work on calculating machines and af-
ter three years of effort and 50 prototypes!®! he invented a
mechanical calculator.!'%/'] He built twenty of these ma-
chines (called Pascal’s Calculator or Pascaline) in the fol-
lowing ten years.!'?! Nine Pascalines have survived, most
of which are on display in European museums.!'3! A con-
tinuing debate exists over whether Schickard or Pascal
should be regarded as the “inventor of the mechanical
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calculator” and the range of issues to be considered is dis-
cussed elsewhere.!'#!

Gottfried Wilhelm von Leibniz invented the Stepped
Reckoner and his famous stepped drum mechanism
around 1672. He attempted to create a machine that
could be used not only for addition and subtraction but
would utilise a moveable carriage to enable long multi-
plication and division. Leibniz once said “It is unworthy
of excellent men to lose hours like slaves in the labour
of calculation which could safely be relegated to anyone
else if machines were used.”!’! However, Leibniz did not
incorporate a fully successful carry mechanism. Leibniz
also described the binary numeral system,!'®! a central in-
gredient of all modern computers. However, up to the
1940s, many subsequent designs (including Charles Bab-
bage's machines of the 1822 and even ENIAC of 1945)
were based on the decimal system.!!”]

Around 1820, Charles Xavier Thomas de Colmar cre-
ated what would over the rest of the century become
the first successful, mass-produced mechanical calcula-
tor, the Thomas Arithmometer. It could be used to add
and subtract, and with a moveable carriage the operator
could also multiply, and divide by a process of long multi-
plication and long division.['8! It utilised a stepped drum
similar in conception to that invented by Leibniz. Me-
chanical calculators remained in use until the 1970s.

6.1.4 Punched card data processing

In 1801, Joseph-Marie Jacquard developed a loom in
which the pattern being woven was controlled by punched
cards. The series of cards could be changed without
changing the mechanical design of the loom. This was a
landmark achievement in programmability. His machine
was an improvement over similar weaving looms. Punch
cards were preceded by punch bands, as in the machine
proposed by Basile Bouchon. These bands would inspire
information recording for automatic pianos and more re-
cently numerical control machine tools.

In the late 1880s, the American Herman Hollerith in-
vented data storage on punched cards that could then be
read by a machine.l"”! To process these punched cards
he invented the tabulator, and the key punch machine.
His machines used mechanical relays (and solenoids) to
increment mechanical counters. Hollerith’s method was
used in the 1890 United States Census and the completed
results were "... finished months ahead of schedule and
far under budget”.*"! Indeed, the census was processed
years faster than the prior census had been. Hollerith’s
company eventually became the core of IBM.

By 1920, electro-mechanical tabulating machines could
add, subtract and print accumulated totals.”!! Machines
were programmed by inserting dozens of wire jumpers
into removable control panels. When the United States
instituted Social Security in 1935, IBM punched card
systems were used to process records of 26 million
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IBM punched card Accounting Machines, pictured in 1936.

workers.??! Punch cards became ubiquitous in industry
and government for accounting and administration.

Leslie Comrie's articles on punched card methods and
W.J. Eckert's publication of Punched Card Methods in
Scientific Computation in 1940, described punch card
techniques sufficiently advanced to solve some differen-
tial equations!>® or perform multiplication and division
using floating point representations, all on punched cards
and unit record machines. Such machines were used dur-
ing World War II for cryptographic statistical processing,
as well as a vast number of administrative uses. The As-
tronomical Computing Bureau, Columbia University per-
formed astronomical calculations representing the state
of the art in computing.?#!123]

6.1.5 Calculators

Main article: Calculator

By the 20th century, earlier mechanical calculators,
cash registers, accounting machines, and so on were re-
designed to use electric motors, with gear position as the
representation for the state of a variable. The word “com-
puter” was a job title assigned to people who used these
calculators to perform mathematical calculations. By the
1920s, British scientist Lewis Fry Richardson's interest
in weather prediction led him to propose human comput-
ers and numerical analysis to model the weather; to this
day, the most powerful computers on Earth are needed
to adequately model its weather using the Navier—Stokes
equations. 26!

Companies like Friden, Marchant Calculator and Monroe
made desktop mechanical calculators from the 1930s that
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The Curta calculator could also do multiplication and division.

could add, subtract, multiply and divide.?" In 1948, the
Curta was introduced by Austrian inventor, Curt Herzs-
tark. It was a small, hand-cranked mechanical calculator
and as such, a descendant of Gottfried Leibniz's Stepped
Reckoner and Thomas's Arithmometer.

The world’s first all-electronic desktop calculator was the
British Bell Punch ANITA, released in 1961.1281291 T¢
used vacuum tubes, cold-cathode tubes and Dekatrons in
its circuits, with 12 cold-cathode “Nixie” tubes for its dis-
play. The ANITA sold well since it was the only elec-
tronic desktop calculator available, and was silent and
quick. The tube technology was superseded in June 1963
by the U.S. manufactured Friden EC-130, which had an
all-transistor design, a stack of four 13-digit numbers dis-
played on a 5-inch (13 cm) CRT, and introduced reverse
Polish notation (RPN).

6.2 First general-purpose comput-
ing device

Main article: Analytical Engine

Charles Babbage, an English mechanical engineer and
polymath, originated the concept of a programmable
computer. Considered the "father of the computer”,l*”!
he conceptualized and invented the first mechanical com-
puter in the early 19th century. After working on his rev-
olutionary difference engine, designed to aid in naviga-
tional calculations, in 1833 he realized that a much more
general design, an Analytical Engine, was possible. The
input of programs and data was to be provided to the ma-
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. H. Babbage, del.

A portion of Babbage’s Difference engine.

chine via punched cards, a method being used at the time
to direct mechanical looms such as the Jacquard loom.
For output, the machine would have a printer, a curve
plotter and a bell. The machine would also be able to
punch numbers onto cards to be read in later. It employed
ordinary base-10 fixed-point arithmetic.

The Engine incorporated an arithmetic logic unit, control
flow in the form of conditional branching and loops,
and integrated memory, making it the first design for
a general-purpose computer that could be described in
modern terms as Turing-complete.[3!1132]

There was to be a store, or memory, capable of hold-
ing 1,000 numbers of 40 decimal digits each (ca. 16.7
kB). An arithmetical unit, called the “mill”, would be
able to perform all four arithmetic operations, plus com-
parisons and optionally square roots. Initially it was con-
ceived as a difference engine curved back upon itself, in
a generally circular layout,*3 with the long store exit-
ing off to one side. (Later drawings depict a regularized
erid layout.)*¥ Like the central processing unit (CPU)
in a modern computer, the mill would rely upon its own
internal procedures, roughly equivalent to microcode in
modern CPUs, to be stored in the form of pegs inserted
into rotating drums called “barrels”, to carry out some of
the more complex instructions the user’s program might
specify.[3!

The programming language to be employed by users was
akin to modern day assembly languages. Loops and con-
ditional branching were possible, and so the language as
conceived would have been Turing-complete as later de-
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Reconstruction of Babbage'’s Analytical Engine, the first general-
purpose programmable computer.

fined by Alan Turing. Three different types of punch
cards were used: one for arithmetical operations, one for
numerical constants, and one for load and store opera-
tions, transferring numbers from the store to the arith-
metical unit or back. There were three separate readers
for the three types of cards.

The machine was about a century ahead of its time. How-
ever, the project was slowed by various problems includ-
ing disputes with the chief machinist building parts for it.
All the parts for his machine had to be made by hand
- this was a major problem for a machine with thou-
sands of parts. Eventually, the project was dissolved with
the decision of the British Government to cease fund-
ing. Babbage’s failure to complete the analytical engine
can be chiefly attributed to difficulties not only of pol-
itics and financing, but also to his desire to develop an
increasingly sophisticated computer and to move ahead
faster than anyone else could follow. Ada Lovelace,
Lord Byron's daughter, translated and added notes to
the "Sketch of the Analytical Engine" by Federico Luigi,
Conte Menabrea. This appears to be the first published
description of programming.¢!

Following Babbage, although unaware of his earlier work,
was Percy Ludgate, an accountant from Dublin, Ireland.
He independently designed a programmable mechanical
computer, which he described in a work that was pub-
lished in 1909.

6.3 Analog computers

Main article: Analog computer

In the first half of the 20th century, analog computers
were considered by many to be the future of computing.
These devices used the continuously changeable aspects
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Sir William Thomson's third tide-predicting machine design,
1879-81

of physical phenomena such as electrical, mechanical, or
hydraulic quantities to model the problem being solved,
in contrast to digital computers that represented varying
quantities symbolically, as their numerical values change.
As an analog computer does not use discrete values, but
rather continuous values, processes cannot be reliably re-
peated with exact equivalence, as they can with Turing
machines.”)

The first modern analog computer was a tide-predicting
machine, invented by Sir William Thomson, later Lord
Kelvin, in 1872. It used a system of pulleys and wires
to automatically calculate predicted tide levels for a set
period at a particular location and was of great utility to
navigation in shallow waters. His device was the founda-
tion for further developments in analog computing. 3%

The differential analyser, a mechanical analog computer
designed to solve differential equations by integration us-
ing wheel-and-disc mechanisms, was conceptualized in
1876 by James Thomson, the brother of the more famous
Lord Kelvin. He explored the possible construction of
such calculators, but was stymied by the limited output
torque of the ball-and-disk integrators.[**! In a differen-
tial analyzer, the output of one integrator drove the input
of the next integrator, or a graphing output.

An important advance in analog computing was the de-
velopment of the first fire-control systems for long range
ship gunlaying. When gunnery ranges increased dramat-
ically in the late 19th century it was no longer a sim-
ple matter of calculating the proper aim point, given the
flight times of the shells. Various spotters on board the
ship would relay distance measures and observations to
a central plotting station. There the fire direction teams
fed in the location, speed and direction of the ship and
its target, as well as various adjustments for Coriolis ef-
fect, weather effects on the air, and other adjustments;
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A Mk. I Drift Sight. The lever just in front of the bomb aimer’s
fingertips sets the altitude, the wheels near his knuckles set the
wind and airspeed.

the computer would then output a firing solution, which
would be fed to the turrets for laying. In 1912, British en-
gineer Arthur Pollen developed the first electrically pow-
ered mechanical analogue computer (called at the time
the Argo Clock).!"! It was used by the Imperial Russian
Navy in World War 1. The alternative Dreyer Table fire
control system was fitted to British capital ships by mid-
1916.

Mechanical devices were also used to aid the accuracy
of aerial bombing. Drift Sight was the first such aid, de-
veloped by Harry Wimperis in 1916 for the Royal Naval
Air Service; it measured the wind speed from the air, and
used that measurement to calculate the wind’s effects on
the trajectory of the bombs. The system was later im-
proved with the Course Setting Bomb Sight, and reached
a climax with World War II bomb sights, Mark XIV
bomb sight (RAF Bomber Command) and the Norden!*!!
(United States Army Air Forces).

The art of mechanical analog computing reached its
zenith with the differential analyzer,™*?! built by H. L.
Hazen and Vannevar Bush at MIT starting in 1927, which
built on the mechanical integrators of James Thomson
and the torque amplifiers invented by H. W. Nieman.
A dozen of these devices were built before their obso-
lescence became obvious; the most powerful was con-
structed at the University of Pennsylvania's Moore School
of Electrical Engineering, where the ENIAC was built.

By the 1950s the success of digital electronic computers
had spelled the end for most analog computing machines,
but hybrid analog computers, controlled by digital elec-
tronics, remained in substantial use into the 1950s and
1960s, and later in some specialized applications.
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6.4 Advent of the digital computer

The principle of the modern computer was first described
by computer scientist Alan Turing, who set out the idea
in his seminal 1936 paper,*¥ On Computable Numbers.
Turing reformulated Kurt Godel's 1931 results on the
limits of proof and computation, replacing Goédel’s uni-
versal arithmetic-based formal language with the for-
mal and simple hypothetical devices that became known
as Turing machines. He proved that some such ma-
chine would be capable of performing any conceivable
mathematical computation if it were representable as an
algorithm. He went on to prove that there was no so-
lution to the Entscheidungsproblem by first showing that
the halting problem for Turing machines is undecidable:
in general, it is not possible to decide algorithmically
whether a given Turing machine will ever halt.

He also introduced the notion of a 'Universal Machine'
(now known as a Universal Turing machine), with the
idea that such a machine could perform the tasks of any
other machine, or in other words, it is provably capa-
ble of computing anything that is computable by execut-
ing a program stored on tape, allowing the machine to
be programmable. Von Neumann acknowledged that the
central concept of the modern computer was due to this
paper.[**! Turing machines are to this day a central ob-
ject of study in theory of computation. Except for the
limitations imposed by their finite memory stores, mod-
ern computers are said to be Turing-complete, which is to
say, they have algorithm execution capability equivalent
to a universal Turing machine.

6.4.1 Electromechanical computers

The era of modern computing began with a flurry of de-
velopment before and during World War II. Most dig-
ital computers built in this period were electromechan-
ical - electric switches drove mechanical relays to per-
form the calculation. These devices had a low operating
speed and were eventually superseded by much faster all-
electric computers, originally using vacuum tubes.

The Z2 was one of the earliest examples of an electrome-
chanical relay computer, and was created by German en-
gineer Konrad Zuse in 1939. It was an improvement
on his earlier Z1; although it used the same mechanical
memory, it replaced the arithmetic and control logic with
electrical relay circuits.[**]

In the same year, the electro-mechanical bombes
were built by British cryptologists to help decipher
German Enigma-machine-encrypted secret messages
during World War II. The initial design of the bombe
was produced in 1939 at the UK Government Code and
Cypher School (GC&CS) at Bletchley Park by Alan Tur-
ing,1*% with an important refinement devised in 1940 by
Gordon Welchman.*”! The engineering design and con-
struction was the work of Harold Keen of the British Tab-
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6.4. ADVENT OF THE DIGITAL COMPUTER

Replica of Zuse's Z3, the first fully automatic, digital (electrome-
chanical) computer.

ulating Machine Company. It was a substantial develop-
ment from a device that had been designed in 1938 by
Polish Cipher Bureau cryptologist Marian Rejewski, and
known as the "cryptologic bomb" (Polish: “bomba kryp-
tologiczna”).

In 1941, Zuse followed his earlier machine up with
the 73,8 the world’s first working electromechanical
programmable, fully automatic digital computer./*’! The
7.3 was built with 2000 relays, implementing a 22 bit word
length that operated at a clock frequency of about 5-10
Hz.5% Program code and data were stored on punched
film. It was quite similar to modern machines in some
respects, pioneering numerous advances such as floating
point numbers. Replacement of the hard-to-implement
decimal system (used in Charles Babbage's earlier de-
sign) by the simpler binary system meant that Zuse’s ma-
chines were easier to build and potentially more reliable,
given the technologies available at that time.!! The Z3
was probably a complete Turing machine. In two 1936
patent applications, Zuse also anticipated that machine
instructions could be stored in the same storage used for
data—the key insight of what became known as the von
Neumann architecture, first implemented in the British
SSEM of 1948.152

Zuse suffered setbacks during World War II when some
of his machines were destroyed in the course of Allied
bombing campaigns. Apparently his work remained
largely unknown to engineers in the UK and US until
much later, although at least IBM was aware of it as it
financed his post-war startup company in 1946 in return
for an option on Zuse’s patents.

In 1944, the Harvard Mark I was constructed at IBM’s
Endicott laboratories;1>3! it was a similar general purpose
electro-mechanical computer to the Z3 and was not quite
Turing-complete.
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6.4.2 Digital computation

The mathematical basis of digital computing was es-
tablished by the British mathematician George Boole,
in his work The Laws of Thought, published in 1854.
His Boolean algebra was further refined in the 1860s by
William Jevons and Charles Sanders Peirce, and was first
presented systematically by Ernst Schroder and A. N.
Whitehead.>

In the 1930s and working independently, American
electronic engineer Claude Shannon and Soviet logician
Victor Shestakov both showed a one-to-one correspon-
dence between the concepts of Boolean logic and certain
electrical circuits, now called logic gates, which are now
ubiquitous in digital computers.[>>! They showed>®! that
electronic relays and switches can realize the expressions
of Boolean algebra. This thesis essentially founded prac-
tical digital circuit design.

6.4.3 Electronic data processing

Atanasoff—Berry Computer replica at 1st floor of Durham Cen-
ter, lowa State University.

Purely electronic circuit elements soon replaced their me-
chanical and electromechanical equivalents, at the same
time that digital calculation replaced analog. Machines
such as the Z3, the Atanasoff-Berry Computer, the
Colossus computers, and the ENIAC were built by hand,
using circuits containing relays or valves (vacuum tubes),
and often used punched cards or punched paper tape for
input and as the main (non-volatile) storage medium.

The engineer Tommy Flowers joined the telecommuni-
cations branch of the General Post Office in 1926. While
working at the research station in Dollis Hill in the 1930s,
he began to explore the possible use of electronics for
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the telephone exchange. Experimental equipment that he
built in 1934 went into operation 5 years later, converting
a portion of the telephone exchange network into an elec-
tronic data processing system, using thousands of vacuum
tubes.38!

In the US, John Vincent Atanasoff and Clifford E.
Berry of Towa State University developed and tested the
Atanasoff—Berry Computer (ABC) in 1942,157! the first
electronic digital calculating device.>®! This design was
also all-electronic, and used about 300 vacuum tubes,
with capacitors fixed in a mechanically rotating drum
for memory. However, its paper card writer/reader
was unreliable, and work on the machine was discontin-
ued. The machine’s special-purpose nature and lack of
a changeable, stored program distinguish it from modern
computers.>”!

6.4.4 The electronic programmable com-
puter

Main articles: Colossus computer and ENIAC
During World War II, the British at Bletchley Park

Colossus was the first electronic digital programmable computing
device, and was used to break German ciphers during World War
)/A

(40 miles north of London) achieved a number of suc-
cesses at breaking encrypted German military commu-
nications. The German encryption machine, Enigma,
was first attacked with the help of the electro-mechanical
bombes.!®"! They ruled out possible Enigma settings by
performing chains of logical deductions implemented
electrically. Most possibilities led to a contradiction, and
the few remaining could be tested by hand.

The Germans also developed a series of teleprinter en-
cryption systems, quite different from Enigma. The
Lorenz SZ 40/42 machine was used for high-level Army
communications, termed “Tunny” by the British. The
first intercepts of Lorenz messages began in 1941. As
part of an attack on Tunny, Max Newman and his col-
leagues helped specify the Colossus.!!]

Tommy Flowers, still a senior engineer at the Post
Office Research Station!®?! was recommended to Max
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Newman by Alan Turing!®*! and spent eleven months
from early February 1943 designing and building the
first Colossus.[®*165] After a functional test in December
1943, Colossus was shipped to Bletchley Park, where it
was delivered on 18 January 19441°! and attacked its first
message on 5 February.>!

Colossus rebuild seen from the rear.

Colossus was the world’s first electronic digital
programmable computer.!®8! It used a large number
of valves (vacuum tubes). It had paper-tape input and
was capable of being configured to perform a variety
of boolean logical operations on its data, but it was not
Turing-complete. Nine Mk II Colossi were built (The
Mk I was converted to a Mk II making ten machines
in total). Colossus Mark I contained 1500 thermionic
valves (tubes), but Mark II with 2400 valves, was both 5
times faster and simpler to operate than Mark 1, greatly
speeding the decoding process. Mark 2 was designed
while Mark 1 was being constructed. Allen Coombs
took over leadership of the Colossus Mark 2 project
when Tommy Flowers moved on to other projects.[6”!

Colossus was able to process 5,000 characters per sec-
ond with the paper tape moving at 40 ft/s (12.2 m/s;
27.3 mph). Sometimes, two or more Colossus computers
tried different possibilities simultaneously in what now is
called parallel computing, speeding the decoding process
by perhaps as much as double the rate of comparison.

Colossus included the first ever use of shift registers and
systolic arrays, enabling five simultaneous tests, each in-
volving up to 100 Boolean calculations, on each of the five
channels on the punched tape (although in normal opera-
tion only one or two channels were examined in any run).
Initially Colossus was only used to determine the initial
wheel positions used for a particular message (termed
wheel setting). The Mark 2 included mechanisms in-
tended to help determine pin patterns (wheel breaking).
Both models were programmable using switches and plug
panels in a way the Robinsons had not been.
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ENIAC was the first Turing-complete electronic device, and per-
formed ballistics trajectory calculations for the United States
Army.[%81

Without the use of these machines, the Allies would
have been deprived of the very valuable intelligence
that was obtained from reading the vast quantity of
encrypted high-level telegraphic messages between the
German High Command (OKW) and their army com-
mands throughout occupied Europe. Details of their ex-
istence, design, and use were kept secret well into the
1970s. Winston Churchill personally issued an order for
their destruction into pieces no larger than a man’s hand,
to keep secret that the British were capable of cracking
Lorenz SZ cyphers (from German rotor stream cipher
machines) during the oncoming cold war. Two of the
machines were transferred to the newly formed GCHQ
and the others were destroyed. As a result the machines
were not included in many histories of computing.[*! A
reconstructed working copy of one of the Colossus ma-
chines is now on display at Bletchley Park.

The US-built ENIAC (Electronic Numerical Integrator
and Computer) was the first electronic programmable
computer built in the US. Although the ENIAC was simi-
lar to the Colossus it was much faster and more flexible. It
was unambiguously a Turing-complete device and could
compute any problem that would fit into its memory. Like
the Colossus, a “program” on the ENIAC was defined by
the states of its patch cables and switches, a far cry from
the stored program electronic machines that came later.
Once a program was written, it had to be mechanically
set into the machine with manual resetting of plugs and
switches.

It combined the high speed of electronics with the abil-
ity to be programmed for many complex problems. It
could add or subtract 5000 times a second, a thousand
times faster than any other machine. It also had modules
to multiply, divide, and square root. High speed mem-
ory was limited to 20 words (about 80 bytes). Built un-
der the direction of John Mauchly and J. Presper Eck-
ert at the University of Pennsylvania, ENIAC’s develop-
ment and construction lasted from 1943 to full operation
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at the end of 1945. The machine was huge, weighing 30
tons, using 200 kilowatts of electric power and contained
over 18,000 vacuum tubes, 1,500 relays, and hundreds of
thousands of resistors, capacitors, and inductors.””! One
of its major engineering feats was to minimize the effects
of tube burnout, which was a common problem in ma-
chine reliability at that time. The machine was in almost
constant use for the next ten years.

6.5 The stored-program computer

Further information: List of vacuum tube computers

Early computing machines had fixed programs. For ex-
ample, a desk calculator is a fixed program computer.
It can do basic mathematics, but it cannot be used as
a word processor or a gaming console. Changing the
program of a fixed-program machine requires re-wiring,
re-structuring, or re-designing the machine. The earli-
est computers were not so much “programmed” as they
were “designed”. “Reprogramming”, when it was possi-
ble at all, was a laborious process, starting with flowcharts
and paper notes, followed by detailed engineering de-
signs, and then the often-arduous process of physically
re-wiring and re-building the machine.!”!!

With the proposal of the stored-program computer this
changed. A stored-program computer includes by design
an instruction set and can store in memory a set of in-
structions (a program) that details the computation.

6.5.1 Theory

Memory

A A
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Unit

Input

Design of the von Neumann architecture (1947)

The theoretical basis for the stored-program computer
had been laid by Alan Turing in his 1936 paper. In
1945 Turing joined the National Physical Laboratory and
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began work on developing an electronic stored-program
digital computer. His 1945 report ‘Proposed Electronic
Calculator’ was the first specification for such a device.

Meanwhile, John von Neumann at the Moore School of
Electrical Engineering, University of Pennsylvania, cir-
culated his First Draft of a Report on the EDVAC in 1945.
Although substantially similar to Turing’s design and con-
taining comparatively little engineering detail, the com-
puter architecture it outlined became known as the "von
Neumann architecture”. Turing presented a more de-
tailed paper to the National Physical Laboratory (NPL)
Executive Committee in 1946, giving the first reasonably
complete design of a stored-program computer, a device
he called the Automatic Computing Engine (ACE). How-
ever, the better-known EDVAC design of John von Neu-
mann, who knew of Turing’s theoretical work, received
more publicity, despite its incomplete nature and ques-
tionable lack of attribution of the sources of some of the
ideas.3®!

Turing felt that speed and size of memory were crucial
and he proposed a high-speed memory of what would to-
day be called 25 KB, accessed at a speed of 1 MHz. The
ACE implemented subroutine calls, whereas the EDVAC
did not, and the ACE also used Abbreviated Computer In-
structions, an early form of programming language.

6.5.2 Manchester ‘“baby”

Main article: Manchester Small-Scale Experimental Ma-
chine
The Manchester Small-Scale Experimental Machine,

A section of the Manchester Small-Scale Experimental Machine,
the first stored-program computer

nicknamed Baby, was the world’s first stored-program
computer. It was built at the Victoria University of
Manchester by Frederic C. Williams, Tom Kilburn and
Geoff Tootill, and ran its first program on 21 June
1948.1721

The machine was not intended to be a practical computer
but was instead designed as a testbed for the Williams
tube, the first random-access digital storage device./”3! In-
vented by Freddie Williams and Tom Kilburn!#1[73] at
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the University of Manchester in 1946 and 1947, it was
a cathode ray tube that used an effect called secondary
emission to temporarily store electronic binary data, and
was used successfully in several early computers.

Although the computer was considered “small and prim-
itive” by the standards of its time, it was the first working
machine to contain all of the elements essential to a mod-
ern electronic computer.”’® As soon as the SSEM had
demonstrated the feasibility of its design, a project was
initiated at the university to develop it into a more usable
computer, the Manchester Mark 1. The Mark 1 in turn
quickly became the prototype for the Ferranti Mark 1,
the world’s first commercially available general-purpose
computer.m]

The SSEM had a 32-bit word length and a memory of
32 words. As it was designed to be the simplest possible
stored-program computer, the only arithmetic operations
implemented in hardware were subtraction and negation;
other arithmetic operations were implemented in soft-
ware. The first of three programs written for the ma-
chine found the highest proper divisor of 21 (262,144),
a calculation that was known would take a long time to
run—and so prove the computer’s reliability—by testing
every integer from 2'® - 1 downwards, as division was
implemented by repeated subtraction of the divisor. The
program consisted of 17 instructions and ran for 52 min-
utes before reaching the correct answer of 131,072, after
the SSEM had performed 3.5 million operations (for an
effective CPU speed of 1.1 kIPS).

6.5.3 Manchester Mark 1

The Experimental machine led on to the develop-
ment of the Manchester Mark 1 at the University of
Manchester.”8! Work began in August 1948, and the first
version was operational by April 1949; a program writ-
ten to search for Mersenne primes ran error-free for nine
hours on the night of 16/17 June 1949. The machine’s
successful operation was widely reported in the British
press, which used the phrase “electronic brain” in describ-
ing it to their readers.

The computer is especially historically significant be-
cause of its pioneering inclusion of index registers, an
innovation which made it easier for a program to read se-
quentially through an array of words in memory. Thirty-
four patents resulted from the machine’s development,
and many of the ideas behind its design were incorporated
in subsequent commercial products such as the IBM 701
and 702 as well as the Ferranti Mark 1. The chief design-
ers, Frederic C. Williams and Tom Kilburn, concluded
from their experiences with the Mark 1 that computers
would be used more in scientific roles than in pure math-
ematics. In 1951 they started development work on Meg,
the Mark 1’s successor, which would include a floating
point unit.
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6.5.4 EDSAC

The other contender for being the first recognizably
modern digital stored-program computer!’®! was the
EDSAC,% designed and constructed by Maurice Wilkes
and his team at the University of Cambridge Mathemati-
cal Laboratory in England at the University of Cambridge
in 1949. The machine was inspired by John von Neu-
mann's seminal First Draft of a Report on the EDVAC and
was one of the first usefully operational electronic digital
stored-program computer.®!)

EDSAC ran its first programs on 6 May 1949, when it
calculated a table of squares!®?! and a list of prime num-
bers.The EDSAC also served as the basis for the first
commercially applied computer, the LEO I, used by food
manufacturing company J. Lyons & Co. Ltd. EDSAC
1 and was finally shut down on 11 July 1958, having
been superseded by EDSAC 2 which stayed in use un-
til 1965.1831

6.5.5 EDVAC

ENIAC inventors John Mauchly and J. Presper Eckert
proposed the EDVAC's construction in August 1944,
and design work for the EDVAC commenced at the
University of Pennsylvania's Moore School of Electri-
cal Engineering, before the ENIAC was fully operational.
The design would implement a number of important ar-
chitectural and logical improvements conceived during
the ENIAC’s construction and would incorporate a high
speed serial access memory.®*! However, Eckert and
Mauchly left the project and its construction floundered.

It was finally delivered to the U.S. Army's Ballistics Re-
search Laboratory at the Aberdeen Proving Ground in
August 1949, but due to a number of problems, the com-
puter only began operation in 1951, and then only on a
limited basis.

6.5.6 Commercial computers

The first commercial computer was the Ferranti Mark
1, built by Ferranti and delivered to the University of
Manchester in February 1951. It was based on the
Manchester Mark 1. The main improvements over the
Manchester Mark 1 were in the size of the primary stor-
age (using random access Williams tubes), secondary
storage (using a magnetic drum), a faster multiplier, and
additional instructions. The basic cycle time was 1.2 mil-
liseconds, and a multiplication could be completed in
about 2.16 milliseconds. The multiplier used almost a
quarter of the machine’s 4,050 vacuum tubes (valves).®>!
A second machine was purchased by the University of
Toronto, before the design was revised into the Mark 1
Star. At least seven of these later machines were deliv-
ered between 1953 and 1957, one of them to Shell labs
in Amsterdam. 3!
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In October 1947, the directors of J. Lyons & Company, a
British catering company famous for its teashops but with
strong interests in new office management techniques, de-
cided to take an active role in promoting the commercial
development of computers. The LEO I computer be-
came operational in April 1951%7! and ran the world’s
first regular routine office computer job. On 17 Novem-
ber 1951, the J. Lyons company began weekly operation
of a bakery valuations job on the LEO (Lyons Electronic
Office). This was the first business application to go live
on a stored program computer.8!

Front panel of the IBM 650.

In June 1951, the UNIVAC I (Universal Automatic Com-
puter) was delivered to the U.S. Census Bureau. Reming-
ton Rand eventually sold 46 machines at more than US$1
million each ($9.09 million as of 2015)."%) UNIVAC was
the first “mass produced” computer. It used 5,200 vac-
uum tubes and consumed 125 kW of power. Its primary
storage was serial-access mercury delay lines capable of
storing 1,000 words of 11decimal digits plus sign (72-bit
words).

IBM introduced a smaller, more affordable computer in
1954 that proved very popular.[®”! The IBM 650 weighed
over 900 kg, the attached power supply weighed around
1350 kg and both were held in separate cabinets of
roughly 1.5 meters by 0.9 meters by 1.8 meters. It
cost US$500,0000°11 ($4.39 million as of 2015) or could
be leased for US$3,500 a month ($30 thousand as of
2015).3% Its drum memory was originally 2,000 ten-
digit words, later expanded to 4,000 words. Memory
limitations such as this were to dominate programming
for decades afterward. The program instructions were
fetched from the spinning drum as the code ran. Efficient
execution using drum memory was provided by a com-
bination of hardware architecture: the instruction format
included the address of the next instruction; and software:
the Symbolic Optimal Assembly Program, SOAP,*?! as-
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signed instructions to the optimal addresses (to the extent
possible by static analysis of the source program). Thus
many instructions were, when needed, located in the next
row of the drum to be read and additional wait time for
drum rotation was not required.

6.5.7 Microprogramming

In 1951, British scientist Maurice Wilkes developed the
concept of microprogramming from the realisation that
the Central Processing Unit of a computer could be con-
trolled by a miniature, highly specialised computer pro-
gram in high-speed ROM. Microprogramming allows the
base instruction set to be defined or extended by built-in
programs (now called firmware or microcode)./®>! This
concept greatly simplified CPU development. He first de-
scribed this at the University of Manchester Computer In-
augural Conference in 1951, then published in expanded
form in IEEE Spectrum in 1955.

It was widely used in the CPUs and floating-point units of
mainframe and other computers; it was implemented for
the first time in EDSAC 2, which also used multiple
identical “bit slices” to simplify design. Interchangeable,
replaceable tube assemblies were used for each bit of the
processor. %!

6.5.8 Magnetic storage

Magnetic core memory. Each core is one bit.

By 1954, magnetic core memory was rapidly displac-
ing most other forms of temporary storage, including the
Williams tube. It went on to dominate the field through
the mid-1970s.1°°!

A key feature of the American UNIVAC I system of
1951 was the implementation of a newly invented type
of metal magnetic tape, and a high-speed tape unit, for
non-volatile storage. Magnetic tape is still used in many
computers.'°” In 1952, IBM publicly announced the IBM
701 Electronic Data Processing Machine, the first in its
successful 700/7000 series and its first IBM mainframe
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computer. The IBM 704, introduced in 1954, used mag-
netic core memory, which became the standard for large
machines.

IBM introduced the first disk storage unit, the IBM 350
RAMAC (Random Access Method of Accounting and
Control) in 1956. Using fifty 24-inch (610 mm) metal
disks, with 100 tracks per side, it was able to store 5
megabytes of data at a cost of US$10,000 per megabyte
($90 thousand as of 2015).[891%8]

6.6 Early computer characteristics

6.7 Transistor computers

Main article: Transistor computer
Further information: List of transistorized computers

The bipolar transistor was invented in 1947. From
1955 onwards transistors replaced vacuum tubes in com-
puter designs,[®”! giving rise to the “second generation”
of computers. Initially the only devices available were
germanium point-contact transistors.!!%!

A bipolar junction transistor

Compared to vacuum tubes, transistors have many advan-
tages: they are smaller, and require less power than vac-
uum tubes, so give off less heat. Silicon junction transis-
tors were much more reliable than vacuum tubes and had
longer, indefinite, service life. Transistorized computers
could contain tens of thousands of binary logic circuits in
a relatively compact space. Transistors greatly reduced
computers’ size, initial cost, and operating cost. Typ-
ically, second-generation computers were composed of
large numbers of printed circuit boards such as the IBM
Standard Modular System!!°! each carrying one to four
logic gates or flip-flops.

At the University of Manchester, a team under the lead-
ership of Tom Kilburn designed and built a machine us-
ing the newly developed transistors instead of valves. Ini-
tially the only devices available were germanium point-
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contact transistors, less reliable than the valves they re-
placed but which consumed far less power.'%? Their first
transistorised computer and the first in the world, was
operational by 1953,11%! and a second version was com-
pleted there in April 1955.11%! The 1955 version used
200 transistors, 1,300 solid-state diodes, and had a power
consumption of 150 watts. However, the machine did
make use of valves to generate its 125 kHz clock wave-
forms and in the circuitry to read and write on its magnetic
drum memory, so it was not the first completely transis-
torized computer.

That distinction goes to the Harwell CADET of 1955,[103
built by the electronics division of the Atomic Energy
Research Establishment at Harwell. The design featured
a 64-kilobyte magnetic drum memory store with multi-
ple moving heads that had been designed at the National
Physical Laboratory, UK. By 1953 his team had tran-
sistor circuits operating to read and write on a smaller
magnetic drum from the Royal Radar Establishment.
The machine used a low clock speed of only 58 kHz
to avoid having to use any valves to generate the clock
waveforms, 106111071

CADET used 324 point-contact transistors provided by
the UK company Standard Telephones and Cables; 76
junction transistors were used for the first stage ampli-
fiers for data read from the drum, since point-contact
transistors were too noisy. From August 1956 CADET
was offering a regular computing service, during which it
often executed continuous computing runs of 80 hours
or more.!'B11%] Problems with the reliability of early
batches of point contact and alloyed junction transistors
meant that the machine’s mean time between failures was
about 90 minutes, but this improved once the more reli-
able bipolar junction transistors became available.[!!]

The Transistor Computer’s design was adopted by the
local engineering firm of Metropolitan-Vickers in their
Metrovick 950, the first commercial transistor computer
anywhere.“m Six Metrovick 950s were built, the first
completed in 1956. They were successfully deployed
within various departments of the company and were in
use for about five years.['94]

A second generation computer, the IBM 1401, captured
about one third of the world market. IBM installed more
than ten thousand 1401s between 1960 and 1964.

6.7.1 Transistorized peripherals

Transistorized electronics improved not only the CPU
(Central Processing Unit), but also the peripheral devices.
The second generation disk data storage units were able
to store tens of millions of letters and digits. Next to
the fixed disk storage units, connected to the CPU via
high-speed data transmission, were removable disk data
storage units. A removable disk pack can be easily ex-
changed with another pack in a few seconds. Even if the
removable disks’ capacity is smaller than fixed disks, their
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interchangeability guarantees a nearly unlimited quantity
of data close at hand. Magnetic tape provided archival
capability for this data, at a lower cost than disk.

Many second-generation CPUs delegated peripheral de-
vice communications to a secondary processor. For ex-
ample, while the communication processor controlled
card reading and punching, the main CPU executed cal-
culations and binary branch instructions. One databus
would bear data between the main CPU and core mem-
ory at the CPU’s fetch-execute cycle rate, and other
databusses would typically serve the peripheral devices.
On the PDP-1, the core memory’s cycle time was 5
microseconds; consequently most arithmetic instructions
took 10 microseconds (100,000 operations per second)
because most operations took at least two memory cycles;
one for the instruction, one for the operand data fetch.

During the second generation remote terminal units (of-
ten in the form of Teleprinters like a Friden Flex-
owriter) saw greatly increased use.!''?! Telephone con-
nections provided sufficient speed for early remote ter-
minals and allowed hundreds of kilometers separation be-
tween remote-terminals and the computing center. Even-
tually these stand-alone computer networks would be gen-
eralized into an interconnected network of networks—the
Internet.!'1?!

6.7.2 Supercomputers

The University of Manchester Atlas in January 1963

The early 1960s saw the advent of supercomputing. The
Atlas Computer was a joint development between the
University of Manchester, Ferranti, and Plessey, and
was first installed at Manchester University and offi-
cially commissioned in 1962 as one of the world’s first
supercomputers - considered to be the most powerful
computer in the world at that time.''" It was said
that whenever Atlas went offline half of the United
Kingdom’s computer capacity was lost.''>! It was a
second-generation machine, using discrete germanium
transistors. Atlas also pioneered the Atlas Supervisor,
“considered by many to be the first recognisable modern

operating system".[116]
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In the US, a series of computers at Control Data Cor-
poration (CDC) were designed by Seymour Cray to
use innovative designs and parallelism to achieve su-
perior computational peak performance.!''”) The CDC
6600, released in 1964, is generally considered the first
supercomputer.! 8111191 The CDC 6600 outperformed its
predecessor, the IBM 7030 Stretch, by about a factor of
three. With performance of about 1 megaFLOPS, 2"
the CDC 6600 was the world’s fastest computer from
1964 to 1969, when it relinquished that status to its suc-
cessor, the CDC 7600.

6.8 The integrated circuit

The next great advance in computing power came with
the advent of the integrated circuit. The idea of the inte-
grated circuit was conceived by a radar scientist working
for the Royal Radar Establishment of the Ministry of De-
fence, Geoffrey W.A. Dummer. Dummer presented the
first public description of an integrated circuit at the Sym-
posium on Progress in Quality Electronic Components in
Washington, D.C. on 7 May 1952:1!211

With the advent of the transistor and the work
on semi-conductors generally, it now seems
possible to envisage electronic equipment in a
solid block with no connecting wires.['>?! The
block may consist of layers of insulating, con-
ducting, rectifying and amplifying materials,
the electronic functions being connected di-
rectly by cutting out areas of the various lay-

”

€rs .

The first practical ICs were invented by Jack Kilby
at Texas Instruments and Robert Noyce at Fairchild
Semiconductor.!"?*! Kilby recorded his initial ideas con-
cerning the integrated circuit in July 1958, successfully
demonstrating the first working integrated example on 12
September 1958.1124] In his patent application of 6 Febru-
ary 1959, Kilby described his new device as “a body of
semiconductor material ... wherein all the components of
the electronic circuit are completely integrated.”'?>! The
first customer for the invention was the US Air Force.[!26]

Noyce also came up with his own idea of an integrated
circuit half a year later than Kilby.['?”] His chip solved
many practical problems that Kilby’s had not. Pro-
duced at Fairchild Semiconductor, it was made of silicon,
whereas Kilby’s chip was made of germanium.

6.9 Post-1960 (integrated circuit
based)

Main articles: History of computing hardware (1960s—
present) and History of general purpose CPUs
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Intel 8742 eight-bit microcontroller IC

The explosion in the use of computers began with “third-

generation” computers, making use of Jack St. Clair
Kilby’s and Robert Noyce’s independent invention of the
integrated circuit (or microchip). This led to the inven-
tion of the microprocessor. While the subject of ex-
actly which device was the first microprocessor is con-
tentious, partly due to lack of agreement on the exact def-
inition of the term “microprocessor”, it is largely undis-
puted that the first single-chip microprocessor was the In-
tel 4004,!'281 designed and realized by Ted Hoff, Federico
Faggin, and Stanley Mazor at Intel.[>)

While the earliest microprocessor ICs literally contained
only the processor, i.e. the central processing unit, of
a computer, their progressive development naturally led
to chips containing most or all of the internal electronic
parts of a computer. The integrated circuit in the im-
age on the right, for example, an Intel 8742, is an 8-bit
microcontroller that includes a CPU running at 12 MHz,
128 bytes of RAM, 2048 bytes of EPROM, and I/O in
the same chip.

During the 1960s there was considerable overlap between
second and third generation technologies.['*") IBM im-
plemented its IBM Solid Logic Technology modules in
hybrid circuits for the IBM System/360 in 1964. As late
as 1975, Sperry Univac continued the manufacture of
second-generation machines such as the UNIVAC 494.
The Burroughs large systems such as the B5000 were
stack machines, which allowed for simpler programming.
These pushdown automatons were also implemented in
minicomputers and microprocessors later, which influ-
enced programming language design. Minicomputers
served as low-cost computer centers for industry, busi-
ness and universities.['*!! It became possible to simu-
late analog circuits with the simulation program with inte-
grated circuit emphasis, or SPICE (1971) on minicomput-
ers, one of the programs for electronic design automation
(EDA). The microprocessor led to the development of
the microcomputer, small, low-cost computers that could
be owned by individuals and small businesses. Micro-
computers, the first of which appeared in the 1970s, be-
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came ubiquitous in the 1980s and beyond.

In April 1975 at the Hannover Fair, Olivetti presented
the P6060, the world’s first personal computer with built-
in floppy disk: a central processing unit on two cards,
code named PUCE1 and PUCE2, with TTL components.
It had one or two 8” floppy disk drives, a 32-character
plasma display, 80-column graphical thermal printer, 48
Kbytes of RAM, and BASIC language. It weighed 40 kg
(88 1b). It was in competition with a similar product by
IBM that had an external floppy disk drive.

MOS Technology KIM-1 and Altair 8800, were sold as
kits for do-it-yourselfers, as was the Apple I, soon after-
ward. The first Apple computer with graphic and sound
capabilities came out well after the Commodore PET.
Computing has evolved with microcomputer architec-
tures, with features added from their larger brethren, now
dominant in most market segments.

Systems as complicated as computers require very high
reliability. ENIAC remained on, in continuous oper-
ation from 1947 to 1955, for eight years before be-
ing shut down. Although a vacuum tube might fail, it
would be replaced without bringing down the system. By
the simple strategy of never shutting down ENIAC, the
failures were dramatically reduced. The vacuum-tube
SAGE air-defense computers became remarkably reli-
able — installed in pairs, one off-line, tubes likely to fail
did so when the computer was intentionally run at reduced
power to find them. Hot-pluggable hard disks, like the
hot-pluggable vacuum tubes of yesteryear, continue the
tradition of repair during continuous operation. Semi-
conductor memories routinely have no errors when they
operate, although operating systems like Unix have em-
ployed memory tests on start-up to detect failing hard-
ware. Today, the requirement of reliable performance
is made even more stringent when server farms are the
delivery platform.!"'32! Google has managed this by using
fault-tolerant software to recover from hardware failures,
and is even working on the concept of replacing entire
server farms on-the-fly, during a service event.!331[134]

In the 21st century, multi-core CPUs became com-
mercially available.!'3%! Content-addressable memory
(CAM)!3¢] has become inexpensive enough to be used
in networking, although no computer system has yet im-
plemented hardware CAMs for use in programming lan-
guages. Currently, CAMs (or associative arrays) in soft-
ware are programming-language-specific. Semiconduc-
tor memory cell arrays are very regular structures, and
manufacturers prove their processes on them; this allows
price reductions on memory products. During the 1980s,
CMOS logic gates developed into devices that could be
made as fast as other circuit types; computer power con-
sumption could therefore be decreased dramatically. Un-
like the continuous current draw of a gate based on other
logic types, a CMOS gate only draws significant cur-
rent during the 'transition' between logic states, except
for leakage.
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This has allowed computing to become a commodity
which is now ubiquitous, embedded in many forms, from
greeting cards and telephones to satellites. The thermal
design power which is dissipated during operation has be-
come as essential as computing speed of operation. In
2006 servers consumed 1.5% of the total energy budget
of the U.S.I'37] The energy consumption of computer data
centers was expected to double to 3% of world consump-
tion by 2011. The SoC (system on a chip) has compressed
even more of the integrated circuitry into a single chip;
SoCs are enabling phones and PCs to converge into single
hand-held wireless mobile devices.'*8! Computing hard-
ware and its software have even become a metaphor for
the operation of the universe.'!3"!

6.10 Future

Although DNA-based computing and quantum comput-
ing are years or decades in the future, the infrastruc-
ture is being laid today, for example, with DNA origami
on photolithography!'*°! and with quantum antennae for
transferring information between ion traps.['*!! By 2011,
researchers had entangled 14 qubits.''*? Fast digital cir-
cuits (including those based on Josephson junctions and
rapid single flux quantum technology) are becoming more
nearly realizable with the discovery of nanoscale super-
conductors.[43]

Fiber-optic and photonic devices, which already have
been used to transport data over long distances, are now
entering the data center, side by side with CPU and semi-
conductor memory components. This allows the sepa-
ration of RAM from CPU by optical interconnects.!'4¥
IBM has created an integrated circuit with both electronic
and optical (this is called photonic) information process-
ing in one chip. This is denoted “CMOS-integrated
nanophotonics” or (CINP).['*3] One benefit of optical in-
terconnects is that motherboards which formerly required
a certain kind of system on a chip (SoC) can now move
formerly dedicated memory and network controllers off
the motherboards, spreading the controllers out onto the
rack. This allows standardization of backplane inter-
connects and motherboards for multiple types of SoCs,
which allows more timely upgrades of CPUs.[!4¢]

An indication of the rapidity of development of this field
can be inferred by the history of the seminal article.'4”!
By the time that anyone had time to write anything
down, it was obsolete. After 1945, others read John
von Neumann’s First Draft of a Report on the EDVAC,
and immediately started implementing their own systems.
To this day, the pace of development has continued,
worldwide [148111491150]
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6.15. EXTERNAL LINKS

e The History of Japanese Mechanical Calculating
Machines

e Computer History — a collection of articles by Bob
Bemer

e 25 Microchips that shook the world — a collection
of articles by the Institute of Electrical and Electron-
ics Engineers
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Chapter 7

Instructions per second

Instructions per second (IPS) is a measure of a 7.2 Millions of instructions per

computer's processor speed. Many reported IPS values
have represented “peak” execution rates on artificial in-
struction sequences with few branches, whereas realistic
workloads typically lead to significantly lower IPS values.
The performance of the memory hierarchy also greatly
affects processor performance, an issue barely consid-
ered in MIPS calculations. Because of these problems,
synthetic benchmarks such as SPECint are now gener-
ally used to estimate computer performance in commonly
used applications, and raw IPS has fallen into disuse.

The term is commonly used in association with a nu-
meric value such as thousand instructions per second
(KIPS), million instructions per second (MIPS), Giga
instructions per second (GIPS), or million operations
per second (MOPS).

7.1 Thousand instructions per sec-
ond

Before standard benchmarks were available, average
speed rating of computers was based on calculations for a
mix of instructions with the results given in kilo Instruc-
tions Per Second (KIPS). The most famous was the Gib-
son Mix, produced by Jack Clark Gibson of IBM for sci-
entific applications. Other ratings, such as the ADP mix
which does not include floating point operations, were
produced for commercial applications. Computer Speeds
From Instruction Mixes pre-1960 to 1971 has results for
around 175 computers, providing scientific (Gibson) and
commercial (ADP) ratings. For IBM, the earliest Gib-
son Mix calculations shown are the 1954 IBM 650 at
0.06 kIPS and 1956 IBM 705 at 0.5 kIPS. The results
are mainly for IBM and others known as the BUNCH —
Burroughs, UNIVAC, NCR, CDC, and Honeywell.

The thousand instructions per second (kIPS) unit is rarely
used today, as most current microprocessors can execute
at least a million instructions per second.
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second

The speed of a given CPU depends on many factors, such
as the type of instructions being executed, the execution
order and the presence of branch instructions (problem-
atic in CPU pipelines). CPU instruction rates are dif-
ferent from clock frequencies, usually reported in Hz, as
each instruction may require several clock cycles to com-
plete or the processor may be capable of executing multi-
ple independent instructions at once. MIPS can be useful
when comparing performance between processors made
from a similar architecture (e.g. Microchip branded mi-
crocontrollers). However, MIPS are difficult to compare
between CPU architectures.!!

For this reason, MIPS has become not a measure of in-
struction execution speed, but task performance speed
compared to a reference. In the late 1970s, mini-
computer performance was compared using VAX MIPS,
where computers were measured on a task and their per-
formance rated against the VAX 11/780 that was mar-
keted as a / MIPS machine. (The measure was also known
as the VAX Unit of Performance or VUP.) This was cho-
sen because the 11/780 was roughly equivalent in perfor-
mance to an IBM System/370 model 158-3, which was
commonly accepted in the computing industry as running
at 1 MIPS.

Many minicomputer performance claims were based
on the Fortran version of the Whetstone benchmark,
giving Millions of Whetstone Instructions Per Second
(MWIPS). The VAX 11/780 with FPA (1977) runs at
1.02 MWIPS.

Effective MIPS speeds are highly dependent on the pro-
gramming language used. The Whetstone Report has
a table showing MWIPS speeds of PCs via early inter-
preters and compilers up to modern languages. The first
PC compiler was for BASIC (1982) when a 4.8 MHz
8088/87 CPU obtained 0.01 MWIPS. Results on a 2.4
GHz Intel Core 2 Duo (1 CPU 2007) vary from 9.7
MWIPS using BASIC Interpreter, 59 MWIPS via BA-
SIC Compiler, 347 MWIPS using 1987 Fortran, 1,534
MWIPS through HTML/Java to 2,403 MWIPS using a
modern C/C++ compiler.
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7.6. REFERENCES

For the most early 8-bit and 16-bit microprocessors, per-
formance was measured in thousand instructions per sec-
ond (1 kIPS = 0.001 MIPS).

ZMIPS refers to the MIPS measure used internally by IBM
to rate its mainframe servers (zSeries, IBM System z9,
and IBM System z10).

Weighted million operations per second (WMOPS) is a
similar measurement, used for audio codecs.

7.3 Timeline of instructions
second

per

Note: Bold highlight indicates the next step-up in terms
of the highest known MIPS figures of their time.

7.4 Historic data

e Computer Speeds From Instruction Mixes pre-1960
to 1971 (KIPS 175 systems)

e Computer Speed Claims 1980 to 1996 (MIPS
>2000 systems)

e PC CPU Performance Comparisons %MIPS/MHz

7.5 See also

e Benchmark (computing)

e BogoMips (measurement of CPU speed made by the
Linux kernel)

e Cycles per instruction

e Dhrystone MIPS (DMIPS)

e FLOPS (floating-point operations per second)
e Instructions per cycle

e Million service units (MSU)

e Orders of magnitude (computing)

e Performance per watt
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